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Abstract 

Aspergillus niger, Aspergillus oryzae, and Trichoderma reesei are three important production organisms used in industrial fer­
mentations. Several of the fungal secondary metabolites produced by selected strains of these three fungi are capable of eliciting 
toxicity in animals. Among those toxic substances are the well-known mycotoxins 3-nitropropionic acid and ochratoxin A. 
However, many others, such as kojic acid, may not be true mycotoxins. The production, extraction, chemical structure, and the 
toxicity (expressed as LD50) of these substances are reviewed. Production of toxic secondary metabolites in A. niger, A. oryzae, and 
T. reesei is strain-specific and environment-dependent. Considering all of the safety measures taken in the industrial production 
process, these three fungal species are safe to use. The recently revised JECFA specification for mycotoxins in food enzyme 
preparations is also discussed. The extent of mycotoxin tests in food enzyme preparations should be judged on a case-by-case basis, 
through a careful evaluation based on knowledge of taxonomy, biochemistry, and genetics. In many cases, the testing scope at the 
level of genus should be sufficient. In other cases, the scope can even be further narrowed based on scientific knowledge and 
assessment. 
© 2003 Published by Elsevier Inc. 
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1. Introduction 

Aspergillus niger, Aspergillus oryzae, and Trichoderma 
reesei are three important species used as production 
organisms in industrial fermentations for the production 
of various substances. These products have wide appli­
cation in numerous industrial fields including the food 
industry. A few examples are A. niger-derived citric acid, 
fermented foods produced using A. oryzae, and a 
number of enzyme preparations produced by the three 
microorganisms using traditional or modern biological 
technologies. A comprehensive list of those enzyme 
preparations used in today's food industry can be found 
in Pariza and Johnson's recent paper (2001). 

The safety of any food-grade product is carefully 
evaluated before its commercialization and is assured 
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throughout the manufacturing, processing, transporta­
tion, storage, and use of the product. Safety assurance 
measures range from the selection of manufacturing raw 
materials to a series of toxicological tests. The primary 
consideration in the safety evaluation of a food-grade 
product derived from a microorganism is the safety of 
the production organism. The primary issue in the safety 
evaluation of such a microbial production strain, ac­
cording to Pariza and Johnson (2001), is "its toxigenic 
potential, specifically the possible synthesis by the pro­
duction strain of toxins that are active via the oral 
route." 

Toxins of fungal origin are called mycotoxins. They 
are secondary metabolites. Bennett (1987) defined my­
cotoxins as "natural products produced by fungi that 
evoke a toxic response when introduced in low con­
centration to higher vertebrates and other animals by a 
natural route." Natural routes may include ingestion, 
skin contact, inhalation, or others, as opposed to 
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"unnatural" routes such as injection. To ensure the safety 
of food-grade enzymes, the Joint F AO/WHO Expert 
Committee on Food Additives (JECFA) required, until 
last year, that food enzyme preparations derived from 
fungal sources should not contain detectable amounts of 
aflatoxin B1, ochratoxin A, sterigmatocystin, T-2 toxin (a 
major trichothecene toxin) or zearalenone (JECF A, 
1989) (The new JECF A requirements will be discussed 
later in this paper). It should be pointed out that in the A. 
niger, A. oryzae, and T reesei group, the only confirmed 
production of the above mycotoxins is that of ochratoxin 
A by a few A. niger isolates. 

The safety of A. niger, A. oryzae, and T reesei as 
production organisms for food-grade products has long 
been recognized. For example, the general use in food of 
A. niger-derived citric acid has been affirmed as GRAS 
by the FDA (21 CFR §184.1033) in 1994. A number of 
traditional fermented foods are produced by A. oryzae 
(Beuchat, 2001) and are still being consumed especially 
in Asia. As a production organism T reesei emerged 
later than the aspergilli. Nevertheless, the use of cellu­
lase enzyme preparations derived from T reesei in food 
processing has been affirmed as GRAS by the FDA (21 
CFR §184.1250). None of the three organisms is con­
sidered pathogenic. Mycotoxin production in some 
strains from the three species, however, has been re­
ported. This article collects information on reported 
toxic metabolite production in A. niger, A. oryzae, and 
T reesei, and assesses the safety of using those microbes 
as production strains for food-grade products. 

2. Taxonomy of A. niger, A. oryzae, and T. reesei 

The genusAspergillus (Eurotiales; Trichocomaceae) 
includes approximately 150 recognized species. The ge­
nus was divided into 7 subgenera by Samson (1994). A. 
niger belongs to subgenus Circumdati, section Nigri ( = 
A. niger group). The teleomorph of A. niger is unknown. 
Two RFLP (restriction fragment length polymorpism) 
patterns, N pattern and T pattern, are seen in the cur­
rent A. niger strains, indicating that A. niger can be 
possibly divided into two genetically distinguishable 
species based on the RFLP pattern: A. niger (N pattern) 
and A. tubigensis (T pattern) (Accensi et al., 2001). Re­
sults from the sequencing of the mitochondrial cyto­
chrome b genes of section Nigri also show the possibility 
of reevaluating the current taxonomy of the section 
(Yokoyama et al., 2001). The taxonomy of black as­
pergilli, a developing subject, is summarized recently by 
Schuster et al. (2002). A. oryzae belongs to subgenus 
Circumdati, section Flavi ( = A. jiavus group). The tel­
eomorph of this section is Petromyces (Frisvad and 
Samson, 2000). Section Flavi contains powerful myco­
toxin producers as well as production strains used in the 
food industry. Both A. jlavus and A. parasiticus belong 

to that group. A. oryzae and A. jiavus are so closely 
related that it was once proposed to redefine A. oryzae 
as a variant of A. jiavus that likely had changed its 
morphology and physiology and lost certain biosyn­
thetic pathways (Wicklow, 1984a,b). More recently, 
phylogenetic and genetic data suggested that A. oryzae 
may be derived from a non-aflatoxin-producing A. jla­
vus progenitor and supported the individual status of A. 
oryzae (van den Broek et al., 2001; Geiser et al., 2000). 
A. oryzae is probably a domesticated fungus that 
emerged from the environment of fermentation activities 
such as the make of soy sauce. 

Trichoderma reesei was first isolated from a cotton 
duck shelter in Bougainville Island in 1944. The ori­
ginal isolate, QM6a, and its subsequent derivatives 
have been the subject of intense research due to their 
usefulness in the production of cellulases. In the 
1980s, it was suggested that T reesei be placed into 
synonymy with T longibrachiatum (Bissett, 1984). 
Later however, there subsequently appeared evidence 
that the two species were not identical (Meyer et al., 
1992). The proposal by Kuhls et al. (1996) that T 
reesei was a clonal derivative of Hypocrea jecorina is 
being accepted by more and more people, and the 
National Center for Biotechnology Information 
(NCBI) refers to T reesei as the anamorph of H 
jecorina (Hypocreales, Hypocreaceae) and no longer 
includes it in the genus Trichoderma. 

3. Production of toxic secondary metabolites in A. niger, 
A. oryzae, and T. reesei 

Fungi produce a number of secondary metabolites of 
which some have been found to be toxic to humans and 
animals. Secondary metabolites that were reported to be 
produced by A. niger, A. oryzae, and T reesei, and 
whose toxicological data as LDso values are available 
are presented in Table I (LD50 values) and Fig. 1 
(chemical structures), respectively. Chromatography is 
the most commonly used method to isolate these com­
pounds from culture or supernatant extracts (Smedsg­
aard, 1997), while immunological methods are more 
recent advances. Reference materials can be used to 
improve the quality assurance of mycotoxin analysis 
which often shows wide variability in results (van 
Egmond, 2000). 

3.1. Aspergi/lomarasmine 

Aspergillomarasmines were isolated from A. oryzae 
as phytotoxins (Haenni et al., 1965). Later they were 
shown to have inhibitory effects on angiotensin-con­
verting enzymes (Mikami and Suzuki, 1983). The 
methods of isolation and purification were described by 
Haenni et al. (1965). 
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Table I 
Secondary metabolites produced by A. niger, A. oryzae, and T. reesei and their LD50 values 

Metabolite Organism Reference LDso (mgjkg) Route 

Aspergillomarasmine A. oryzae Haenni et al. (1965) 160, mouse IV 
Cyclopiazonic acid A. oryzae Orth (1977) 2, rat IP 

13, mouse IP 
64, mouse 0 
12, chicken 0 

Kojic acid A. oryzae EPA (1997a,b) 250, mouse IP 
Malformins A. niger Takahashi and Curtis (1961); 

Anderegg et al. (1976); Varoglu and Crews 
(2000) 

Malformin A 3.1, mouse IP 
Malformin C 0.9, rat IP 
Maltoryzine A. oryzae Iizuka and Iida (1962) 3, mouse IP 
Naphtho-r-pyrones A. niger Ehrlich et al. (1984) 
Aurasperone D 47, mouse IP 
Nigerazine B A. niger Iwamoto et al. (1983) 75, mouse IP 
Nigragillin A. niger Caesar et al. (1969) 150, cockerels" 0 
3-Nitropropionic acid A. oryzae Nakamura and Shimoda (1954); Orth (1977) 67, rat IP 

140, mouse IP 
50, mouse IP 
68.1, mouse 0 
25.1, chicken 0 
22, rat sc 

Ochratoxin A A. niger Abarca et al. (1994) 12.6, rat IP 
22, mouse IP 
12.8, rat IV 
25.7, mouse IV 
I, sheep IV 
20, rat 0 
46, mouse 0 
3.3, chicken 0 
0.5, duck 0 
16.5, quail 0 
5.9, turkey 0 

Oxalic acid A. niger Pier and Richard (1992) 270, mouse IP 
7500, rat 0 
475, rat, male 0 
375, rat, female 0 

Trichodermin T. reesei Watts et al. (1988) 500, mouse IP, SC 
Violacetin A. oryzae Kobayashi (1966) 45, mouse IP 

37, mouse IV 
375, mouse 0 
75, mouse sc 

IP, intraperitoneal; IV, intravenous; 0, oral; SC, subcutaneous. 
LD50 values are obtained from Registry of Toxic Effects of Chemical Substances (RTECS) unless indicated. 
•Datum from Cole and Cox (1981). 

3.2. Cyclopiazonic acid (CPA) 

Cyclopiazonic acid is an indole-tetramic acid and a 
natural food/feed contaminant (EPA, 1997b). Produc­
tion of cyclopiazonic acid by A. oryzae was first reported 
by Orth (1977). The compound was extracted from 
whole culture or culture filtrate of A. oryzae grown on 
both solid and liquid media. Cyclopiazonic acid abol­
ishes the function of sarcoplasmic reticulum (SR) by 
inhibiting Ca2+-ATPase (Daniel et al., 1995; Paul, 
1998). Mycotoxicoses caused by this compound have 
been observed in several animals (Hill et al., 1986; Lo­
max et al., 1984; Morrissey et al., 1985; Nuehring et al., 
1985; Pier et al., 1989). Cyclopiazonic acid is also related 

to debilitating illnesses in cattle and man in India (EPA, 
l997b ). This compound was reviewed by Burdock and 
Flamm recently (2000). The authors estimated that an 
appropriate acceptable daily intake (ADI) for CPA in 
humans is 700 ~g/day. 

CPA can be detected from extract of fungal cultures 
by thin-layer chromatography (TLC) (Munimbazi and 
Bullerman, 1996; Orth, 1977). Recent advances in ana­
lytical methodology were reviewed by Domer (2002). 

3.3. Kojic acid 

Kojic acid is produced by many strains from the 
genera Aspergillus and Penicilliwn. In Section Flavi, the 
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Fig. I. Chemical structures of several toxic secondary metabolites produced by A. niger, A. oryzae, and T. reesei. 

favored production media contain fairly high concen­
trations of glucose and low concentrations of phos­
phate (Roehr et al., 1992). The compound is excreted 
into the medium. A comprehensive review of kojic acid 
by Burdock et al. (2001) discussed the sources, chem­
ical and biological characteristics, toxicological studies, 
and commercial applications of kojic acid. The authors 
evaluated the safety of kojic acid in foods and con­
cluded that "consumption of kojic acid at levels nor­
mally found in food does not present concern for 
safety" based on the compound's long history of hu­
man exposure and industrial applications. The authors 
also mentioned that kojic acid is an approved additive 
for food and skin care products in Japan. Recently, 
however, the Japanese Ministry of Health, Labor, and 
Welfare (MHLW) reevaluated the use of kojic acid in 
the food and personal care industries due to concerns 

of its possible carcinogeme1ty. While the Japanese 
government "believes that there is no need to imple­
ment immediate measures for kojic acid" in food 
products (Evaluation and Review Panel for Food Ad­
ditive Safety, 2002), it announced the suspension of the 
manufacture and importation of non-medicinal and 
other products containing kojic acid before more is 
known about the carcinogenicity and genetoxicity of 
this compound (MHLW, 2003). 

The no-adverse-effect level of kojic acid was estab­
lished in chickens at 146mglkg in a 21-day feeding 
study and the NOAEL (no observed adverse effect 
level) for thyroid tumor promoting effects of kojic 
acid, at 15.5mglkglday in mice and rats (Burdock 
et al., 200l).Analytical methods of kojic acid can be 
found in Ogawa et al. (1995) and Burdock et al. 
(2001). 
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3.4. Malformins 

Malformins are cyclic pentapeptides. The compounds 
acquired the name because they caused malformation in 
plants (Curtis, 1961). They were also found to be toxic 
to a variety of bacteria (Kobbe et al., 1977; Suda and 
Curtis, 1966) and to prevent IL-l induced procoagulant 
changes in human endothelial cells (Herbert et al., 1994). 
Malformins are present in culture filtrate or extract of A. 
niger grown on solid or liquid medium (Anderegg et al., 
1976; Kobbe et al., 1977; Takahashi and Curtis, 1961). 
In one study, Yukioka and Winnick (1966) demon­
strated the effect of growth conditions on malformin 
biosynthesis and revealed that A. niger released this 
metabolite into growth medium. Malformins are also 
produced by other species in Section Nigri (Cole and 
Cox, 1981). 

A complete procedure for the isolation of malfor­
mins was provided by Takahashi and Curtis (1961). 
Further analysis can be achieved by mass spectrome­
try, HPLC, and NMR (Anderegg et al., 1976; Kim 
et al., 1993). 

3.5. Maltoryzine 

This compound was first isolated from the culture 
broth of a strain of A. oryzae var. microsporus and was 
determined to be the cause of food poisoning among 
cows. The strain produced maltoryzine when grown in 
Czapek-Dox medium containing malt sprout extract 
and excreted the compound into the broth, as reported 
by Iizuka and Iida (1962). In the same article the authors 
also described the procedure for the isolation and 
purification of maltoryzine. 

3.6. Naphthopyrones 

Naphthopyrones are a group of aromatic com­
pounds. They were shown to be able to cause central 
nervous system signs in albino mice and rats leading 
to death when dosed intaperitonially (Ghosal et al., 
1979) and to reverse drug resistance in human KB 
cells (Ikeda et al., 1990). The production of naphth­
opryrones in A. niger was described by several inves­
tigators (Ehrlich et al., 1984; Fischer et al., 2000; 
Ghosal et al., 1979; Nielsen et al., 1999; Tanaka et al., 
1966). Naphthopyrones have been isolated from the 
culture extract of A. niger grown on liquid and solid 
medium. In a separate study on fungal components 
from grain dust (Palmgren and Lee, 1986), aurasper­
one C was found to be mainly present in the spores. 
Naphthopyrones seem to accumulate within A. niger 
cells. 

Isolation of naphthopyrones has been described by 
various authors (Ehrlich et al., 1984; Fischer et al., 2000; 
Nielsen et al., 1999). 

3. 7. Nigerazines 

Nigerazines were first isolated by Iwamoto et al. 
(1983, 1985) from A. niger and found to inhibit root 
growth of lettuce seedlings. Nigerazines can be extracted 
from the mycelia of A. niger (Iwamoto et al., 1983). 

3.8. Nigragillin 

Nigragillin production by A. niger was first reported 
by Caesar et al. (1969). It can be extracted from culture 
filtrate and was demonstrated to be toxic to silkworm 
larvae {lsogai et al., 1975). The procedure for the iso­
lation of nigragillin was described in the same article. 
The compound was also found to be produced by A. 
phoenicis which is a species in Section Nigri (Cole and 
Cox, 1981). 

3.9. 3-Nitropropionic acid 

Production of 3-nitropropionic acid (3-NPA) by A. 
oryzae was first reported by Nakamura and Shimoda 
(1954). This compound is considered a neurotoxin by 
irreversibly inhibiting succinate dehydrogenase (EPA, 
1997b ), leading to the dysfunction of mitochondria 
(Albin, 2000). The pathology and mechanism of ac­
tion of 3-NPA were reviewed by Alexi et al. (1998) 
and Albin (2000). The possible association of 3-NPA 
with human health was reviewed by a Croatian re­
search group (Peraica et al., 1999; Peraica and Do­
minjan, 2001). 3-NPA can be extracted from the 
culture filtrate (Orth, 1977) as well as from the culture 
(Penel and Kosikowsi, 1990) of A. oryzae. The spec­
trophotometric determination of 3-NPA was described 
by Masumoto et al. (1961). 

Based on animal studies, Soni et al. (unpublished) 
recently proposed an ADI of 25!-!g/kg/day for human 
intake of 3-NPA. The authors also estimated that the 3-
NPA consumption from fermented foods is appropriate 
5.5 mgt day/individual in the Japanese population. 

3.10. Ochratoxin A 

Ochratoxin A, a nephrotoxic and carcinogenic com­
pound, is considered the most toxic among ochratoxins 
and its impact on human and animal health has been 
reviewed elsewhere (Abarca et al., 2001; Benford et al., 
2001; Bondy and Pestka, 2000) and assessed by different 
jurisdictions as reviewed by Walker (2002). The toxin is 
receiving attention because it is a common food con­
taminant. Ochratoxins are derived primarily from As­
pergillus ochraceus and Penicillium verrucosum (Larsen 
et al., 2001). Abarca et al. (1994) first reported the 
production of ochratoxin A in A. niger and isolated the 
toxin from the culture extract of A. niger grown on both 
liquid and solid medium. The toxin is also found to be 
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produced by other species in Section Nigri (Teren et al., 
1996). 

Screening and analytical methods for ochratoxin A 
are discussed by Benford et al. (2001) and Scott (2002). 
Until recently, JECFA required that food enzyme 
preparations should not contain detectable amounts of 
ochratoxin A, as determined by the specified method 
(JECFA, 1989). 

3.11. Oxalic acid 

Oxalic acid is produced by a variety of fungi includ­
ing A. niger. The toxic effects of oxalic acid are due to 
complexing of oxalate with calcium, causing hypocal­
cemia and renal failure secondary to deposition of 
complexes in the renal tubules and vasculature 
(RTECS). Oxalic acid is produced and excreted to the 
environment by many fungi in abundance and can be 
found extensively in nature. Unlike secondary metabo­
lites, the compound seems to be somehow beneficial to 
the producing organisms. The production of oxalic acid 
in fungi and its possible roles in fungal pathogenicity 
and ecology was reviewed by Dutton and Evans (1996). 
A. niger was found able to produce oxalic acid in liquid 
media and to secrete the acid into the medium as well as 
on solid natural substrates at both 26 and 35 oc. The 
acid could then be precipitated with calcium acetate at 
low pH (Wilson and Wilson, 1961). 

3.12. Trichodermin 

Trichodermin is a member of the trichothecene 
toxin family-a group of sesquiterpenes. While some 
toxins in this family, such as T-2 toxin, are potent 
food contaminants, trichodermin is much less toxic 
although it is similar to T -2 toxin in structure and 
biochemical activity. Trichodermin was reported to be 
produced by a strain of T. reesei (Watts et al., 1988) 
but this discovery may need further confirmation. One 
opinion is that the only producer of trichodermin in 
Trichoderma is a strain from T. harzianum (van Dijck, 
personal communication). The metabolite can be 
produced in synthetic medium and is excreted into the 
culture medium. 

Trichothecenes can be detected using chromato­
graphic methods (Eppley, 1975; Frisvad and Thrane, 
1987; Nielsen and Thrane, 2001). Trichodermin can be 
detected with HPLC (Watts et al., 1988). 

3.13. Violacetin 

Violacetin was only once reported to be produced on 
malt extracts by a strain of A. oryzae as a candidate 
antibiotic and its pharmacology was reviewed by Ko­
bayashi (1966). The compound is also produced by 
Streptomyces and exhibited a broad spectrum of anti-

biotic activity. Isolation of violacetin could be achieved 
by DE (diatomaceous earth) extraction (Aiso et al., 
1955). 

Some other secondary metabolites have been re­
ported to be produced by A. niger or A. oryzae. Al­
though considered as mycotoxins by some (Lawrence, 
1995), they are not included in this article for the lack of 
toxicological data on humans and animals. Such com­
pounds include flaviolin, a naphthoquinone produced 
by a strain of A. niger (Astill and Roberts, 1953; 
McGovern and Bentley, 1975) and oryzacidin produced 
by a strain of A. oryzae (Shimoda, 1951). Although 
some naphthoquinones are reported as cytotoxic (Dubin 
et al., 2001), no animal toxicity data can be found on 
flaviolin. 

A few antibiotic substances derived from aspergilli 
were once named aspergillin by researchers, for example 
Stanley (1944). In the RTECS database, aspergillin and 
gliotoxin are considered as synonymous terms with the 
same CAS number 67-99-2. A proteolytic compound 
from A. oryzae is also named aspergillin (Stefanini et al., 
1959) (CAS number 9000-99-1 in the RTECS database). 
The term aspergillin should, as proposed by Tobie 
(1946), be reserved for the black pigment from A. niger, 
characterized as a humic acid, that was discovered and 
named aspergillin by Linossier in 1891. 

As a common fungus, A. niger is involved in a 
number of reports on toxicity of food or feed contami­
nated with molds. Those reports are not discussed in this 
article because it is difficult to determine the source of 
toxicity from various contaminating organisms or be­
cause the source of toxicity, although perhaps associated 
with A. niger, is not clearly identified. Similarly, toxic 
factors reported to be produced by A. niger isolated 
from other sources, but chemically unidentified (Fischer 
et al., 2000; Speth et al., 2000) are also not included in 
this article. 

4. Discussion 

4.1. Aflatoxin production in A. niger and A. oryzae 

Although low-level production of aflatoxins in A. 
niger was reported (Glinsukon et al., 1979), according to 
a recent review (Schuster et al., 2002), this species "does 
not have the ability to produce aflatoxins" and previ­
ous reports may result from errors in detection 
methodology. 

Closely related to A. jlavus, A. oryzae has caused 
more controversy in its potential for aflatoxin produc­
tion. While aflatoxin production in A. oryzae was re­
ported by some authors (Adebajo, 1992; Atalla et al., 
2003; Basappa et al., 1967; El-Kady et al., 1994), others 
were unable to detect aflatoxin production in this fungus 
(Wicklow, 1983). In one review, the authors claimed 
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that "aflatoxins are never formed" in A. oryzae (Bar­
besgaard et al., 1992). It is possible that the aflatoxin­
producing strains were incorrectly identified as A. oryzae 
because of the close taxonomic relatedness between this 
fungus and other members of A. flavus group. For ex­
ample, one early report (El-Hag and Morse, 1976) de­
scribed aflatoxin production by A. oryzae strain NRRL 
1988, but the strain was later re-identified as A. para­
siticus (Fennell, 1976). Today, it is agreed by the ma­
jority of the scientific community that A. oryzae does 
not produce aflatoxins (Z. Kozakiewicz, personal com­
munication). 

Among all important mycotoxins, the genetics of af­
latoxin synthesis is the most studied. With the comple­
tion of the sequencing of the A. niger genome, it is now 
possible, at least to persons having access to the se­
quence, to examine whether the genes involved in afla­
toxin synthesis are present in A. niger. On the other 
hand, there is evidence that A. oryzae possesses some 
genes from the aflatoxin biosynthesis pathway but, 
among the examined strains, the genes appear to be 
inactive (Bhatnagar, 2002; Kusumoto et al., 1998a,b; 
Kusumoto et al., 2000; Liu and Chu, 1998; Watson 
et al., 1999; Wei and Jong, 1986 ). 

4.2. Potency of toxic metabolites 

As cited previously in this article, mycotoxins are 
defined as "natural products produced by fungi that 
evoke a toxic response when introduced in low con­
centration to higher vertebrates and other animals by a 
natural route." While A. niger and A. oryzae do pro­
duce some important mycotoxins such as ochratoxin A 
and perhaps 3-nitropropionic acid, it is questionable 
that many other secondary metabolites they produce 
should be classified as mycotoxins, especially when 
some researchers propose to define mycotoxins as be­
ing toxic to vertebrates only (van Dijck, personal 
communication). 

To evaluate the toxic potency of a chemical, the 
dosage at which the chemical exhibits toxicity, the iden­
tity of the recipient, and the route by which the chemical 
is introduced to the recipient must all be specified. In 
their recent review, Bhatnagar et al. (2002) pointed out 
that the toxicity of the mycotoxins "varies considerably 
with the toxin, the animal species exposed to it, and the 
extent of exposure, age and nutritional status." In Table 
1, the acute toxicity of the metabolites produced by A. 
niger, A. oryzae, and T. reesei is reported as LD50 . The 
degree of acute toxicity of a chemical substance as LD50 

and the conditions under which the LD50 is determined 
are specified in 16 CFR §1500.3. Many LD50 values 
from Table I were obtained under conditions different 
from the CFR specifications,-therefore, these values 
may not truly describe the acute toxicity of those me­
tabolites and cannot be used to determine whether the 

substances can be claimed as a mycotoxin under the 
current definition. 

Easy to determine, LDso used to be widely used as an 
indicator of toxicity. Nowadays, however, it is being 
replaced by NOAEL which is considered more useful to 
describe the toxicity of a substance. Future information 
of NOAEL values of the secondary metabolites of A. 
niger, A. oryzae, and T. reesei will better help determine 
the toxic potency of those chemicals and clarify their 
status among mycotoxins. 

4.3. Conditional production of toxic metabolites 

Mycotoxins are a large group of structurally diverse 
compounds. Despite the knowledge of the biosynthesis 
of several mycotoxins (Franck, 1984), the pathways and 
regulations for the biosynthesis of many mycotoxins are 
yet to be elucidated. The Environmental Protection 
Agency (EPA, 1997a) evaluated the safety of A. niger 
and concluded that "mycotoxin production appears to 
be controlled by the conditions of fermentation" and be 
strain specific. EPA (1997b) also evaluated the safety of 
A. oryzae and concluded that "under usual conditions of 
culture, well-established commercial strains of this spe­
cies do not seem to produce significant levels of myco­
toxins, although certain moderately potent toxins can be 
produced after extended culture." "Mycotoxin produc­
tion can most likely be avoided by properly controlling 
the fermentation conditions." The production of my­
cotoxins in fungi, being strain-dependent and growth 
condition-dependent, is a combined consequence of the 
genetic feature of the strain and its environment. It is 
completely possible that non-toxic strains are selected as 
production organisms and, furthermore, that produc­
tion conditions are designed and controlled to favor the 
selective production of the product of interest, in 
order to preclude the presence of mycotoxins in the 
product. 

4.3.1. Strain-specificity 
Production of mycotoxins is limited in certain strains, 

a fact which has been demonstrated in a number of 
studies. Aurasperone production on rice by A. niger was 
found to be strain-specific (Ehrlich et al., 1984). In 
separate studies, 50% of A. oryzae strains tested were 
found to produce CPA in YES broth (Munimbazi and 
Bullerman, 1996), 33.3% of A. oryzae strains tested were 
found to produce kojic acid on mixed feed (Kharchenko 
and Yatsyshin, 1984) and 11.5% of A. niger strains 
tested were found to produce ochratoxin A (Urbano et 
al., 2001). A number of toxicological investigations of 
natural fungal isolates also demonstrate that many A. 
niger isolates are non-toxic (Davis et al., 1975; El-Sha­
nawany et al., 1999; Glinsukon et al., 1979; Shank et al., 
1972; Youssef et al., 2000). It should be pointed out 
however, that the production and detection of toxicity 
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may be limited by growth conditions and detection 
methodology. 

Knowledge of the genetics and metabolism of my­
cotoxins is still lacking despite attempts to research the 
production of mycotoxins in A. niger and A. oryzae at 
the level of genetics. Benkhemmar et al. (1985) reported 
the artificial mutation of CPA-producing A. oryzae 
(CPA+) strains into non-CPA-producing (CPA-) ones, 
and vice versa. They also examined CPA production 
among heterokaryons resulting from pairing of those 
mutants and concluded that "the risks of producing this 
toxin from 2 CPA- individuals are not high." Accensi 
et al. (2001) examined 92 A. niger strains for ochratoxin 
A production and found that all the 6 positive strains 
were N pattern ones. It is foreseeable that the decoding 
of the A. niger genome will help the studies of ochra­
toxin A production in A. niger and provide a powerful 
tool for the screening of non-toxic strains. 

4.3.2. Time 
Mycotoxins are secondary metabolites. Secondary 

metabolites are usually produced during the stationary 
phase of microbial culture growth, although exceptions 
do seem to occur (Kharchenko, 1999). Production of cy­
clopiazonic acid in A. oryzae was reported to start 50 h 
after inoculation and to reach a maximum level in 2 weeks 
(Goto et al., 1987). Kojic acid does not seem to be pro­
duced within the typical 2-day koji fermentation time 
(EPA, 1997b ). Production of malformins and maltoryzine 
usually occurs in stationary phase (EPA, 1997b; Yukioka 
and Winnick, 1966). Calvo et al. (2002) associated 
mycotoxin production with sporulation in aspergilli. 

4.3.3. Environment 
Microbial metabolism is significantly influenced by the 

physical and chemical environment. For given strains of 
A. niger, aurasperone production was found to be sub­
strate-dependent (Ehrlich et al., 1984). Production of 
kojic acid by A. oryzae is associated with the availability 
of oxygen and high dosage of glucose (Ogawa et al., 1995). 
EPA (1997a) concluded that production of malformins by 
A. niger is related to growth conditions, preferably on 
solid media and that of maltoryzine by A. oryzae is related 
to the composition of the growth media (EPA, 1997b ). 
The environmental pH appeared to be a main factor 
governing oxalic acid production in A. niger (Roehr et al., 
1992; Ruijter et al., 1999). In one study, A. oryzae was 
grown on various high protein and carbohydrate-rich 
solid foods and was found to produce 3-nitropropionic 
acid on some of the foods (Penel and Kosikowsi, 1990). 

4.4. Relevance ofmycotoxins to human health: JECFA's 
new specifications 

Recently, JECF A revised the general specifications 
and considerations for enzyme preparations used in 

food processing including those for mycotoxins. Noting 
that the list of five mycotoxins contained in the 1989 
General Specifications was not relevant to all food en­
zyme preparations from fungal sources, the Committee 
"agreed that enzyme preparations derived from fungal 
sources be evaluated for those mycotoxins that are 
known to be produced by strains of the species used in 
the production of the enzyme preparation or related 
species" (JECFA, 2001). Compared to the previous re­
quirement which was specific but arbitrary, the new one, 
which mandates mycotoxin testing but de-specifies my­
cotoxins to be tested in fungal enzyme preparations, 
attempts to avoid both unnecessary and irrelevant test­
ing for mycotoxins and to avoid missing a test for rel­
evant mycotoxins other than the five previously listed 
ones for a specific species. Yet the details of the degree 
of relatedness, the species that are considered as related 
to A. niger, A. oryzae, and T reesei, the mycotoxins that 
need to be tested, the testing methods, and the minimal 
allowance all need to be explored. 

4.4.1. The scope of relatedness of fungal species-the 
relevancy among fungi 

The new JECF A specifications require that fungal­
derived food enzyme preparations be tested for myco­
toxins produced not only by the production species but 
also by fungal species related to the production species. 
This consideration of testing relevancy based on the 
biological relatedness of fungi defines the scope of my­
cotoxin testing for each production organism. Such re­
latedness can be obvious. For example, aflatoxins 
should continue to be tested in A. oryzae-derived food 
enzyme preparations because of the close relatedness 
between A. oryzae and A. flavus. However, the specifi­
cations did not define, on a measurable scale, the degree 
of the relatedness at which testing for mycotoxins be­
comes necessary. 

The determination of such a degree of relatedness, 
and thus the name of the related fungal species, will 
require a complete and concise examination of the ge­
nomic sequences of microorganisms. These genomic 
sequence data currently are not always available. For­
tunately, the development of modem taxonomy has 
enabled scientists to group microorganisms using both 
genotypical and phenotypical measures including the 
pattern of secondary metabolite production. Often spe­
cies in the same natural series produce the same sec­
ondary metabolites. If a significant mycotoxin is found 
to be produced by a closely related species, in the current 
taxonomic frame, of the production fungal species, this 
mycotoxin should be tested in the enzyme preparations 
derived from this production organism. The extent of 
this relatedness, however, should be judged on a case­
by-case basis, through a careful evaluation based on 
knowledge of taxonomy, biochemistry, and genetics. In 
many cases, the testing scope at the level of genus should 
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be sufficient. In other cases, the scope can even be fur­
ther narrowed. 

4.4.2. What to test-the medical importance of 
mycotoxins 

The removal by JECF A of the specification for test­
ing of specific mycotoxins in food enzyme preparations 
leads to the question of which mycotoxins are "signifi­
cant" and so should be tested in those preparations. 
Since an attempt to list all known mycotoxins of po­
tential concern is "impractical and unwarranted" 
(JECFA, 2001), it can be expected that mycotoxin 
testing in food enzyme preparations will focus on my­
cotoxins that are medically important via ingestion and 
relevant to the production organism. Therefore, even 
though the scope of testing is extended from the myco­
toxins produced by one species to those produced by a 
few species, the number of mycotoxins to be tested can 
be limited, at least in food enzyme preparations. 

Mycotoxins that have been related to human intoxi­
cation include aflatoxins, cyclopiazonic acid, citreoviri­
din, ergot (not considered a threat today), fumonisins, 
3-nitropropionic acid, ochratoxin A, certain trichot­
hecenes, and zearalenone (Peraica and Dominjan, 2001). 
Aflatoxins perhaps are the best-known mycotoxin of 
medical importance. Others currently considered as 
important to human health may include ochratoxin A, 
fumonisins, certain trichothecenes, and zearalenone, 
judged by their potency and the degree of possibility of 
human exposure (Pitt, 2000). The impact of these my­
cotoxins, all active via the oral route, on human health 
and their mechanisms have been reviewed elsewhere 
(Bondy and Pestka, 2000; van Egmond, 2000; Peraica 

Table 2 
Production of some mycotoxins known to be associated with human health 

Mycotoxin 

Aflatoxin B1a,b,c 
Citreoviridin• 
Fumonisinsb,c 
3-Nitropropionic acid• 
Ochratoxin Aa,b,c 
Sterigmatocystin• 
Trichothecenes 

Producers• 

Aspergillus 
Penicillium 
Fusarium .. 
Aspergillus, Penicillium Arthrinuim• .. 
Aspergillus, Penicillium 
Aspergillus, Bipolaris Chaetomium .... 

et al., 1999; Peraica and Dominjan, 2001; Pitt, 2000). 
These mycotoxins should be the primary testing candi­
dates in food enzyme preparations of fungal origin. 
Table 2 demonstrates the currently known sources of 
those mycotoxins (JECFA, 1989; Peraica and Domin­
jan, 2001; Pitt, 2000). 

Traditionally, mycotoxins that are important to hu­
man health and thus important to the food industry 
need to be active via the oral route. The development of 
biotechnology, however, has opened the possibility of 
using fungi to produce therapeutic biologics. This means 
that toxic fungal metabolites, if present in the biologics, 
can enter the human body via a route that has not been 
considered relevant to human health: injection. To cause 
a similar toxic reaction, the dosage of a toxic substance 
by injection is usually lower than that by ingestion. The 
impact of this new route on mycotoxin testing in those 
products can be significant not only because a wide 
spectrum of testing will be required but also because the 
standard of detection levels may need to be lowered. 
Certain mycotoxins that nowadays need not to be con­
sidered as important in the food industry, such as mal­
formins by A. niger, may become relevant to human 
health in biologics. 

4.4.3. What to test in food grade enzyme preparations 
derived from A. niger, A. oryzae, and T. reesei? 

Among those mycotoxins in Table 2, aflatoxins, 3-
NP A, sterigmatocystin, and ochratoxin A are known to 
be produced by Aspergillus. Trichothecene T-2 has been 
reported to be produced by Trichoderma although some 
experts seriously doubt that Trichoderma can produce 
this toxin (van Dijck, personal communication). 

Confirmed production in 

A. niger 

No 
No 
No 
No 
Yes 
No 

A. oryzae 

No 
No 
No 
Yes 
No 
No 

T. reesei 

No 
No 
No 
No 
No 
No 

T-2" Fusarium, Triclwderma No No No 
Deoxynivalenolb,c Fusarium No 
Nivalenol' Fusarium No 
Diacetoxyscirpenol• Fusarium, Gihberella No 

Zearalenonea,b,c Fusarium No 
8 Testing previously required by JECFA in all fungal-derived food enzyme preparations. 
b Considered medically important by Pitt (2000). 
'Postulated human mycotoxicoses by Peraica and Dominjan (2001). 
• From Cole and Cox (1981) unless indicated. 
•• Pitt (2000); Peraica and Dominjan (2001) . 
... Peraica et al. (1999) . 
.... Udagawa et al. (1979). 

No No 
No No 
No No 
No No 
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Aflatoxins are reported to be produced by several 
Aspergillus species (Ito et al., 2001; Klich et al., 2000; 
Peterson et al., 2001; Pitt, 2000). Most aflatoxin-pro­
ducing aspergilli belong to Section Flavi. Because of the 
close relatedness of A. oryzae to the aflatoxin-producing 
fungi, aflatoxin testing should continue in enzyme 
preparations derived from A. oryzae. Although A. niger 
was never found to produce aflatoxins and some data 
may indicate the possible lacking of a complete gene 
family for aflatoxin biosynthesis in A. niger (Chen et al., 
2002), given the medical significance of this toxin, afla­
toxins should continue to be tested in A. niger-derived 
enzyme preparations unless future data ensure that 
genetically this fungus is incapable of aflatoxin 
production. 

Sterigmatocystin is known to be produced by species 
from Aspergillus sections Nidulantes, Versico/ores, and 
Usti (Cole and Cox, 1981). All sections belong to sub­
genus Nidulantes. Sterigmatocystin production has been 
reported also in sections Circumdati and Nigri (Begum 
and Samajpati, 2000; Klich et al., 2000) but these reports 
have not been confirmed by other researchers. Since 
sterigmatocystin is also an intermediate in aflatoxin 
synthesis by Section Flavi, the testing of this toxin in A. 
oryzae can be justified but that in Nigri may require 
stronger evidence of sterigmatocystin production by this 
section before testing is justified. 

Ochratoxins are first known to be produced by spe­
cies from Section Circumdati (A. orchraceus group) 
(Cole and Cox, 1981). Later, the production of this toxin 
was repeatedly reported in Section Nigri including A. 
niger (Abarca et al., 1994; Da et al., 2002; Teren et al., 
1996). Ochratoxin should continue to be tested in 
Aspergillus-derived enzyme preparations. 

Compound 3-NP A is known to be produced by 
species from Aspergillus sections Flavi and Wentii (Cole 
and Cox, 1981; Peterson et al., 2001). Both sections, as 
well as Section Nigri, belong to subgenus Circumdati. 
3-NPA is a potent neurotoxin irreversibly dysfunc­
tioning an important enzyme in TCA cycle. It is pro­
duced by Aspergillus including A. oryzae. Human 
intoxication by 3-NPA was reported (reviewed by 
Peraica et al., 1999). While it may be too early to de­
termine the necessity of testing this compound in en­
zyme preparations, the development of the production 
of 3-NPA in aspergilli, the toxicology, and the clinical 
prevalence of this compound should be monitored by 
the enzyme industry. If the medical importance of this 
toxin is further confirmed, it may in the future become 
a candidate for testing in enzyme preparations derived 
from A. niger and A. oryzae. 

Trichoderma produces trichothecenes including T-2 
toxin (Cole and Cox, 1981 ). This toxin should continue to 
be tested in Trichoderma-derived enzyme preparations. 

Hypocrea does not seem to produce any medically 
important mycotoxin. Other miscellaneous toxic sub-

stances were reported to be produced by Section Nigri 
(Akatsu, 1952; Alfatafta et al., 1996; Andersen et al., 
1977; Cole and Cox, 1981; TePaske et al., 1989), Section 
Flavi (Brookes et al., 1963; Cole and Cox, 1981; Kimura 
et al., 1982), Trichoderma (Corley et al., 1994; Hou et al., 
1972; Landreau et al., 2002; Leclerc et al., 2001; Re­
buffat et al., 1991; Vicente et al., 2001), and Hypocrea 
(Brueckner et al., 1991; Nair and Carey, 1979; Ya­
mamoto et al., 1969). None of them is recognized as 
medically important and as a known product of A. ni­
ger, A. oryzae, or T reesei. 

Our understanding of mycotoxins-its production, 
mechanism, and medical importance-is constantly de­
veloping and impacting our decisions regarding what to 
test in enzyme preparations. It must again be pointed 
out that it is not uncommon that in literature of my­
cotoxin production the identification of the production 
organisms is incorrect. This has caused much confusion. 
Also the production of mycotoxins is dependent upon 
the growth environment. Caution must be exercised 
when information is analyzed and conclusions are 
drawn. Furthermore, when discussing which mycotoxins 
to test in enzyme preparations derived from A. niger, A. 
oryzae, or T reesei, the assessment made by this article 
is limited to the production organism itself and does not 
extend to possible contamination from raw materials 
used in manufacturing. 

5. Conclusion: information regarding the safe use of 
A. niger, A. oryzae, and T. reesei 

A. niger, A. oryzae and T reesei are well-known 
production organisms used in the food and food/feed 
additives industry. To ensure the safety of these prod­
ucts, the industry carefully selects and maintains, and 
sometimes modifies, the production strains. Fermented 
foods produced by A. niger and A. oryzae were shown to 
be aflatoxin-free (Liu and Chen, 1966). Some soy sauce 
production strains of A. oryzae were tested and dem­
onstrated that none of those strains produced detectable 
amount of cyclopiazonic acid (Goto et al., 1987). EPA 
(1997b) concluded that commercial strains of A. oryzae 
"apparently do not produce maltoryzine." In the field of 
enzyme production, the safety of the three species as 
production organisms including toxigenicity has been 
assessed (Barbesgaard et al., 1992; Coenen et al., 1995; 
van Dijck et al., 2003; Nevalainen et al., 1994; Schuster 
et al., 2002). Toxicity tests on several enzyme prepara­
tions derived from the three species indicate that they 
are safe for use in their intended applications (Bergman 
and Broadmeadow, 1997; Broadmeadow et al., 1994; 
Greenough et al., 1996; Lane et al., 1997; Ye and Fields, 
1989). In the United States, a number of enzyme 
preparations derived from A. niger, A. oryzae, and 
T reesei have been granted GRAS status in various 
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food-processing applications based on publicly available 
information and scientific studies (GRN89; GRN90; 
GRN113; 21 CFR §184.1250). Despite the wide use of 
A. niger, A. oryzae, and T reesei in the fermentation 
industry, reports on the production of aflatoxin B, 3-
NPA, ochratoxin A, sterigmatocystin, T-2 toxin, and 
zeara1enone from production strains from the 3 species 
are extremely rare. One example is A. niger CBS 618.78 
that has been extensively used for enzyme preparation 
and is found to be able to produce ochratoxin A under 
certain lab conditions (Schuster et al., 2002). Ochratoxin 
A production is inhibited, however, when growth con­
ditions are modified. 

When developing a new production strain from A. 
niger, A. oryzae, and T reesei, it is of primary impor­
tance that the strain is tested for the production of any 
toxicologically significant amount of relevant mycotox­
ins. This is especially important if the microorganism 
and/or its products are to be used in the food industry. 
Care must be taken to ensure these production strains 
do not produce mycotoxins under commercial enzyme 
production conditions. The toxigenicity of A. niger, A. 
oryzae, and T reesei is controllable, these organisms are 
safe to use as production organisms, and the products 
derived from these microorganisms are safe to use, given 
that (1) the production species is correctly identified, (2) 
the production strain is carefully selected, manipulated, 
and tested to ensure its lack of relevant mycotoxin 
production, (3) the research, development, and manu­
facturing processes including the establishment of a 
validated seed bank are carefully designed, operated, 
and monitored, and ( 4) the product is routinely tested 
for mycotoxin contamination although there has not 
been any report of spontaneous transformation of non­
toxic production strains into toxic ones. It should be 
stressed that most industrial production strains of A. 
niger, A. oryzae, and T reesei have successfully dem­
onstrated a long history of safe use. 
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Abstract: Phytic acid (PA) is the primary storage compound of phosphorus in seeds accounting for up to 80% of the total seed 
phosphorus and contributing as much as 1.5% to the seed dry weight. The negatively charged phosphate in PA strongly binds to 
metallic cations ofCa, Fe, K, Mg, Mn and Zn making them insoluble and thus unavailable as nutritional factors. Phytate mainly 
accumulates in protein storage vacuoles as globoids, predominantly located in tlte aleurone layer (wheat, barley and rice) or in the 
embryo (maize). During germination, phytate is hydrolysed by endogenous phytase(s) and other phosphatases to release phosphate, 
inositol and micronutrients to support the emerging seedling. PA and its derivatives are also implicated in RNA export, DNA 
repair, signalling, endocytosis and cell vesicular trafficking. Our recent studies on purification of phytate globoids, their mineral 
composition and dephytinization by wheat phytase will be discussed. Biochemical data for purified and characterized phytases 
isolated from more than 23 plant species are presented, the dephosphorylation pathways of phytic acid by different classes of 
phytases are compared, and the application of phytase in food and feed is discussed. 
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INTRODUCTION 

A complete understanding of the biosynthesis of 
phytic acid (PA) in plants based on a single model 
species cannot be achieved and comparative studies 
are needed. Even if the same core set of inositol 
phosphate kinases (lpks) should exist in the plant 
kingdom, the coordination of biosynthesis, transloca­
tion, site of accumulation and storage vary among 
species. This is exemplified by the fact that in wheat, 
barley and rice the majority ofphytate accumulates in 
the aleurone cells and only minor amounts in the 
embryo. The distribution of phytate is just opposite in 
the maize seeds, which means that within relatively 
closely related grasses different control points exist. 

I Corresponding author 
'Project supported by the Danish Agency for Science, Technology and 
Innovation, Copenhagen, Denmark and HarvestPius 

PA biosynthesis initiates shortly after flowering and it 
accumulates during development until seed matura­
tion and desiccation. During this period of plant de­
velopment changes in growth conditions occurs: rain, 
drought, high temperature and pathogens. Individual 
inositolphosphate kinases accept a broad range of 
substrates and it is also evident that rice and barley 
Ipks have phosphatase and isomerase activity. These 
multiple activities provide degrees of freedom for 
controlling and fine tuning the PA biosynthesis and 
accumulation, but it also poses a challenge for mo­
lecular breeding strategies, because mutations in one 
kinase gene can be compensated for by other activi­
ties. 

During the past years, attention has been focused 
on P A as an antinutritional factor in the diet of hu­
mans because of their inability to utilize phytate. The 
low bioavailability of the minerals bound in the PA 
can lead to deficiencies in human populations where 
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staples like wheat, rice and maize are the major or the 
only source of nutrition. In the case of livestock 
production, excretion of P A can lead to accumulation 
of P in soil and water, and subsequently to eutrophi­
cation of fresh water streams and near coastal sea­
waters. Low-P A mutant seeds can potentially reduce 
these problems. Many low P A mutants have been 
produced in most of the important crop. However, 
many examples indicate that random mutations seem 
to affect PA biosynthesis throughout the plant life 
cycle and not just in the seeds. At present, little is 
known about the impact of these mutations on agro­
nomical important quality parameters such as stress 
response or disease susceptibility of plants. Therefore 
methods acting exclusively on the biosynthesis ofPA 
are needed to produce sustainable low P A seeds. 

NUTRITIONAL ASPECTS 

Micronutrient malnutrition and distribution 
The main micronutrient deficiencies in the world 

involve Fe, Zn and Vitamin A (WHO, 2002). The 
three factors are closely related and, in the correct 
combination, the uptake of one will enhance the up­
take of another, and especially fats or proteins from 
meat will enhance uptake of all of them (Gibson eta/., 
2006; Lonnerdal, 2000; Storcksdieck et a/., 2007). In 
developing countries plant foods are the major staples 
of the diet. Particularly in diets based on unrefined 
cereals or legumes the bioavailability of several 
micronutrients, such as Ca, Fe, Zn, I and some vita­
mins can be quite low, causing metabolic disorders 
related to these nutritional factors. Consequently, 
improving the nutritional value of this type of foods 
would improve the nutritional status of the entire 
population. The transgenic rice line "Golden Rice" is 
a good example of how the effect of extra P-carotene 
can decrease Vitamin A deficiency (Zimmermann 
and Hurrell, 2002). Unfortunately, similar work has 
not yet been pursued in wheat, the staple cereal of 
developed countries. 

The mineral bioavailability of wheat depends on 
the cultivar, environment and harvest year. Positive 
correlations between Zn and Fe have been found in 
both spring and winter wheat, but these elements were 
negatively correlated with Mn and P. Furthermore, 
genotype seems to influence Fe concentrations 

(Morgounov et a/., 2007), while its content is posi­
tively correlated with grain size rather than phytate 
content, suggesting that ferritin deposits are involved 
in storage of Fe (Grusak et a/., 1999). Zn uptake de­
pends more on geographical location (Morgounov et 
a/., 2007) but positive associations between phytate 
and zinc have been reported as well as evidence that 
the position on the spike also influences the compo­
sition of the minerals in grain (Liu eta/., 2006). 

Mineral, phosphorous and phytate content is 
much higher in the bran than in the whole grain (Gut­
tieri eta/., 2003; Iskander and Morad, 1986; Steiner et 
a/., 2007), but also within the bran fractions differ­
ences occur. Pearling of wheat has shown that the 
outer 0-4% layer of wheat has the highest Zn content, 
whereas the next outer 4%- 8% layer has the highest 
phytase activity, phytate and iron contents. However, 
the differences are small in the outer 0- 12% layer, 
proving that storage of all of these compounds takes 
place in the bran (Liu Z.H. eta/., 2007). 

Factors involved in micronutrient malnutrition 
outside the grain are, for example, the chemical form 
of the nutrient in the food matrix, interactions with 
other compounds or treatment of the food prior to 
ingestion. Iron bioavailability will be used to exem­
plify it. 

Iron uptake and bioavailability 
There are two types of iron in the human diet; 

both of them are mostly absorbed in the proximal part 
of the duodenum. Heme iron origins from meat 
products and consists of iron complexed with the 
porphyrin ring from either haemoglobin or myoglobin. 
It only accounts for approximately 10%- 20% of 
dietary iron, but for up to 50% of the iron actually 
entering the body (Carpenter and Mahoney, 1992). 
Specific receptors for heme iron on the microvilli of 
the enterocytes have been identified (Krishnamurthy 
eta/., 2007; Worthington eta/., 2001) and the iron is 
easily absorbed and split from the complex by heme 
oxygenase inside the cell (Raffin eta/., 1974). 

The second type of iron is non-heme iron from 
plants. Unlike heme-iron, its uptake depends on the 
composition of the meal and other factors in the 
degradation pathway. Absorption by the enterocytes 
involves reduction from ferric (Fe3+) to ferrous (Fe2+) 
iron (Mckie et a/., 200 I) before co-transport with a 
proton across the membrane by divalent metal 
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transporter 1 (DMT1) (Andrews, 1999; Gunshin eta/., 
1997). Iron is then released into the bloodstream by 
ferrous ion transporter (FPN) and absorbed by cells 
through the "transferrin cycle": iron-transferrin is 
bound by transferrin receptors and internalised by 
endocytosis. Proton pumps create an acidic envi­
ronment inside the endosome and iron is released 
from the transferrin. Iron is now available to the cell 
either for biologically active compounds or for stor­
age, and the transferrin and transferrin receptors are 
recycled back to the membrane and the cycle can be 
repeated (Benito and Miller, 1998). 

Beside the dietary factors described in the next 
section, a very important factor, the constitution of the 
body, also regulates iron absorption. Humans have no 
physiologically regulated pathway for iron excretion 
(Andrews and Schmidt, 2007) but have the primary 
physiological factors involved in non-heme iron ab­
sorption, which are summarised in Table I. 

Dietary factors involved in iron absorption 
As previously mentioned, absorption of non­

heme iron depends on its surroundings. Most of it is 
found as ferric iron, which precipitates as iron hy­
droxide at pH> 3 if it is not kept in solution by che­
lators such as ascorbic acid, peptides or certain sugars 
and amino acids. In the following, the effects and 
mechanisms of some of the most influential factors on 
iron bioavailability will be described. 

Vitamins: Ascorbic acid (the active form of 

Vitamin C) keeps iron available for absorption 
through several mechanisms. First, it promotes acidic 
conditions in the stomach and intestines, thereby 
providing optimal conditions for iron absorption; 
second, it chelates ferric iron and maintains it in a 
stable and soluble complex, even at higher pH. Fi­
nally it reduces ferric iron to its ferrous form, thereby 
preventing it from precipitating as ferric hydroxide 
(Teucher eta/., 2004). Vitamin A or P-carotene also 
enhances iron absorption through formation of solu­
ble iron complexes and to a certain extent it can re­
verse the effect of several inhibitors such as phytates 
and polyphenols (Layrisse eta/., 2000). 

Meat is an important enhancer of the bioavail­
ability of non-heme iron. The "meat factor" is still 
largely unexplored, but recent findings suggest that it 
is due to peptides of myosin, generated by pepsin 
degradation in the gut, which binds and keeps iron in 
solution (Storcksdieck et a/., 2007). Other sugges­
tions to explain the "meat factor" involve sulphydryl 
groups of e.g., cysteine, to reduce ferric iron to fer­
rous iron (Mulvihill and Morrissey, 1998), and the 
induction of gastric juice production by proteins 
(Carpenter and Mahoney, 1992). 

Weaker chelators, such as EDTA, organic acids 
or amino acids also contribute to iron solubility and 
these iron salts (and also ferrous sulphate) are some of 
the most commonly used iron fortificants (Hertrampf 
and Olivares, 2004; Hurrell eta/., 2004; Salovaara et 
a/., 2003b). 

Table I Physiological factors that influence absorption of non-berne iron 

Factor 
Iron status 

Gastric acidity 

Transit tinle 

Mucus secretion 

Health 

Comment 

This is probably the most important factor in regulation of iron absorption. Iron uptake is negatively 
regulated by the hormone hepcidin, which is produced by the liver and regulated by iron levels, blood 
oxygen concentration and inflanunation (Atanasiu eta/., 2007; Nicolas eta/., 2002) 

Keeping the iron soluble through low pH is essential for iron absorption. Gastric juice with pH>2 can 
barely solubilise iron in bread, for example, as Fe2

+ is far more soluble at intestinal pH than Fe3
+ 

(Salovaara eta/., 2003b ). Furthermore, the acidity denatures proteins and gives optimal conditions for 
pepsin, thereby releasing iron from protein complexes and at the same time providing weak chelators 
to keep the iron soluble. Finally, as iron is co-transported with a proton, a positive pH gradient en­
hances iron uptake (Bezwoda eta/., 1978; Kim eta/., 1993; Salovaara eta/., 2003b) 

Gastric emptying slows down in some iron-deficient rats, thereby increasing absorption time in duo­
denum. TI1is factor is not well proven yet, as other experiments in iron-deficient rats showed no 
change in transit time (Huebers eta/., 1990; Salovaara eta/., 2003a) 

Iron ions must cross a layer of secreted mucus before they reach the microvilli of the mucosal cells. 
Mucins bind cations in general and can inhibit or enhance iron absorption depending on the compo­
sition of minerals in the intestine (Conrad and Umbreit, 2002) 

As iron homeostasis is regulated through iron uptake more than excretion, diseases that cause abnor­
malities in the intestine and stomach can of course affect iron status. Mutations in iron transporters or 
regulators of their expression also influence iron status in general , but most often the phenotype of 
these genetic defects will be iron overload of tissues more than anaemia (Anderson eta/., 2005; An­
nibale eta/., 2000; Atanasiu eta/., 2007) 
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Contradictory to this, iron uptake is inhibited by 
strong chelators such as P A and some polyphenols 
that have a chatechol group in their structure, able to 
form very stable chelates (Brune et a/., 1989; 
Tuntawiroon eta/., 1991 ). In this group of substances, 
tannic acid is a particularly strong inhibitor of iron 
absorption; in vitro experiments have shown that a 
molar ratio of 1: I 0 of tannic acid: iron results in 92% 
inhibition of iron absorption; in comparison, to reach 
the same result a molar ratio of I 0: I of phytic 
acid:iron is required (Glahn et a/., 2002). However, 
the type of iron involved in these experiments is an 
important factor, as FeS04 has higher solubility than 
FeCb in complexes with PA (Engle-Stone et a/., 
2005). Ascorbic acid and meat can to some extent 
reverse the inhibition of iron absorption by PA, but 
not tannic acid. Furthermore, the combination of 
tannic acid and fish is even able to decrease iron 
solubility further. 

Other divalent cations, such as Ca2+ (Hallberg et 
a!., 1992; Perales et al., 2006), Zn2+ (Camara et a/., 
2007), Co2+ and Mn2+ (Yeung eta/., 2005) competi­
tively inhibit iron absorption, probably because they 
use the same transporters (the DMT I) to enter the 
enterocytes, or because they co-precipitate with iron 
in phytic acid salts. The mode of Ca2+-inhibition is 
still being debated (Perales et a/., 2006; Roughead et 
a/., 2005), as Ca2+ seems to have larger impact on 
heme iron absorption than on non-heme iron absorp­
tion, which could be due to mucosal uptake inhibition. 

The interactions between inhibitors and enhan­
cers decide the final absorption level of the element in 
the gut. The sums of the effects are, in general terms, 
predictable, and several algorithms to predict the 
percentage of non-heme iron absorption from food 
are available in literature (Conway eta/., 2007). 

Despite these cofactors involved in iron uptake, 
the main inhibitor of Fe absorption is phytic acid, and 
its chemical properties and functions will be de­
scribed in the following section. 

CHEMISTRY OF PHYTIC AClD 

Myo-inositol (I ,2,3,4,5,6) hexakisphosphate 
Inositol phosphates consist of an inositol ring 

and at least one phosphate group. Breaking the name 
into its separate parts describes the exact structure and 

appearance: the prefix "myo" refers to the conforma­
tion of the hydroxyl groups on the inositol ring. The 
nine possible configurations of the inositol ring have 
been annotated in a number of ways, but the adopted 
nomenclature is according to the set of rules sug­
gested by Posternak ( 1965). 

The conformation myo-inositol thus has one 
plane of symmetry, going directly from the most left 
to the most right atom (Fig. I). The OIL-prefixes 
specifY the numbering direction of carbons in the 
inositol ring, where the D annotates counterclockwise 
and L clockwise counting, respectively. In general 
chemistry, numbering of the atoms should always 
follow the lowest possible route. Confusions regard­
ing myo-inositols and enzymes related to them have 
led the International Union of Pure and Applied 
Chemistry and the International Union of Biochem­
istry (!UPAC-!UB, 1989) to recommend that the 
atoms in the myo-inositol ring should always be 
numbered according to the D configuration. The 
numbering should be initiated at the atom that is es­
terified in inositol phospholipids according to 
A gran off ( I978), using Agranoff's turtle as a re­
minder. The four limbs and tail of the turtle are co­
planar and represent the five equatorial hydroxyl 

gH ~" 0 
OH OH OH 

cis epi allu 

OH 

6 
OH 

~" ~' H 
OH 

H OH OH 

myo neo •cyl/o 

OH 

~" Q" ~H 
OH OH 0 

L-chim D-chim llll/("(1 

Fig.l The nomenclature of the nine stereoisomers of 
inositol (Haworth projections). Seven have a mirror 
axis in the molecule and numbering of the carbon at­
oms can be performed either counterclockwise (D) or 
clockwise (L). Only the chiro form has specific D and L 
conformations (software: ChemDraw 10.0, Cam­
bridgesoft.com) 
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groups. The turtle's head is erect and represents the 
axial hydroxyl group. Looking down at the turtle from 
above, the numbering of the turtle will begin at the 
right paw and continue past the head to the other 
limbs, thus numbering the inositol in the counter­
clockwise (D) direction (Shears, 2004). This way, the 
plane of symmetry in the "myo" conformation will 
always go through C2 and C5, and the L (clockwise) 
configuration will start at the turtle ' s left paw and the 
D configuration will start at the turtle' s right paw. 

The consequence is a simplification of the 
naming of the enzymes related to the inositol phos­
phates: any phytase does not automatically produce 
D/L-myo-inositol (1 ,2,3,4,5) pentakisphosphate, 
thereby obeying the rules of numbering according to 
the lowest possible route. The phytase more specifi­
cally is named according to the D-myo-inositol pen­
takisphosphate that indicates initiation point of hy­
drolysis. According to this set of rules, a 3-phytase 
will initiate dephosphorylation at the C3 atom and 
have 0-myo-inositol (1 ,2,4,5,6) pentakisphosphate as 
the product. As the enzyme hydrolyses additional 
phosphate groups from the inositol ring, the num­
bering of the groups will remain the same regardless 
of which phosphate is hydrolysed and the configura­
tional counting will not change between the interme­
diates. Confusions surrounding the enzymes and their 
products are however not yet entirely resolved. The 
same enzyme some authors annotate as a 4-phytase, 
others refer to as a 6-phytase. Here, the IUPAC-JUB 
recommendations are used and readers should note 
that a D-6-phytase and an L-4-phytase produce the 
same product. 

Myo-inositol is the major nutritionally relevant 
form of inositol, and although some of the other 
stereoisomers also are found in nature, they will not 
be addressed in this paper. 

Myo-inositol (I ,2,3,4,5 ,6) hexakisphosphate has 
6 groups of phosphates attached to the inositol ring. 
Using the prefix "hexakis" instead of"hexa" indicates 
that the phosphates are not internally connected 
(Johnson and Tate, 1969) and the compound is con­
sequently a polydentate ligand, which is a chelator 
that can bind to more than one coordination site of the 
metal atom. Each of the phosphate groups is esterified 
to the inositol ring and together they can bind up to 12 
protons in total. The acidity of the protons varies from 
very strong acids to very weak (pK. up to 9.4) al-

though ionic strength of the solution and temperature 
influence these values (Brown eta/. , 1961 ; Costello et 
a/. , 1976; Torres eta/. , 2005). 

Trivial names for D-myo-inositol (I ,2,3 ,4,5 ,6) 
hexakisphosphate are IP6, InsP6 or phytic acid (PA). 
The last two will be used here depending on context 
and lnsP1- lnsP5 will also be used regarding lower 
myo-inositol phosphates counted in D configuration 
unless the prefix L is explicitly added. 

In the pH range 0.5- 10.5 phytic acid keeps the 
sterically stable conformation with one axial and five 
equatorial groups (Fig.2). At higher pH the phytic 
acid will flip to the reverse conformation with five 
axial and one equatorial group. A similar phenome­
non is detected within the InsP5-group, especially the 
lnsP5s with phosphorylation intact on all three carbon 
atoms C I, C3 and C5 as these groups are able to form 
a "chelation cage" that will use a cation to stabilise the 
otherwise more unstable conformation (Volkmann el 

a/. , 2002). For the same reason, crystallisation of PA 
also favors this conformation (He et a/., 2006; Rod­
rigues-Filho et a/., 2005). Lower inositol phosphates 
keep the stabile 5 eq/ 1 ax conformation over the entire 
pH range (Barrientos and Murthy, 1996). 

Fig.2 Myo-inositol (1,2,3,4,5,6) hexakisphosphate in 
boat formation showing the S equatorial and the I axial 
group. Red oxygen, purple phosphorous and grey hy­
drogen atoms form phosphate groups on each of the 
blue carbon atoms that have been numbered according 
to the IUPAC-IUB recommendation. The special rela­
tionships between the atoms have been indicated with 
dots (software: ChemSketch 10.0, ACDiabs.com) 

Phytate 
The chelating effect of the phosphate groups 

causes PA to bind readily to mineral cations, espe­
cially to Cu2

+ and Zn2
+ which appear to have a high 

affinity for inositol phosphates. The order of the 
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ability of the mineral cations to form complexes in 
vitro with inositol phosphates has been found to be 
Cu2+>Zn2+>Cd2+ for all InsP3- InsP6 at pH 3- 7, but 
binding strength is weaker for the lower inositol 
phosphates (Persson et a/., I 998). Similar binding 
assays using only phytic acid and none of the lower 
inositol phosphates show the order Cu2+>Zn2+>Ni2+> 
Co2+>Mn2+>Fe3+>Ca2+ in one study (Vohra et a/., 
1965) and the order Zn2+>Cu2+>Co2+>Mn2+>Ca2+ in 
another (Maddaiah et a!., 1964). Despite of these 
results, the compositions of minerals in PA stores do 
not necessarily follow these orders of affinity. Recent 
finding shows that PAis stored in vivo in complexes 
not only with these minerals, but to a much larger 
extents with Mg, Ca and K (Bohn eta/. , 2007). 

In presence of excess phytic acid, formation of 
soluble complexes between P A and a metal ion dis­
playing I: I stoichiometries predominates. However, 
when metal ions are in excess, an insoluble solid 
called phytate is formed (Torres et a/. , 2005). The 
stoichiometry itself influences the solubility of phy­
tate, as a very low or a very high metal ion:phytic acid 
ratio increases the solubility of the salt (Bullock eta!., 
1995; Cheryan et a!., 1983; Nolan et a/. , 1987). 
However, heterologues precipitation with a combi­
nation of more than one type of metal ions seems to be 
increasing phytate formation. When especially Ca2+ is 
present simultaneously with another metal ion, it 
increases the proportion of the phytic acid-metal ag­
gregate (Wise and Gilburt, 1983; Simpson and Wise, 
1990). In many cases (Mn, Co, Ni, Cu, Sn and Zn), 
pure phytic acid-metal salt precipitates when the 
stoichiometry between P A and the ion is between I :2 
and I :5, but addition of chloride ions to the solution 
can deprotonise the phytic acid further and form 
complexes with up to 6 ions per PA molecule (Vasca 
eta/., 2002; Vohra eta/., 1965). 

The pH is another factor influencing the solu­
bility of phytic acid (Cheryan, 1980). Its Ca, Cd, Zn 
and Cu salts tend to be soluble at pH lower than 4- 5, 
whereas Mg-phytate is I 00% soluble at acid pH up to 
pH 7.5 (Brown et at. , 1961 ; Nolan et a/., 1987). 
Solubility studies of bran phytate prove that at gastric 
pH (approximately pH 2), Ca is actually not bound to 
PA and this component does not contribute to the 
solubility of theCa ion (Siener eta/. , 2001 ). 

Because the resulting phytate precipitate is 
amorphous and full of co-crystallised water (up to 22 

H20 per PA molecule (Veiga et a/., 2006)), the 
structure of the phytate salts cannot be obtained by 
crystallisation techniques. Attempts to resolve the 
structure ofphytic acid-Fe3+ salt have revealed quite a 
high binding capacity with almost covalent-strong 
bonds between P-O-Fe. Precipitation initiates when at 
least four out of the six phosphate groups, are able to 
bind with the Fe3+, leading to iron phytate with 2- 4 
iron atoms per molecule of P A (Mali eta/. , 2006). In 
the most idealised version of the salt, the ferric ions 
will be organised in a grid where each phosphate 
group is bound to two iron atoms, and each iron atom 
is bound to three phosphate groups and shared be­
tween two P A molecules {Thompson and Erdman, 
1982). This is, however, a very constraint structure 
and in most cases phytic acid will not be completely 
saturated with ferric irons. 

Functions of the myo-inositol phosphates 
The primary functions of P A in seeds are storage 

of phosphates as energy source and antioxidant for the 
germinating seed (Raboy, 2003). Phytate as the min­
eral bound salt of P A is also an important mineral 
reserve in seeds, and it is stored in protein storage 
vacuoles in the aleurone cell layer or the embryo of 
the seed. Lower inositol phosphates are also involved 
in stress responses, membrane biogenesis and 
intracellular signalling (Storcksdieck et a/., 2007; 
Loewus and Murthy, 2000). 

Phytic acid accumulates during seed develop­
ment until the seeds reach maturity and accounts for 
60%- 90% of total phosphorous content in cereals, 
legumes, nuts and oil seeds (Lott et a/., 2000; 200 I). 
It is however found in most eukaryotic tissues, where 
it is kept adherent to the cell walls through phospho­
inositides, or in complexes with proteins or ions 
(Torres eta/. , 2005; Veiga et at., 2006). Phytic acid is 
found in ten-fold higher concentrations in the brains 
of rats as in the kidney, indicating that it has great 
potential outside the plant kingdom (Grases et al., 
200la). 

In eukaryotes in general, three main features of 
PA keep it involved in a number of metabolic proc­
esses: its chelating properties and its ability to func­
tion as a phosphate donor/acceptor makes it ubiqui­
tous/abundant in numerous cell systems. Moreover, 
the lower inositol phosphates are involved in a num­
ber of cell signalling pathways and finally PA may 
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consequently act as a precursor of compounds with 
this function. 

One of the best known properties of P A is its 
anti oxidative ability by binding and thereby inactivate 
Fe ions in solution. This prevents the ferric irons from 
participating in the Fenton reaction (the formation of 
the hydroxyl radical ·OH as a consequence of oxida­
tion of Fe2

+ to Fe3
+ during reaction of Fe2

+ with H20 2 

or peroxides). PA is even better than the in vitro 
commonly used EDTA (Graf eta/. , 1984; Wong and 
Kitts, 200 I). These radicals are highly reactive 
molecules that rapidly and non-specifically react with 
proteins, lipids or DNA, thereby causing cell injury or 
cell death. Alzheimer's and Parkinson's diseases, 
cirrhosis, arthritis and cancer have all been linked 
with radicals (Benzie, 2003) and PA may therefore be 
a potential inhibitor of all of these illnesses. 

The chelating ability of PA is also used in pres­
ervation, where historic ink, made from gallic acid 
from the tannins and Fe ions, has been used on paper: 
phytic acid prevents iron catalysed oxidation of the 
cellulose in the paper, thereby doubling the half-life 
of the documents (Neevel, 1995). lnsP5s with various 
different combinations of conformations of the 
phosphate groups are also capable of inhibiting radi­
cal formation, as long as the I ,2,3-( equatorial­
axial-equatorial) phosphate conformation is kept 
intact (Hawkins et a/., 1993), which has also proven 
useful in paper preservation (Sala eta/., 2006). Quite 
recently, the ability of PA to inhibit Fe-dependent 
reactions has also been tested with some success in 
storage of meat (Stodolak et a/., 2007). 

In mammalian organisms, PA has been impli­
cated in starch digestibility and blood glucose re­
sponse (Lee et a/., 2006), in the prevention of dys­
tropic calcifications in soft tissues (Grases eta/., 2004) 
and kidney stone formation ( Grases et a/., 1998; 
Selvam, 2002), and in the lowering of cholesterol and 
triglycerides (Jariwalla. 1999; Onomi et a/., 2004). 
P A has also been suggested to be part of a structure 
that could inhibit transcription of the viral genome 

from HIV -l (Filikov and James, 1998), and appar­
ently it has been tested in toothpaste as a tool for 
preventing plaque formation (Vasca eta/., 2002). 

At the cellular level, PA or inositol phosphate 
intermediates are involved in gene regulation, effi­
cient export ofmRNA, RNA-editing and DNA repair 
(York eta/., 1999; York, 2006). The lower inositol 
phosphates such as Ins( I ,4,5)P3 take part in cell sig­
nalling cascades (Berridge and Irvine, 1989) and 
pathways leading to versatile functions within Ca2

+ 

mobilisation and signalling (Efanov et a/., 1997; 
Larsson et a/., 1997). They also contribute to protein 
folding (Macbeth eta/., 2005) and trafficking (Shears, 
2004), endo- and exocytosis (Efanov et a/., 1997; 
Saiardi et a/., 2002), oocyte maturation (Angel et a/., 
2002), and cell division and differentiation (Berridge 
and Irvine, 1989). 

The involvement ofphytic acid in cancer therapy 
is also widely discussed (Vucenik and Shamsuddin, 
2006) and the potential of P A in cancer treatment are 
shown in Table 2. As with the previously mentioned 
functions, most of the effects of phytic acid are related 
to its chelating abilities, to the lower inositol's in­
volvement in signalling pathways or to their phos­
phate donor/acceptor capabilities. After intake, phytic 
acid is dephosphorylated to lower inositol phosphates 
and these can act as an antioxidant by inhibiting iron 
mediated oxidative reactions, enhancing immunity by 
increasing Natural Killer cell function and activity, or 
stimulate bacterial killing by neutrophils. Further­
more; the compounds can normalise abnormal cell 
proliferation, induce cell differentiation and apoptosis 
and inhibit angiogenesis. ln addition, inositol phos­
phates modify Phases I and II metabolising enzymes 
by causing GO/G I arrest in cancer cells and modulate 
oncogene expression and prevent tumor metastasis 
formation. 

It should be noted that although many of these 
functions of lower inositol phosphates have been 
shown in vitro, the human small intestines show very 
little phytase activity (Iqbal eta/., 1994). Even though 

Table 2 Cancer prevention and treatment functions of phytic acid according to Vucenik and Shamsuddin (2006) 

Enhancement 

Cell differentiation 

Apoptosis 

Immune function 

Other effects 

Antioxidant 

Oncogene regulation 

Regulation of Phases I and II enzymes 

Inhibition 

Cell proliferation 

Tumor metastasis 

Angiogenesis 

Inflammation 
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mammalian cells are able to synthesize the inositol 
phosphates themselves (York, 2006), endogenous 
synthesis of phytic acid is minor (Grases eta/., 200 I a; 
200lb). Using phytic acid in cancer therapy would 
therefore be dependent on daily intake of phytic acid. 
This treatment is influenced by the fact that absorp­
tion rate ofPA itself is low (Grases eta/., 2006) and it 
is suggested that there is a maximum to the uptake in 
the gut, which again is regulated by P A plasma levels 
(Grases eta!., 200 I c; Kemme eta/., 2006). The effect 
ofphytic acid in cancer therapy is therefore still under 
investigation and so far the results have mainly been 
in connection with colon cancer, where uptake is not a 
prerequisite. 

Regarding the negative functions of phytic acid, 
the outcome of a homogenous and high P A diet has 
long been known to be mineral deficiency and mal­
nutrition (McCance and Widdowson, 1949; Cheryan, 
1980). The negative effects of PA are consequences 
of the same chemical features as the potential positive 
effects. The capability of binding minerals makes 
phytic acid an antinutritional factor, because the 
solubility of the phytic acid:metal-complexes are low 
at the pH of the major part of the intestines. Regarding 
lower inositol phosphatese, lnsP5s are also able to 
complex cations, whereas inositol phosphates with 
only three or four phosphate groups attached to the 
inositol ring do not inhibit mineral absorption inde­
pendently. They are however able to interact with PA 
and thereby contribute to the negative mineral ab­
sorption (Sandberg et a/., 1999). Furthermore, phos­
phorous in the form of phytic acid is largely un­
available as a nutritional factor to monogastric ani­
mals because insufficient degradation capabilities in 
the gastrointestinal tract prevent the phosphorous 
from being biologically available. Feeds for pigs and 
poultry are therefore traditionally supplemented with 
inorganic phosphate to meet the nutritional require­
ments for optimal growth of the animals. The excess 
of phosphorous bond in phytic acid is then excreted 
through the faeces and spread as manure into the soil. 
The potential eutrophication of fresh water streams, 
lakes and near costal areas can then cause cyanobac­
terial blooms, hypoxia and death of aquatic animals 
and production of nitrous oxide, a potential green­
house gas (Vats eta/., 2005). In the laboratory, phytic 
acid in faeces also inhibits polymerase chain reactions 
(PCR), thereby preventing PCR-based diagnostic 

tests for detecting microorganisms in livestock 
(Thornton and Passen, 2004). 

Storage of phytic acid 
Phytic acid and its co-precipitated cations are 

stored in electron dense spherical particles named 
globoids (Pfeffer, 1872). The globoids are localised 
predominantly in the aleurone layer (wheat and barley) 
or in the embryo (maize) (Odell eta!., 1972). They are 
compartmentalised inside protein storage vacuoles in 
the seeds. Protein storage vacuoles in general contain 
three morphologically distinct regions: a matrix that 
contains most of the soluble storage proteins, crys­
talloids composed of proteins yet to be investigated 
but organised in lattice structure, and globoids of P A 
or oxalate crystals (Lott, 1980). How many of these 
regions are present in the seed is species dependent. 
Protein storage vacuoles of wheat are composed only 
of matrix proteins and phytate globoids (Morrison et 
a/., 1975) which make the cells highly susceptible to 
extraction of phytate. Consequently, even a minor 
rupture of the aleurone cells means release of phytate 
into the surrounding environment (Antoine et a/., 
2004). Morrison et a/.(1975) also reported the detec­
tion of a layer of lipid droplets around the wheat 
"aleurone grain". Membranes surrounding the glo­
boids have been reported in other species such as 
Brassicaceae (Gillespie et a/., 2005) and Solanaceae 
(tomato) (Jiang et a/., 200 I). Certain reports of the 
phenomenon in wheat has however not been pub­
lished to date, but the findings of Morrison et a/.(1975) 
could be parts of an inner membrane in the protein 
storage vacuole, which have been broken during 
staining and cutting of the samples. 

The size of the phytate globoids depends on the 
amount of phytate in the grain. In wildtype (WT) 
wheat, globoids up to 4 J.tm in diameter have been 
detected (Antoine eta/., 2004), whereas a low phytic 
acid (lpa) wheat mutant (Js-12-LPA) with the same 
amount of P in the grains but lowered phytate con­
centration has smaller globoids, organised in clusters 
(Joyce et a/., 2005). This phenomenon has also been 
observed in WT wheat grown under low P conditions 
(Batten and Lott, 1986) and in lpa mutations in other 
cereals, such as rice (Liu eta/., 2004), maize (Lin et 
a/., 2005) and barley (Ockenden eta/., 2004). 

The compositions of the globoids seem to be the 
same for globoids from WT and lpa wheat. Using 
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scanning transmission electron microscopy-energy­
dispersive X-ray analyses on section of wheat grains, 
P, K, Mg and Ca are found in high concentration in 
globoids (Joyce et a!., 2005), whereas especially Cu 
and Zn are lowered in lpa compared to WT (Guttieri 
et a/. , 2003). Minerals were recently quantified by 
inductively coupled plasma-mass spectrometry 
(ICP-MS) of phytate globoids purified from wheat 
bran (Bohn et a!., 2007). Although Cu has high af­
finity to phytic acid, there is no indication that 
Cu-phytate globoids are the primary storage facility 
for this element and K>Mg>Ca>Fe (in concentration 
order) were found as the main minerals (Bohn et a/., 
2007). Fe is also found in both lpa and WT wheat, but 
its distribution is restricted because globoids near the 
embryo were shown to contain the relatively highest 
amounts of this element in WT wheat (Lott and 
Spitzer, 1980). 

Dephytinisation and nutrition 
The chelating properties ofPA not only result in 

the binding of cations in seeds. When released during 
food or feed processing or in the gut, P A also binds 
minerals and makes them unavailable as nutritional 
factors. Iron and zinc uptake have both been shown to 
be inhibited when the phytic acid:metal ratio in­
creases above 10:1 (Gharib eta/. , 2006; Glahn eta!. , 
2002). In human studies, phytic acid has been re­
ported to inhibit absorption of iron, zinc, calcium, 
magnesium and manganese but surprisingly not 
copper (Bohn et a/., 2004; Davidsson et a!. , 1995; 
Egli et al., 2004; Hallberg et a/., 1989; Lonnerdal, 
1997; Phillippy, 2006; Reddy et al. , 1996). Removal 
or degradation of P A would therefore increase the 
bioavailability of many cations and the nutritional 
value of the meal, and several strategies to reduce it 
are therefore considered. 

Milling of cereals removes the phytic acid, but 
this treatment also removes the major parts of the 
minerals and dietary fibres and cannot therefore be a 
nutritional solution to the problem. Similarly, soaking 
or extracting in aqueous solutions can remove up to 
two thirds of the PA by the action of endogenous 
phytase activity, but loss of minerals, wa­
ter-extractable proteins and vitamins also occurs 
(Hurrell, 2004). Heat treatments have minor effects 
(Pontoppidan et a!. , 2007) usually due to leaching of 
minerals into the boiling water. Different processing 

and cooking methodologies for reduction of P A have 
been compared between wheat variety, and the results 
have been that if one method is efficient in reduction 
of PA in one wheat variety, this may not apply for 
another. Furthermore, the method with the highest 
phytic acid reduction (germination for 48 h) still only 
reduced its content by up to 40% (Masud eta/. , 2007). 
A voiding PA formation in the first place or catalysing 
its degradation by the use of P A hydrolysing enzymes 
would therefore be more beneficial approaches to 
dephytinisation. 

Reducing phytate content through lpa mutants 
have been attempted through knock-out of genes 
involved in PA biosynthesis. With the only exception 
of one barley mutant accumulating Fe, the mineral 
composition does not dramatically change in lpa 
mutants, indicating that there is no direct link between 
mineral distribution and phytic acid biosynthesis 
(Joyce eta/. , 2005 ; Liu J.C. eta!., 2004; Liu K. eta/., 
2007; Ockenden et al., 2004). Chicks fed lpa barley or 
corn, respectively excrete 33% less phosphate and 
they show enhanced growth and bone structure (Jang 
eta/., 2003) as compared to chicks on a normal diet. 
Similar results have been reported for growing pigs 
(Veum eta/. , 2002) and rats (Poulsen et al. , 200 I) on 
Jpa barley diet. Still, almost the same results on 
growth performance can be achieved by fortifying 
with inorganic phosphorous instead of using Jpa mu­
tants; the main difference between lpa diets and 
phosphorous fortified diets is therefore the higher 
phosphorous excretion from the latter. In human 
studies, Fe, Ca and Zn uptake increased when meals 
were based on lpa maize (Adams et a/., 2002; Ham­
bidge eta/., 2005; Mendoza eta/. , 1998) and all in all 
this would be a reasonable approach to increase the 
bioavailability of micronutrients. 

Due to the involvement of the lower inositol 
phosphates in plant cell metabolism, production of the 
perfect lpa mutant has however turned out to be quite 
a challenge. Since many kinases and tranferases are 
involved in the synthesis of phytic acid (Josefsen et 
a/. , 2007), the mutants often find ways to circumvent 
the knocked out pathway. Furthermore, the yield or 
germination ability is affected if PA content is re­
duced more than 50% (Raboy, 2007), thereby making 
this approach unattractive from an economic per­
spective. The best result so far is the maize lpal mu­
tant, which is mutated in an embryo-specific A TP-
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binding cassette (ABC)-tranporter and it is able to 
hold · up to 90% reduction of P A without compro­
mising seed viability. The effect on mineral distribu­
tion in this mutant is yet to be evaluated (Shi et al., 
2007). 

Instead of blocking its biosynthesis, an attempt 
to reduce PA in wheat products has been performed 
by introducing the Aspergillus niger phytase gene 
phyA into a wheat variety by particle bombardments 
of immature wheat embryos (Holm et a!., 2002). The 
concerted action of wheat phytase and Aspergillus 
phytase has proven to be an efficient way of increas­
ing the rate of P A degradation in transgenic wheat 
flour, although experiments in food or feed applica­
tions have not been reported yet. 

The most successful dephytinisations so far in­
volve endogenous enzymatic activity during germi­
nation, but this is a species dependent phenomenon 
where some plants are more sensitive to the treatment 
than others. Wheat, barley and rye all have high 
phytase activity in the grain, whereas maize, millet 
and sorghum have low initial phytase activity that 
increase rapidly after germination (Egli et a/., 2002). 
Adding exogenous phytase to food and feed is 
therefore under investigation in many forms and the 
next section will present the general classes of phy­
tases and some of the applications. 

PHYTASES 

Definition 
The term phytase (myo-inositol (I ,2,3,4,5,6) 

hexakisphosphate phosphohydrolase) is defined as a 
class of phosphatases with the in vitro capability to 
release at least one phosphate from P A, thereby re­
leasing phosphate and lowering inositol phosphates 
and potentially chelated minerals. 

The earliest reports of a phytase activity are from 
the blood of calves (McCollum and Hart, 1908), and 
rice bran (Suzuki et a/., 1907), indicating from its 
discovery, that this enzyme is found in diverse or­
ganisms. Later discoveries have also found phytases 
in bacteria, yeast and fungi. As previously mentioned, 
most monogastric animals, including humans, lack 
the enzyme in their digestive track, making PA hy­
drolysis in the gut dependent on mucosal or bacterial 
enzymes or on non-enzymatic hydrolysis by gastro-

intestinal acidity. The number of enzymes described 
as phytases has increased rapidly over the years and 
details regarding the enzymatic properties can be 
found in several reviews (Haefuer eta!., 2005; Oh et 
a/. , 2004; Vats and Banerjee, 2004). 

IUPAC-IUBMB (the International Union of 
Pure and Applied Chemistry and the International 
Union of Biochemistry and Molecular Biology) cur­
rently acknowledges three classes of phytase enzymes, 
which initiate the dephosphorylation of PA at dif­
ferent positions on the inositol ring, and produce 
different isomers of the lower inositol phosphates. 
Within each class of phytase structural differences 
can be found, and not all enzymes within a certain 
class hydrolyze phosphate from PA through the same 
mechanism. Similarly, the enzymes can be grouped as 
acidic, neutral or alkaline phosphatases depending on 
the optimum pH of activity. All phytases however 
have pronounced stereo specificity and a strong 
preference for equatorial phosphate groups over axial 
groups (Lei and Porres, 2003). 

EC 3. 1.3.8: tbe 3-phytases 
The largest group of phytases to date contains 

the 3-phytases (EC 3.1.3.8), which in general are 
found in fungi and bacteria. Structurally, most of the 
3-phytases show homology to P-propeller phos­
phatase (BPP), or histidine acid phosphatases (HAP). 

BPPs are tightly bound to three Ca ions and need 
two adjacent phosphate groups to bind to the "cleav­
age site" and to the "affinity site" before hydrolysis 
can occur. The end product has been suggested to be 
inositol-triphosphate-either Ins{l,3,5)P3 or Ins(2,4, 
6)P3 (Kerovuo eta/., 2000; Shin eta/., 200 l ), but most 
recent data give evidence that lns(2,4,6)P3 is sole the 
end product (Oh et a/., 2006), confirming the equato­
rial preference of most phytases. 

Most bacterial, fungal and plant phytases belong 
to the HAPs. Within this structural classification, 
there are two phytase subgroups: Some show broad 
substrate specificity but low specific activity for PA, 
whereas others have narrow substrate specificities but 
high specific activity for PA. All members of the HAP 
class share two conserved active site motifs, 
RHGXRXP and HD (van Etten et a/., 1991), and 
hydrolyse metal-free phytate in the acidic pH-range. 
However, they do not necessarily share any additional 
regions of sequence similarity (Maugenest et a/., 
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1997). HAPs can initiate hydrolysis of phytic acid on 
either the C3 or the C6 position of the inositol ring 
and produce myo-inositol monophosphate (in par­
ticular lns(2)P due to its axial position) as the final 
product (Greiner and Carlsson, 2006; Mullaney and 
Ullah, 2003; Oh et a/. , 2006). 

The catalytic mechanism of hydrolysis by HAPs 
is proposed to be as follows: the histidine residue in 
the conserved motif is used to make a nucleophilic 
attack on the carbon of interest, and an aspartic acid in 
the C-terminal of the enzyme stabilises the leaving 
group by acting as a proton donor (Ostanin and van 
Etten, 1993; Ostanin et al. , 1992). A water molecule 
is consumed in the hyrolysis of the intermediate, but 
the phospho-histidine interaction is stable enough for 
crystallisation, as it has been done e.g., with a heat 
stable HAP phytase from Aspergillus fumigatus 
(Xiang eta/., 2004). 

A well studied phytase from the class of 
3-phytases is isolated from baker' s yeast, Saccharo­
myces cerevisiae. This phytase is extracellular and its 
expression of it can be induced when grown in a me­
dium containing InsP6 as the sole phosphorous source 
(Andlid et al. , 2004). The extracellular yeast 
3-phytase has been studied intensively as its potential 
during baking is obvious (Turk et a/. , 1996). Unfor­
tunately, the endogenous phytase ofyeast is repressed 
by the concentrations of phosphate in the dough 
during leavening (Andlid et a/. , 2004). Constitutive 
expression of yeast phytase is possible by deletion of 

genes expressing negative regulators (Veide and 
Andlid, 2006), but recent investigations have to a 
large extent advanced to focusing on the use of 
baker' s yeast as host for heterologues expression of 
microbial phytases due to their higher thermostability 
(Kaur eta/., 2007). 

The sequential dephosphorylation ofphytic acid 
by an S. cerevisiae phytase is depicted in Fig.3. Not 
all subproducts have been confirmed yet, but the 
major pathway is from phytic acid over Ins(l ,2,4,5 , 
6)P5 through Ins(l ,2,5,6)P4 and lns(l ,2,6)P3 to 
probably Ins( I ,2)P2• End product is Ins(2)P (Andlid et 
a/., 2004; Greiner and Alminger, 200 I). 

EC 3.1.3.72: tbe 5-pbytase 
Only a single 5-phytase (EC 3.1.3.72) has been 

detected so far. This alkaline phytase from lily pollen 
is interesting, because it is the only one in the family 
of phytases that initiates hydrolysis with an attack of 
a phosphate group in the plane of symmetry (the 
"turtle' s tail"), thereby creating yet another sym­
metrical compound as shown in Fig.4 (Barrientos et 
a/., 1994). 

The pollen phytase shows highest activity at pH 
8.0 and temperature 55 oc (Jog eta/., 2005). It has the 
conformation of an HAP phytase, but with the ex­
ception of the active site, the amino acid sequence 
homology is higher towards multiple inositol poly­
phosphate phosphatase (MINPP) from humans or rats 
(Mehta eta/., 2006). 
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Fig.3 Dephosphorylation of phytic acid by the 3-phytase from Saccharomyces cerevisiae. Hydrolysis of phytic acid 
initiates on C3 of the inositol ring and the adjacent phosphates are removed consecutively. Fat arrows indicate 
major pathway of dephosphorylation, narrow arrows indicate possible pathways that have not been excluded 
(modified from Greiner et al., 2001a). End product is Ins(2)P. In this figure, P represents inorganic phosphate and 
the rest of the molecules have been omitted for clarity (Software: ChemSketch 10.0) 



176 Bohnet at. I J Zhejiang Univ Sci B 2008 9(3):165-191 

p 

HO~ 
p 

Ins P. Ins{ 1.2.3.4.6)P, D/L-Jns( 1.2.3.4)P, Ins( 1.2.3)P3 

Fig.4 Dephosphorylation of phytic acid by the 5-phytase from lily pollen. Hydrolysis of phytic acid initiates on CS 
of the inositol ring and the adjacent phosphates are removed consecutively. End product is lns(I,2,3)P3 (modified 
from Barrientos et at., 1994). In this figure, P represents inorganic phosphate and the rest of the molecules have 
been omitted for clarity (software: ChemDraw Ultra 10.0) 

EC 3.1.3.26: the 4/6-phytases 
The 4/6-phytases (EC 3.1.3.26) act on the carbon 

atom next to C5 of the inositol ring. The official name 
should be 4-phytase, but traditionally it has been 
called a 6-phytase. Several structurally different 
phytases are found in this group: The purple acid 
phosphatase (PAP), the ADP phosphoglycerate 
phosphatase (related to EC 3.1.3.28), as previously 
mentioned an HAP-class is also involved, and again 
the acid phosphatase (related to EC 3.1.3.2). 

Plant phytases act preferentially at the C6 car­
bon, and are 6-phytases. In general, the 4/6-phytases 
are the most active in weak acidic environments (pH 
4- 6) with a temperature optimum in the range 40- 60 
°C. They are usually 50- 70 kD and have Micha­
elis-Menten constants (Km) in the range of 10-5- 10-4 

moi/L phytic acid. There are exceptions, such as the 
rather large phytase from tomato roots ( 164 kD (Li et 
a/., 2007)) and the highly active phytase from wheat 
(Km 0.5 Jlmoi/L phytic acid (Nakano et a/., 1999)). 
Also, some alkaline phytases have been purified, 
such as the previously mentioned 5-phytase from lily 
pollen, legume seeds and the phytase from Typha 
latifolia (cattail) pollen (Hara et al., 1985; Jog et at., 
2005; Scott, 1991). Their pH optima lie at pH 8. A 
list of characterised plant phytases are found in Table 
3. 

Wheat phytase 
Activity of wheat phytases (EC 3.1.3.26) were 

first reported in (Posternak and Pasternak, 1929), 
where an aqueous extract of wheat bran was used to 
investigate optically active myo-inosito1 polyphos­
phate esters that were produced during the degrada­
tion of phytate. Attempts to characterise the enzymes 
were performed by Collatz and Bailey ( 1921 ), and 
Kolobkowa (1936). Both groups found 55 oc to be 
the optimum temperature for wheat phytase, as a 
result that was confirmed along with optimum pH of 
5.15 (Peers, 1953). Despite these fairly similar results 

it should however be noted that none of the groups 
managed to purify the enzymes to homogeneity and 
that it required additionally 20 years before a pure 
phytase from wheat was identified. 

The number of phytases in wheat is still under 
investigation. Two enzymes, Phy I and Phy2, have 
previously been purified from wheat bran (Lim and 
Tate, 1973) and two isozymes with the N-terminal 
amino acid sequence EPAXTL TGPSRPV have also 
been purified (Nakano et a/., 1999). Based on amino 
acid sequence and masses of tryptic peptides, a third 
enzyme with homology to PAP phytases was eDNA 
cloned from wheat and its homologue from barley 
(Rasmussen et at., 2007). Recently four cDNAs en­
coding for MINPPs were also cloned. At least two of 
these show in vitro phytase activity and they are 
probably expressed during late seed development and 
germination (Dionisio et al., 2007). 

Although a PAP phytase has also been found in 
soybean (Hegeman and Grabau, 2001 ), wheat phytase 
is mainly used as model for characterisation of this 
type of phytase. It has been documented to be inhib­
ited when the phytate is complexed with Al3+, Cu2+, 
Fe2+, Fe3+, Ag+, Hg+ or Zn2+, but not salts of Ca2+, 

Mg2+ and Mn2+ unless some of the inhibiting ions are 
present in the solution as well. Organic acids, such as 
citric acid or oxalate, can to a certain extent circum­
vent this inhibition, but in too high doses they them­
selves become inhibitory factors (Nagai and Funa­
hashi , 1962; Tang et at., 2006). 

The exact structure of PAP phytase has not been 
elucidated yet, but PAPs usually contain a Fe3+-Me2+ 
centre in their active site, where Me stands for diva­
lent Fe, Mn or Zn (Olczak eta/., 2003; Strater eta/., 
1995). Five conserved regions containing seven 
negatively charged amino acids stabilise this structure 
(Fig.5). The PAPs catalyse the hydrolysis of activated 
phosphoric acid esters and anhydrides in the pH range 
from 4 to 7 (Vincent et at. , 1992) through an interac­
tion between the Me2+ and the substrate followed by a 
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nucleophilic attack on the phosphate group by a 
Fe3+-coordinated hydroxide ion (Klabunde et a/., 
1996). Three histidines in the conserved regions sta­
bilise the transition state. 

Some similar properties are displayed by the 
investigated wheat phytases (Table 3). All the en­
zymes characterised so far have been most active at 
weak acidic to neutral pH. Optimum activity lies 
between pH 4.5 and 7.2 and there are several reports 
of an enzyme with the highest activity around pH 6. 
This suggests that they all are acid phosphatases. 
Temperature optimum is in the range of 45 oc (Bohn 
eta/., 2007; Nakano eta/., 1999) to 65 oc (Dionisio et 
a/. , 2007) and there is general agreement concerning 
inhibition by approximately 3 mmol/L phosphate of 
some types of phytases but not others. Inconsistencies 

in the characterisations primarily regard the activities 
of the enzymes. The Km vary between 0.48 J.lmol/L 
and 830 J.lmoi!L phytic acid and the velocities at 
maximal concentrations of substrates CVmax) vary 
from 127 to 230 J.lmol Pi/(mg·min) (Bohnet a/., 2007; 
Nakano et a/., 1999). 

The sequential dephosphorylation of PA by 
wheat phytase has been studied by several groups 
(Bohnet a/., 2007; Lim and Tate, 1973; Nakano eta/., 
2000; Tomlinson and Ballou, 1962), and it has been 
determined that it acts through both C6 and C3 to 
yield myo-inositol (Fig.6). This is also the case when 
isolated phytate globoids are used as the substrate, 
although the activity of the wheat phytase decreases 
approximately 30% on globoids as compared to when 
acting on pure PA (Bohnet a/., 2007). 

Table 3 Phytases purified from plants and their properties. The lower part of the table describes the properties of 
cereal phytases; the top part of the table shows examples of other plant phytases in alphabetical order. If more 
than one phytase is referred to, the individual characteristics of the enzymes are separated with semicolon. Blank 
space means no value reported 

Phytase source pH Temp. (0 C) Km (mmoi!L) M(kD) Reference 

Buttercup squash 4.8 48 67 Goel and Sharma, 1979 

Canola seed 4.5- 5 50 0.36; 0.25 70 Kim and Eskin, 1987 

Faba beans 5 50 0. 148 65 Greiner eta/., 2001b 

Hazel seed 5 0.162 72 Andriotis and Ross, 2003 

Legume seeds 8 Scott, 1991 

Lily pollen 8 55 0.081 88 Jog eta/., 2005 

Lupin seeds 5.0 50 0.08; 0.3 ; 0.13 57-64 Greiner, 2002 

Mung beans 7.5 57 0.65 160 Mandai eta/. , 1972 

Navy beans 5.3 50 0.018 Lolas and Markakis, 1977 

Peanut 5 55 22 Gonnety eta/. , 2007 

Rapeseed 5.2 50 Mahajan and Dua, 1997 

Scallion leaves 5.5 51 0.2 Phillippy, 1998 
Soybean seeds 4.5-4.8; 55 ; 0.05; 119; Gibson and Ullah, 1988; 

4.5-5 58 0.061 72-130 Hegeman and Grabau, 200 I 

Sunflower 5.2 55 0.29 Agostini and Ida, 2006 

Tomato roots 4.3 45 0.038 164 Li eta/., 1997 

Typha /atifolia pollen 8 0.017 Hara eta/., 1985 

Barley 5; 6 45 ; 55 0.072; 0.19 67 Greiner eta/. , 2000 

Maize 5 55 0.02; 0.03 ; 71; 76 Hubel and Beck, 1996; 
0.04; 0.117 Laboure eta/., 1993 

Oat 5.0 38 0.030 67 Greiner and Alminger, 1999 

Rice 4.4; 4.6 40 0.17; 0.09 66; 61 Hayakawa eta/. , 1989 

Rye 6 45 0.3 67 Greiner eta/., 1998 

Spelt 6 45 0.4 68 Konietzny et al., 1994 

Wholemeal wheat 5.15 55 0.3 Peers, 1953 

Wheat bran 5 0.49 Nagai and Funahashi, 1962 

Wheat bran 5.6; 7.2 0.02; 0.2 47 Lim and Tate, 1973 

Wheat bran 6; 5.5 45 ; 50 0.0005 ; 0.0008 68;66 Nakano eta/. , 1999 

Crude extract wheat 6 45 0.83 65 Bohnet a/., 2007 
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Fig.S Alignment of wheat phytase to related PAPs in other plants: Orysa sativa, Medicago truncatula and Glycine 
mux. The five conserved regions (black boxes) contain the seven invariant amino acids (bold) involved in coordi­
nation of the metals in the binuclear center (Klabunde et al., 1995). Asterisks(*) mark invariant amino acid residue 
between the aligned sequences and numbers to the right are residue numbers 
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Fig.6 Dephosphorylation of phytic acid by 3/6-wheat phytase according to most recent publications. Hydrolysis of 
phytic acid initiates on C6 or CJ of the inositol ring (Bohn et a/., 2007) and the adjacent phosphates are removed 
consecutively. End product is inositol (Nakano et al., 2000). In this figure, P represents inorganic phosphate and the 
rest of the molecules have been omitted for clarity (software: Chern Draw) 
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PHYTASE IN APPLICATIONS 

Degradation of P A and the release of phospho­
rous and minerals have as previously described been 
of great interest to human and animal nutritionists as 
well as ecologists. The development of the most op­
timal method for applying phytase into food and feed 
is an on-going process with multiple pathways. The 
first commercially available phytase was from As­
pergillus niger (NatuphosTM, BASF) in 1991 , but 
now several phytases are on the market, from e.g., 
Peniophora lycii (RonozymeTM, DSM/Novozymes), 
Escherichia coli (QuantumTM, Diversa/Syngenta) 
and Schizosaccharomyces pombe (PhyzymeTM, Di­
versa/Danisco ). The major problem in production of 
plant phytases is that a cost-effective and efficient 
production of the enzymes is yet to be developed. The 
higher pH and thermal stability of microbial phytases 
compared to plant phytases have made the microbial 
phytases more investigated for industrial purposes. 

Production of phytase in transgenic plants 
The first hurdle in the use of phytase as means 

for decreasing PA concentration is the production of 
phytase. In planta production of phytases can be used 
to reduce the amount of PA in feed for animals, but 
one of the problems in this regard is the stability of the 
enzyme. In wheat and barley the WT Aspergillus 
fomigatus phytase has been expressed (Brinch­
Pedersen et a/., 2003) as well as a heat stable engi­
neered phytase. Although the native Aspergillus 
phytase had high regeneration abilities after heat 
treatment, it was found that high temperature stability 
was a more reliable approach to generating low phytic 
acid feed (Brinch-Pedersen eta/. , 2006). 

In several experiments it has been confirmed that 
"biofarming" of the phytase is a cost-effective ap­
proach to its production. Native Aspergillus ficuum 
phytase has been expressed in tobacco, alfalfa and 
potato leaves. The most common approach is to use 
the Cauliflower Mosaic Virus (CaMV) 35S promoter 
for the construct, and the results are enzymes with 
almost the same characteristics as the fungal phytase, 
although minor changes in pH optima and sizes have 
been observed (UIIah et a/. , 1999; 2002; 2003). 
Similar experiments with a heat stable A. fumigatus 
phytase expressed in tobacco leaves and Pichia pas­
loris have also shown great potential. Especially re-

garding feed production, the relatively high heat re­
sistance of the A. fomigatus enzyme is an important 
asset because the enzyme will then be able to with­
stand the elevated temperatures employed during feed 
pelleting processes (Wang eta/., 2007). 

Purification of the phytase is not always neces­
sary for applications: a transgenic strain of Bacillus 
mucilaginosus, a rhizosphere soil organism able to 
express high phytase activity extracellularly and de­
grade PA in the soil, has proven to be able to promote 
tobacco growth and increase phosphorous content in 
the plant, thereby potentially limiting eutrophication 
(Li et a/., 2007). Of more nutritional relevance are 
experiments performed on pigs that were fed fresh 
rice leaves expressing yeast phytase. The leaves were 
ground and mixed with a grain-based diet, and P A 
was degraded using up to twelve weeks old leaves, 
indicating that the yeast phytase is quite resistant to 
denaturation when expressed in rice (Hamada et al. , 
2006). 

Phytase as feed additive 
Exogenous phytase in feed has multiple benefits, 

mainly in increasing mineral, phosphorous and en­
ergy uptake and thereby decreasing the necessity to 
fortifY the fodder with these substances. The in­
creased availability of phytic acid phosphorous at the 
same time decreases phosphorous excretion and 
hence reducing the phosphate load in water supplies 
in regions with intensive rearing of animals. Com­
parison of 4 commercially available phytases as for­
tifiers of pigs feed revealed that none of them satisfied 
all of the criteria of an ideal phytase for feed produc­
tion, such as resistance to denaturation under extreme 
temperatures and pH (Boyce and Walsh, 2006). 
Nonetheless, supplemental microbial phytase in­
creased P availability by 38%, 12% and 15% in pig 
diets containing maize, wheat and triticale, respec­
tively (Dungelhoef et a/. , 1994), and up to 60% re­
duction in manure P due to phytase supplementation 
has been reported (Nahm, 2002). Experiments with 
growing pigs have also shown that the Zn supply can 
be reduced to approximately I /3 of the otherwise 
required amount in a diet based on maize and soybean 
when microbial phytase is added (Revy eta/. , 2006). 
Furthermore, average daily energy intake from feed 
actually increases with the addition of phytase, mak­
ing it necessary to reduce the amount of feed offered 
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to the pigs in order to prevent them from producing 
too much fat in the muscle tissue (Brady et al., 2003; 
Revy et a/., 2006). 

In broiler chickens, supplementing with exoge­
nous phytase has reduced the excretion of endoge­
nous amino acids, calcium, sodium, phytate phos­
phorus and sialic acid significantly (Cowieson eta/., 
2004; Nahm, 2002). As in pigs, increased weight gain 
from a phytase supplemented diet is also reported for 
broilers. It has been predicted that in both cases this 
response will be declining with time, due to im­
provements in animal strains, feeds and management 
techniques (Selle and Ravindran, 2007). 

Exchanging a meat based protein-rich diet with a 
lower cost plant protein diet would be desired by the 
industry of aquaculture. However, fish in general 
have rather short gastrointestinal tracts, and are 
therefore quite sensitive to the inhibited micronutrient 
utilisation. Dephytinisation of the plant material is 
consequently an important prerequisite to this appli­
cation. The effects on phosphate utilization and 
growth offish using phytase treated fodder are to date 
inconsistent and species-related. Some fish have a 
basic environment (pH 8) in the gastrointestinal tract 
which does not correspond to the conditions for op­
timal phytase activity, and although the potential in 
dephytinisation is there, for once the acidic microbial 
phytases may not be the first choice of enzyme (Cao 
et a/. , 2007). 

Another approach to the degradation of P A by 
monogastric animals is to create transgenic livestock. 
A transgenic pig that constitutively secretes microbial 
phytase from their salivary glands has been generated 
and it shows up to 75% reduction in phosphorous 
excretion (Go Iovan et a/., 200 I a; 200 I b). Further­
more, its requirements for inorganic phosphorous 
supplementation are decreased to almost zero. Simi­
larly, another group has experimented with express­
ing an avian MINPP phytase in chickens. This ap­
proach would overcome public scepticism towards 
"foreign" proteins in the food (Ward, 200 I) and still 
decrease phosphorous demands of the transgenic line 
(Cho et at. , 2006). 

Phytase as food additive 
Degradation ofPA during breadmaking has been 

known to effect mineral bioavailability for many 
years (Mollgaard, 1946). Several breadmaking pro-

cedures designed to diminish the phytate content have 
therefore been reported. These include the addition of 
commercial phosphoesterases from wheat (phytase or 
phosphatase) to whole wheat flour (Knorr et a/. , 1981 ) 
and the activation of the naturally occurring phytase 
by soaking and malting the grain. 

Phytase shows potential as a breadmaking im­
prover, with two main advantages: first, the nutri­
tional improvement produced by decreasing phytate 
content, and second, all the benefits produced by 
a-amylase addition (increase in bread volume and 
improvement in crumb texture) can be obtained by 
adding phytase, which releases calcium and thereby 
promotes the activation of endogenous a-amylase 
(Haros et a/., 200 I a). The changes in pH values dur­
ing leavening of bread have been measured to ap­
proximately 0.2 pH-units. The pH values ranged 
between 6.3 and 6.1 in yeast-doughs (Leenhardt eta/. , 
2005) and 5.6 and 5.4 in sourdoughs (Haros et a/. , 
200 I b). Wheat phytase has an optimal pH of 6.0 
(Bohn et at., 2007), and its activity diminishes 
markedly as the pH is moved more than 0.5 pH-units 
from optimum. Conversely, Aspergillus niger phytase 
has two pH optima, one at 5.0 and the other at 2.5- 3.0 
(Turk and Sandberg, 1992). Therefore, as the pH 
decreases along the leavening, higher phytase activity 
is observed using the Aspergillus phytase (Haros eta/. , 
200 I b). Enhancing the degradation by using an or­
ganic acid such as citric acid to acidifY the dough is a 
possibility, although leavening for at least 2 h is re­
quired for maximal phytate hydrolysis by phytase 
(Porres et a/. , 2001). Consequently, degradation of 
P A in sourdoughs with long leavening times, such as 
rye bread, is preferable, and its degradation is almost 
completed by endogenous phytase in this type of 
bread, leaving lnsP3 as the dominating inositol 
phosphate (Nielsen eta/., 2007). Unless they are able 
to complex with higher inositol phosphates, InsP3s do 
not inhibit iron uptake in humans (Brune et at. , 1992; 
Sandberg et at., 1999) and the rye bread should 
therefore contain bioavailable iron for consumption. 

However, although the non-heme iron absorp­
tion in humans almost doubles from wheat bread rolls 
treated with fungal phytase compared to bread un­
treated with phytase (Sandberg et a/. , 1996), one 
should be aware that a minor reduction of phytic acid 
is not enough to maintain iron status in the long run . 
Whole grain bread, where dephytinisation is not 
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completed even after long leavening (Nielsen et a/., 
2007), should therefore not be consumed to all main 
meals (Bach Kristensen eta/., 2005) to avoid constant 
mineral uptake inhibition. 

Iron absorption from porridges based on flours 
from rice, wheat, maize, oat, sorghum and wheat-soy 
flour blend have been tested on humans. The results 
show that phytate degradation improves iron absorp­
tion from cereal porridges prepared with water but not 
with milk, and that addition of ascorbic acid actually 
is a better tool for enhancing iron absorption in baby 
food than addition of phytase. Adding amylase to the 
porridge in combination with phytase makes the so­
lution more liquid, and probably because of this, the 
absorption of Fe increases another 3-fold (Hurrell et 
a/., 2003). 

Interestingly enough, phytate in tofu is actually 
considered a positive feature, since phytate inhibits 
chrystal formation of calcium oxalate-also known as 
kidney stones. In general, oxalate-rich soy foods also 
contain higher concentrations of phytate, but most 
commercially available tofu is categorised as low 
oxalate/phytate food. Anderson and Wolf ( 1995) 
published a review on the changes in phytate con­
centration related to the processing of soy beans, and 
the most recent research showed that soy flour is the 
type of soy-bean product containing the highest 
amount ofphytate (Al-Wahsh et al., 2005). 

In summary, phytases have potential for im­
proving mineral bioavailability in food applications. 
Due to the higher stability of fungal phytases, these 
would probably be the most efficient in degradation 
of phytic acid, and the activity of e.g., Aspergillus 
niger would even be increased in the acidic envi­
ronment in the stomach. One should however note 
that in bread applications with long leavening time, 
exogenous phytase is not necessarily required for 
phytate degradation, unless whole grains are added to 
the mixture. 
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Abstract 

Aspergillus niger produced a proteinaceous hemolysin, nigerlysin ©when incubated on sheep's blood agar (SBA) at both 23 and 
37 oc. Nigerlysin was purified from tryptic soy broth (TSB) culture filtrate and found to have a molecular weight of approximately 
72 kDa, with an isoelectric point of 3.45. Nigerlysin is heat stable up to 65 oc but unstable at 75 ;C when incubated for l 0 min. 
Circular dichroic analysis revealed that nigerlysin has an alpha helical structure. Exposure of mouse primary cortical neuronal cells 
to O.l j.t.gmi-1 ofnigerlysin resulted in the rapid loss of their viability, approximately 50% in 24h. The IC50 is estimated to be 
0.037 j.t.gml-1, or between 0.034 and 0.041 j.t.gml-1 at the 95% confidence level. 
© 2005 Elsevier Ireland Ltd. All rights reserved. 
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1. Introduction 

Aspergillus niger is an opportunistic fungal pathogen 
(Richardson and Warnock, 2003) and a common indoor 
contaminant (Summerbell et al., 1992) even in hospitals 
(Curtis et al., 2005). A. niger causes infections of the 
brain and other organs (Denning, 1998). Infections of the 
central nervous system occur in 10-20% of all cases of 
invasive aspergillosis resulting in nearly 100% mortality 

• Corresponding author. Tel.: + 1 513 569 7367; 
fax: +1 513 487 2512. 

E-mail address: vesper.stephen@epa.gov (S. Vesper). 

(Denning, 1998). Culture filtrates from A. niger were 
toxic to human neuroblastoma and microglial cell lines 
(Speth et al., 2000). However, the toxic protein in this 
filtrate was not identified. In this study, we suggest that 
this neurotoxic protein is the hemolysin, nigerlysin. 

2. Materials and methods 

2.1. Characterization and hemolytic activity of strains of 
A. niger 

Strains of A. niger used in the study and their sources are 
shown in Table l. These strains were grown on potato dextrose 
agar (PDA) (Becton Dickinson, Sparks, MD) and conidia were 

0300-483X/$ - see front matter © 2005 Elsevier Ireland Ltd. All rights reserved. 
doi:10.1016/j.tox.2005.11.013 
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Table I 
Aspergillus niger strains and sources, as well as growth and hemolysin 
production on sheep's blood agar. 

Culture collection Environmental source Hemolysis 

and number 
23°C 37°C 

ATCC" 16888 Fermentation + + 
EPACC lb Clinical + + 
EPACC 10 Air + + 
EPACC655 Lake Michigan + + 
EPACC685 Dust + + 
EPACC733 Ceiling tile + + 

• ATCC, American Type Culture Collection, Rockville, MD. 
b EPACC, Environmental Protection Agency Culture Collection, 

Cincinnati, OH. 

collected using a sterile cotton tipped swab and placed on two 
sheep's blood agar plates (SBA) (Becton Dickinson) which 
were then incubated at either 23 or 37°C. The plates were 
observed daily for evidence of growth and hemolysin produc­
tion. 

2.2. Purification ofnigerlysin 

Nigerlysin was purified using the following procedure. 
Strain ATCC 16888 was grown on PDA and the conidia recov­
ered. Approximately I x 1 OS spores were added to 500 ml of 
tryptic soy broth (TSB) (Becton Dickinson). The cultures were 
incubated at 23 oc for 48 h on an incubator shaker at 100 rpm. 
Subsequently, the temperature was raised to 3 5 oc and the incu­
bation continued for an additional 72 h. The fungal mass was 
then removed by filtering through Whatman 541 filter paper in 
a Buchner funnel. The recovered filtrate was centrifuged in a 
Millipore Centricon plus 70 filter apparatus with a MW cut-off 
of 30 kDa (Millipore, Bedford, MA), following the manufac­
turer's instructions. The concentrate from the filtration was then 
subjected to ion exchange chromatography. 

DEAE-cellulose (Sigma, St. Louis, MO) was hydrated in 
20 mM Tris-HCI, pH 6.5, for 1 h and then poured into a col­
umn giving a final bed of 3 em x 0.5 em (height x diameter). 
Then 0.5 ml of the concentrate was introduced on the top of the 
column. The bed was eluted with I 0 ml of the 20 mM Tris-HCI 
buffer, followed by 10 ml of 0.1 M NaCI in 20 mM Tris-HCI 
buffer. Fractions of the elution with 0.2 M NaCI in 20 mM 
Tris-HCI buffer were collected (five drops each) throughout 
the elution. Ten microliters of each fraction was plated on SBA 
and hemolysis noted at 24 h. 

The five hemolytically active fractions from the ion 
exchange chromatography were subjected to gel filtration 
using Sephadex G 100-50 (Sigma, St. Louis, MO) hydrated 
for 72 h in the running buffer containing 0.2 M NaCI and 
poured into a chromatography column to give a final bed 
24 em x 0.25 em (height x diameter). Fractions of five drops 
each were collected at 1.5 ml h-1 using a fraction collector 
(ISCO, Lincoln, NE). Ten microliters of each fraction was 
plated on SBA and incubated at 37 :c, and hemolysis noted 

at 24 h. The process was repeated through a Sephadex G 200 
column. 

The five most hemolytically active fractions from the gel fil­
tration were combined and dialyzed against sterile type 1 water. 
The desalted solution was frozen at -80 oc and lyophilized 
using a Spin Vac (Savant Instruments, Farmingdale, NY) 
resulting in a lyophilized pellet containing the nigerlysin. 

2.3. Test of nigerlysin heat stability 

Purifiednigerlysin in 20 mM Tris-HCI buffer was incubated 
at 55, 65,75 or 85°C for IOmin then IOfLI aliquots of each 
was placed on SBA. Lysis of the RBCs was photographed at 
24 and48h. 

2.4. Gel electrophoresis 

Methods described by Donohue et a!. (2005) were used 
for native protein electrophoresis, SDS gel electrophoresis and 
isoelectric focusing (IEF) analysis. 

2.5. Mass spectrometry 

Samples were analyzed using a PBSIIc matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometer 
(MALDI-TOF MS) operated in positive linear mode (Cipher­
gen Biosystems Inc., Fremont, CA). Samples were prepared as 
conventional dried droplets, on a gold sample support, using 
a-cyano-4-hydroxycinnamic acid (CHCA, 10mglml in ace­
tonitrile/0.1% TF A) as a matrix. All mass spectra were acquired 
between 0 and 150,000 m/z at a laser setting slightly above the 
threshold for ion production (laser step 140). The spectra were 
externally calibrated using bovine serum albumin [ M + H]2+ at 
m/z 33,217 and [M+ Ht atmlz 66,433. The acceleration volt­
age was maintained at 20 kV, and a low mass gate was used to 
reject ions below m/z 500. 

2. 6. Circular dichroic analysis of nigerlysin 

Circular dichroic analysis of an aqueous solution of 
nigerlysin (1 J.l.g JJ.l-1) was carried out at room temperature on 
a Jasco J-81 0 CD spectrophotometer (Jasco Inc., Easton, MD). 
Quartz cells of 5 mm path length were used for measurements 
in the far (190--280 nm) UV spectra. 

2. 7. Neuronal tissue culture and exposure to nigerlysin 

All animal experiments were performed under a protocol 
approved by an institutional animal care and use committee 
(IACUC) of the University of Rhode Island. Mice fetuses 
(C57BL/6) (Charles River Laboratories, Wilmington, MA, 
USA) were used to generate primary cortical neuronal cultures. 
Pregnant mice were sacrificed on Day 15 of gestation. Fetuses 
were removed and the cortexes were separated from the rest of 
the brain under the microscope. After removing the meninges, 
the cortices were placed in 15 ml tube containing 5 ml Hanks' 
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Balanced Salt Solution (HBSS). The cortices were then disso­
ciated by papain (2 mg ml- 1) while incubating in a 3 7 ' C water 
bath for 15 min. After incubation, the cells were centrifuged 
at I 000 rpm and the supernatant was aspirated leaving the pel­
let. Dulbecco's Modified Eagle's Medium (DMEM) with 10% 
fetal bovine serum was added to triturate with a fire polished 
Pasteur pipette; centrifuged again and then plating medium 
was added to the cell pellet. Cells were then counted with try­

pan blue and plated at a constant density of 6.5 x I 04 cells per 
well, in 96-well pre-coated plates. The plating medium con­
tained 2% B27, 0.5 mM L-glutamine and 251-1-M glutamic acid 
in NEUROBASAL medium (Invitrogen). On Day 4, half of 
the medium was replaced with fresh medium that did not con­
tain glutamic acid. The cultures were maintained at 37 °C in a 
humidified atmosphere of 5% C02 . 

Modified NEUROBASAL medium with 2% B27 and 
0.5 1-1-M L-glutamine is an optimized serum-free substitute for­
mulated to meet the special requirement of neuronal cells and 
gives optimallong-tenn maintenance of the normal phenotype 
of neural cells without the need of an astrocyte feeder layer. In 
addition, the low concentration of L-glutamine does not sup­
port the survival and growth of glia cells. These conditions are 
designed to limit glial growth to less than 0.5%, preserving a 
nearly pure neuronal culture (Brewer et al., 1993). 

2.8. Cytotoxicity assays 

On Day 7 of culture incubation, the cell suspension in each 
well was changed to 40 1-1-l of old medium and 40 1-1-l of new 
medium. Nigerlysin was dissolved in water to give a final con­
centration of 0.10 1-1-g ml- 1

, measured with the Micro BCA kit 
(Pierce, Rockford, IL). The nigerlysin was diluted 200 x with 
the cell medium NEUROBASAL containing 2% B27, 0.5 mM 
L-glutamine and I% antibiotic, as working solution. Then 20 1-1-l 
of the working solution was added to each well. 

In the dose response studies, cells in each well were exposed 
to 0, 0.025, 0.033, 0.05 and 0.1 1-1-g ml- 1 of nigerlysin for 72 h. 
For the time course studies, cells in each well were exposed to 
0.11-1-g ml- 1 ofnigerlysin for 0, 4, 24,48 and 72 h. Sterile water 
was added to the NEUROBASAL medium as controls. During 
exposure, cells were assessed for viability using the MTT (3-
(4,5 dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) 
assay, CellTiter 96 Non-Radioactive cell Proliferation Assay 
(Promega, Madison, WI). Either three or five replicate treat­
ments were assayed at each time point. 

3. Results 

A. niger is readily isolated from many environments, 
including lake water, ceiling tiles, indoor air and dust. 
All strains of A. niger in this study grew at 23 oc and at 
37 oc on SBA and all produced hemolysis within 4 days 
(Table 1). 

After purification, nigerlysin in a native gel revealed 
a single band which when place on SBA lysed the 
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Fig. I. Characteristics ofnigerlysin. Native gel electrophoresis of puri­
fied nigerlysin (A); and SBA plate after native nigerlysin gel exposure 
for 24 h (B); molecular weight standards in kDa (C); for SDS-PAGE of 
nigerlysin, after treatment with dithiothrietol (D); isoelectric focusing 
gel standards (E); and nigerlysin (F). 

blood cells underneath (Fig. l(A and B)). Under reduc­
ing conditions, the purified nigerlysin showed a single 
silver staining band with a MW of about 72 kDa in an 
SDS-PAGE gel (Fig. l(C and D)), in good agreement 
with MALDJ-TOF MS (Fig. 2). The isoelectric point of 
nigerlysin is 3.45 with four isomers (Fig. l(E and F)). 
Nigerlysin is stable at 65 °C for 10 min but unstable at 
75 oc for 10 min (Fig. 3). The circular dichroic analysis 
showed that nigerlysin forms an alpha helix (Fig. 4). 

Nigerlyisn is toxic to about 60% of the cultured neu­
ronal cells but about 40% are more resistant (Fig. 5). The 
loss of viability time course shows that cell death begins 
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Fig. 2. Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrum of nigerlysin. 
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A 

B 
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Fig. 3. Test of heat stability ofnigerlysin. Purified nigerlysin in 20 mM 
Tris- HCl buffer was incubated at 55, 65, 75 or 85 oc for 10 min then 
10 f.Ll placed on sheep's blood agar and incubated at room temperature 
for 24 h (A) and 48 h (B). 

almost immediately and proceeds rapidly (Fig. 6). Since 
these are primary neuronal cultures, there is some loss of 
cell viability (less than 5%) even in the controls. The per­
cent cell viability should be considered relative and not 
absolute. Robust and differentiated neurons with synap­
tic connections are seen prior to exposure (Fig. 7(A)) and 
mostly dead and floating cells are seen post-exposure 
(Fig. 7(B)). 

One-way analysis of variance on the difference in 
absorbance at 690 nm from 570 nm among the five 
concentrations, including zero, was performed and 
one-sided Bonferroni-adjusted p-values were used to 
determine whether survival (which is linearly related 
to the difference in absorbance) declined significantly 
from one concentration to the next (four comparisons, 
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Fig. 4. Circular dichroic analysis ofnigerlysin. Circular dichroic anal­
ysis of an aqueous solution of nigerlysin (I f.Lg ..,..1- 1) was carried out 
at room temperature on a Jasco J-81 0 CD spectrophotometer. Quartz 
cells of 5 mm path length were used for measurements in the far 
(190-280 nm) UV spectrum. 
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Fig. 5. Dose response (mean percent viability± standard deviation) of 
cortical neuronal primary cell cultures following exposure to nigerlysin 
at different concentrations. Cells were exposed to 0, 0.025, 0.033, 0.05 
and 0.1 f.Lg ml- 1 of nigerlysin for 72 h. Each data point represents the 
mean and standard deviation of relative cell viability of exposed cells 
vs. relative cell viability of control cells. (Viability of control cells is 
greater than 95% during the experiment.) 

including the control). Parametric determination of 
an ICso using logistic regression in either the raw or 
Jog-transformed dose failed to result in an adequate fit to 
these data, therefore a natural cubic spline interpolation 
was used. A 95% confidence interval for the ICso was 
estimated using a boot-strap and Monte Carlo sampling 
of the original data. 
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Fig. 6. Time course of toxicity (mean percent viability± standard 
deviation) of cortical neuronal primary cell cultures following expo­
sure to 0.1 ..,..gml- 1 nigerlysin forO, 4, 24,48 and 72 h. Each data point 
represents relative cell viability of exposed cells vs. relative cell via­
bility of control cells. (Viability of control cells is greater than 95% 
during the experiment.) Values marked with an asterisk or asterisks 
are significantly different from their corresponding controls (p < 0.05, 
'*p < O.OOl). 
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fig. 7. Appearance of control cortical neuronal cells (A) and cells after exposure to 0.1 flog ml- 1 nigerlysin for 72 h (B), approximate magnification 
400 x. 

Survival at the lowest dose level, 0.025 J..Lgml- 1, was 
significantly lower than that of the control (p = 0.005). 
Survival further declined at 0.033 and 0.05 J..Lgml- 1 

compared to the next lower dose, p < 0.0001 and 
p = 0.017, respectively. The ICso is estimated to be 
0.037 J..Lgml- 1, or between 0.034 and 0.041 J..Lgml - 1 at 
the 95% confidence level. 

4. Discussion 

Hemolysins lyse RBCs by creating pores or holes 
in red blood cell membranes resulting in the release 
of iron that promotes microbial growth (Bullen, 1981 ). 
Many bacterial hemolysins are critical virulence factors 
(Bhakdi et al. , 1996; Cavalieri et al. , 1984; Doran eta!., 
2002; Johnson et al., 1985; Ou Said et al. , 1988) The 
hemolysin produced by A fumigatus (asp-hemolysin) 
promotes aspergillosis (Ebina et al. , 1982). Nigerlysin 
may also promote opportunistic infections, such as cere­
bral aspergillosis. 

Invasion of the central nervous system by fungi can 
occur through an anatomically adjacent site I ike the nasal 
sinus (Young et al., 1970). Human nasal sinus is colo­
nized by many indoor molds, including A niger (Ponikau 
et al. , 1999). Sinus colonization by A. niger may be 
accompanied by release ofnigerlysin and could promote 
infections of many organs including the brain. Patients 
with cerebral aspergillosis present with symptoms like 
fever, altered mental status, headache, hemiplegia and 
seizures (Hagensee et al. , 1994). If nigerlysin can cross 
the blood brain barrier, it may cause some neurological 
effects independent of the presence of the fungus in the 
brain. 

In this study we have demonstrated the rapid loss in 
the viability of primary mouse cortical neuronal cells, 

after the in vitro exposure to nigerlysin (Fig. 6). The 
destruction begins quickly and after 24 h, approximately 
50% of the cells were no longer viable compared to the 
controls. If such destruction occurs in humans, then some 
cognitive effects might be expected. 

Human exposure to indoor environmental fungi 
purportedly causes cognitive dysfunction (Gordon et 
al. , 2004). Since A. niger can colonize the human 
nasal sinuses and potentially produce nigerlysin there, 
nigerlysin has the potential to enter the central nervous 
system and damage neurons. Further work is required to 
determine the effects of nigerlysin on human neuronal 
cells but earlier work may already have provided some 
answers. 

Speth et al. (2000) demonstrated that a "toxic factor" 
from A. niger filtrates killed cultured human neurons 
and glial cells. They described this toxic factor as a pro­
tein with a MW between 50 and 100 kDa, heat stable 
to 65 °C but labile at 85 °C, and toxic to neuronal cells. 
These characteristics match those of nigerlysin and we 
suggest that their "toxic factor" was probably nigerlysin. 
If so, then nigerlysin is a toxin similar to other known 
microbial toxins. 

Since niger lysin has an alpha helical structure, it may 
behave like the alpha helical bundle toxins, e.g., diph­
theria toxin (MW 58 kDa), colicins (MW 60 kDa), 8-
endotoxins (MW 70-135 kDa) and Pseudomonas aerug­
inosa exotoxin A (MW 67 kDa) (Parker and Pattus, 
1993). The alpha helical structure of nigerlysin dif­
fers from the beta-sheet structure of many bacterial 
hemolysins, such as staphylococcal alpha toxin (Tobkes 
et al. , 1985) and perfringolysin-0 (Shimada et al., 1999). 
Alpha helical toxins damage susceptible cells by creat­
ing pores in membranes. It seems likely that nigerlysin 
has a similar mode of action. Therefore, the common 
occurrence of A. niger in the environment, along with 
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the toxic characteristics and the stability of nigerlysin, 
highlight a potential threat to human health. 
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1 latrocluction 

Phytic acid was discovered as early as in 1872 by Pfeffer aad a first note oa phytase can be 
fouad in the literature in 1907 (Suzuki et al. ). This paper already saagcsts this eazyme as a mean for 
lowering of phytic acid content in rice-bran (by its hydrolysis producing myo-inositol and inorganic 
phosphate). This very first application acx:ounts for the industrial importance of phytase. 

Phytase (myo-inositol hexakisphosphate phosphohydrolase) belongs to the group of phospho­
ric monoester hydrolases; it catalyzes the hydrolysis of myo-inositol hevkispbnsphate (phytic acid, 
myo-inositol-P6) to inorganic monophosphate and lower phosphoric esters of myo-inositol, or in some 
cases to free myo-inositol. 

The Enzyme Nomenclature Commiltu of the lntenulliOIUil Union of Biochemistly distinguiahes 
two types of phytase: 3-phytase and 6-phytase. This classification is based on the first phosphate group 
attacked by the eazyme (Scheme 1). 3-Phytase is typical for microorganisms and 6-phytase for plants 
(Johnson and Tate 1969; Cosgrove 1969; Cosgrove 1970). 

myo-Inositol hexakisphosphate is often the major phosphorus stock in plant seeds as 60-fQ % 
of the orgaoically bouad phosphorus is present in the form of phytic acid (Posteraak 1965; Lolas and 
Markakis 1977; Asada et a/. 1969; Erdman 1979). Phytic acid plays other important roles in the p1aata: 
(1) energy store, (2) competition foe ATP, (3) oompleution of multivalent catioiiS and (4) regulation of 
aa inorganic phosphate level. For reYiew on inositol phosphates see Cosgrove (1980) and Billiagton 
(1993). 

On the other hand, as a oomponent of all plant seeds pbytic acid is considered to be an anti­
nutritive part of human and animal diets because (1) it forms complexes with some multivalcat metal 
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ions and thus interferes with the assimilation of importaut trace metals, (2) it binds to protcias ad 
makes them more resistant to proteolytic: ctipstioo, and (J) phytate phosphorus is poorly available to 
monogastrics (because of phytase absence). Utilization of phytatc phosphorus and iocreasc of feed and 
food nutritive value can be weD ac:hievcd by dietary phytase supplemeatatioa (Simell et fll. 1989; New­
man 1991). 

0-P 

1-L-171)10-inoaltol 1,2,3,4,5-pentaklaphoephate 
(1-o-myo-lnosi1ol1,2,3,5,6-pentaklsphosphala) 

Scheme 1. 

Besiclcs myo-inositol hexakisphospbate also lower phosphoric esters of myo-inositol (mono-, 
bis- and trisphosphate) occur frequently ia the nature. They are important coustitueats of phospho­
lipids in animal and plant tissues (Cason and Anderson 1938) and play a crucial role in sipalliag pro­
cesses (Michell 1975; Berridge and Irvine 1984; Samanta et a/. 1993; Dasgupta et Ill. 1996). Tbesc dis­
coveries and subsequent intensi\oe investiptjon of the cell signalling system caused increased the intu­
cst in and requirement for inositol phosphates. Billington (1993) exhaustively· reviewed the current 
knowledge of chemical synthesis and biological significance of these compounds. 

Phytase plays an important role in biochemistry of inositol phosphates and bas been intensively 
studied. NO'W the interest of investigators bas concentrated mostly to genetically increasing the produc­
tion of this commucially interesting enzyme, especially of microbial Clltraccllular phytues suitable for 
large-scale production. 

Due to its selectivity, phytase can be used not only as feed additive but also for sdective phy­
tate hydrolysis lcadiDg to IOM:r myo-inositol phosphates (Phillippy et Ill. 1987; Wtlkllmoto Philtmllceuti­
CIIls 1988; BI'OCIIIJes 199111; Mitsui Totltlu Chemicols 1992; Blatnf et a/. 1994; Dvol4kov4 et Ill. 1996). It 
thus draws an attention of both acackmic and industrial researc:h. One of the most compreheasive 
review about phytase - mostly from plant sources - including purification, assay, and properties was 
written by Irwiug (1980). Since then new knO'Wledge bas been accumulated which we aim to include 
into this review. 

2 Sourc:ca and productioa of phytase 

Phytase is widespread in nature, occurring in plants, mic:roorganisms, as well as in some 
animals. 

21 MIUObUII SOfii'CG of phyttue 

Miaobial phytase activity was most &cqueatly detec:ted in fuagi. Shieh llld Ware (1968) te&ted 
over 2000 microorganiuna isolated from soil. Extracellular phytase activity was ~ in oaly 30 
isolates. All phytase producers were filamentous fuasi, 28 of them belonged to the pus~. 
one species bcl008ing to Penidllium and on to Mucor. Phytase from the A. ni,r group wu the most 
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actNe. Most isolates produced only intraceDular phytase. Also other screenings (Howson and Davies 
1983; Volfov6. et Ill. 1994) coofirmed A. niger strains to be the best producers of extrac:cllular pJa)tasc 
while bacterial cultures procluc:ed oaly iDtrac:cllular enzyme. 

Only Badllus subtilis (Powar and Jagannatban 1967) and B. subtHlis var. Milo (Shimizu 1992; 
Zenkolcu Nogyo Kyodo 1994) wa-c shown to produce extraceDular phytase. 

The results of Shirai et a/. (1994) on the ability of lac:tic add bacteria to degrade pbytic acid 
were ambiguous (coprecipitatioo of phytate and protein oc:curred as the pH of the medium dccreucd 
due to lactic acid production, indicating, that not only phytase activity may be responsible for phytase 
loss). 

Phytase prod'lictioa by yeasts was also studied. Sacdulromyca «mVUie was fouocl to produce 
phytase (Nayiai and Marbkis 1984) and further Candida tropicalis, TOIU/opsis C411tdi4tl, lkbtllyomyt:a 
ciiStelii, Kluyveromycu /nJtjlis and Sch'WQIUJiomyca castellii were able to hydrolyze phytatc (Lamb­
rechts et a/. 1992). S. CIIStellU, wbidl showed the bipest emaceDular phytase activity, was cholea for 
the further study (Segueilha et aJ. 1992; Lambrechts eta/. 1993). 

The published sources of microbial phytase are summarized in Table I. 

T_.. L MicrobialiOUII.'CI of phytue 

Aervbacler (ltfft)fJfMS 

Cilrobocl6 jiautdii 
Bad/Ius subtilis 
B. subtilis var. IUliiO 

Klebsi4ll4 sp. 
K.~ 
&cJrmdria coli 
As[Jtttgilbls sp. 
Perielllillm sp. 
PMidllium CIJ.Wt1icolwrt 
Mucorsp. 
A.11igftrNRRL31lS 
A.1ligltr 
A.ltlmiS 
A.cameus 
A.oryme 
A. carbonarius 
A. funNgatus 
Rhizoptu oligosporus 
~sp. 
CaNlidd llopictllis 
Tondtlplis COIUiida 
~CQIII/ii 
ICiuytwomyc:a fralili.s 
K. Ql)ftiCQ M0-3 
K. ,.,.;,_, 
~castelii 
Saccllatomyca~ 

Paramecium sp. 

8J:N - intracellular, EX - extracellular. 

22 Production of microbilll phytllSe 

IN 
IN 
EX 
EX 
IN 
IN 
IN 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
EX 
IN 
IN 
EX 
EX 
IN 

Refereaee 

o-«tll.1967 
Deluca «til. 1992 
Powar and Japnnathan 1982 
Shimizu 1992 
Sllah and Parekh 1990 
Tambe«tll. 1994 
Oreiaer « til. 1993 
Shieh and Ware 1!168 
Shieh aad Ware 1!168 
Alrlono-Pitanrl1995 
Shieh and Ware 1!168 
Sbleh «til. 1969 
Slrowrould 1978; VolfcM « til. 1994 
Yamada« til. 1!168 
Ohareib 1990 
Shimiz111993 
AI.AsbeJJ aad DIMijat 1994a-c 
Pua.mOiltes «til. 1997 
Sutarcli and Buckle 1988 
kllibiki 1995 
Lambrec:btl «til. 1992 
Lambrechts«GL 1992 
Laabrecbtl « GL 1992 
LambJechtl «til. 1992 
Jareoatitmonpol «til. 1997 
GreiDer« til. 1997 
Lambrechtl «til. 1992 
Nayinl and Marlrakis 1984 
Freund« til. 1992; van der Kaay and 

van Haastcrt 1995 

Production of extracellular funpl phytase was iaduccd by a timitiag CODCCDtratioa. of iDorpDic 
phosphate in the growth medium. A higher pltosphatc conc:eatration inbi'bited ~ ayuthcais and 
this phenomenon was genually obsened in all fuapl producers (Shieh and Ware 1968). Replalion of 
theAsJMIJillus niger var.jicuum NRRL 3135 (further oalyA. ni, NRRL 3135) ph}'talc produdioo was 
first described by Shieh et IlL (1969) and the culture medium was subsequeatly optimized (Gibson 1987; 
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Han and GaUaper 1987; Han et al. 1987). Kujawski and Zyla (1992) observed a corrcJatioa. of the 
ability of A. niger spp. to produce citric acid by the solid surface method with its ability to synthesize 
iotrac:ellular phytase and acid pho&pbatasc. E:ltraccllular A. niger phytase was produced during acme 
ceD growth (Volfov' et al. 1994, 1997). ChcJius and Wtvlzinslri (1994) increased cxtraccDular A. niger 
NRRL 3135 phytase activity by a method iDYolviag irradiation of ce1l suspension. 

In c:ontrast to the above mentioned fuapl phytase, cxtracellular B. subtilli.r ph)tase was 
induced by phytatc in a cultivation medium. It required eaZ+ ions for its activity (POWIU' aad lagan­
nathan 1982). Also cytoplasmatic: phytase from Klebsiellll tel'ligena is induceable in the presence of 
phytate 1lDdcr c:arbon limitation (Greiner et al. 1997). 

The activity of intrac:ellular E. coli phytase was remarkably inc:rcased in the stationary phase 
and under anaerobic: conditions (Greiner and Jany 1992; Greiner et al. 1993). 

2.3 Plflnl plfytose 

Phytase occ:urs very frequently in the plant kingdom. Its ac:tmty was detec:tcd in maay plant 
species such as wheat, rye. barley, pea, bean, soybean, maize, rice, white mustard, potato, radish, let­
tuce, spinac:h, grass, lilly poDen, etc. 

A rapid increase of phytase activity was monitored in plant seeds during their germination 
(Chen and Pan 1977). Generally, it is assumed that duriDg seed germination phytate, after decomposi­
tion by phytase, is utiliz.cd in the form of phosphate and inositol (Asada et al. 1969). Some authors 
asc:ribcd the rise in phytase ac:tivity to de novo phytase synthesis during gcnninatioo (Satiraaa and 
Bianc:hetti 1967; Mandai and Biswas 1970; Meyer et al. 1971) while others attribute it to a rise of an 
already existiDg phytase activity (Eastwood et al. 1969; Eastwood and Laidman 1971). N~ it 
was c:onduded that seeds contain both constitutive and germination-inducible pbytascs (Nayni and 
Markakis 1986). 

Laboure et al. (1993) purified and c:harac:terized phytase from germinating maize secd1ings, 
and eDNA coding for this phytase was cloned (Maugenest et al. 1997). This would aDow the isolation of 
corrcspondiag genes and the study of their regulation during germination. 

2.4 Animo/ phytose 

The first report on animal phytase in c:alf liver and blood was given by McCollum and Hart 
(1908). However, further searc:b for mammal blood phytase was unsuc:casful; phJtuc Will clctectcd 
only in the blood of lower vertebrates - birds, reptiles, fishes, batrac:biaDs, sea turtle (Rapoport et al. 
1941). 

Bec:ausc intac:t phytate coming from cereals bas adverse nutritiooal consequeaccs for aaimals 
including man, the presenc:e of phytase in the gastrointestinal trac:t of various animals Wll mestigated. 
Phytate hydrolysis in tbe rat intestine was first noted by Patwardhan (1937) aad attributed to phytase. 
Subsequently, other authors observed phytase activity in the intestine of pia ud c:ow (S(li&7a aad Phil­
lips 1945), sheep (Oto 1.960). Pileggi (1959), Maddaiah et al. (1964) and W"dliama ct al. (1985) attribut­
ed the intestinal phytase ac:tMty to the ac:tion of nonspecific: albliae ploosph•uea in the intestine. 
However, Bitar and Reinhold (1972) partially purified from the rat, dlickea, calf and human intestines 
phytase differeat from the intestinal alkaline phosphatase. A IIIIIICitioa that rat playtMC and phos­
phatase from the smaD intestine are clift'ercnt enzymes was aupporteci.Jao by Rao and Ramakrislman 
(1985) and Yanget al. (199la,b) who purified phytase from tho nt WwtiaallllUCO&a. H~. intesti­
nal phytase did not appear to be of a great signific:ancc in rats (Willilau and Taylor 1985). An about 
30 times lower phytase activity was found in the human smaD iDtcatiDc u compared to that of rat. The 
highest activity was in the duodenum and the lov.at one in the illoam. The normal human smaD intes­
tine bas a limited ability to digest undcgradcd pb)tales (lpl·ct fll. 1994). It docs DOt seem to play 
a significant role in phytate digestion, but dietary phytase may be • intportant fac:tor in phytate h}dro­
lysis (Frolic:b 1990). 

The ruminants probably digest phytatc throulh tile ..._ of )lla,tasc produced by the micro­
bial flora in the rumen. Tbc anaerobic gut fw9 aad blcteria are JINICIIt in the mic:roftora of n-inaeta 
and are respoaaiblc for the primary c:oJonintion of pial ...W within the rumen. The iDorganic: 
phosphate produced by splitting of phytate is utilizecl bJ boda tile miaobiai flora and namiaant holt. 
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3 Purification and properties of phytase 

3.1 Purification 

Purification of phytase includes common biochemical tedmiques such as ammonium sulfate 
fractionation (Gibbins and Norris 1963), gel chromatography (stowro.ki 1978; UUah and Diachi"F' 
19IJO; Dvol6k<>W et al. 1997), ion-achanae (Napi and Fnnahashi 1962; Lim ud Tate 19'73; stowroo­
ski 1978; U11ah 1988a; I>voNkova et al. 1997) and allinity (UlJah 1988a) chromatoaraPhy, aad RP 
HPLC (UUah 1988b). 

3.2 Temperature Qlld pH slllbility Qlld optima 

Phytases are generally thermostable enzymes active in a broad pH l'lliiF· Ememly ther­
mostable phytase from. A. fumigraus able to withstand temperatures up to 100 •c OYm" a period of 
20 min with a loss only 10 % of the initial enzymic: activity, was reported by Pasamontes et al. (1991). 
Most microbial phytases, especialJy those of fuagal origin, show the main pH optimum between 4.5-
5.5; some bacterial ones have a pH optimum at 6.5-7.5. Plant seeds phytascs ~ beca dcsc:ribed to 
have usually pH optimum between 4.0-5.6. Recently, aJkaJine phytase& having a pH optimum at 81VCI'C 
extracted by a non-ionic detergent from legume seeds (Scott 1991). Another alkaline phytaSe with a pH 
optimum at 8 was found in mature lily pollen (Hara et a/. 1985; Scott and Loewus 1986). pH and tem­
perature optima of phytases from various sources are given in Table n. 

Tllble IL Temperature and pH optima of 110111e publislted phytase~ 

Phytase 10urce pH Temperature, oc 

~niger NRRL 3135 2.2; 5.o-5.s S8 
A.lliglriiiAn/8 2.7; 5.5 
A.lliglr92 5.0 ss 
A.oryrM 5.5 so 
A.l6m45 4.5 70 
A.~ 5.6 40 
A. CQI'bonQrius 4.7 53 
Rhizopas oligosporus 4.5 ss 
Kk6silllll sp. 6.0 37 
K.~ 4.5 
K.~sb 5.2 
K. D%)fOCCI M0-3 5.o-6.o ss 
K. tmigena s.o S8 
PmiciJiium ctiSIOicolum 3.0 45 
NG1101p0'a ap. S.0-6.0 60 
At~J't1bact6 ~ 4.0-S.O 45-SO 
CiltoiNit:w fr-diJ 2.1;5.0 52 
Esc/tri;NQ coli 4.5 ss 
Bocilbu suiJdiU 7.o-7.s 
B. lllbdlis var. natto 6.o-6.S 60 
S~casteJjj 4.4 77 
Wheat bran 5.0 
1}pha ltuifolia pollen 8.0 
Soybean seeds 4.5-4.8 55 
LeJUIIle seccls 8.0 
Maize (Jcnninated) 4.8 55 
Rat inteldne 7.0-7.5 
Human intestine 7.4 
Chic:Dn inteatinc 8.3 
CAlf intestine 8.6 

6JooiDa. ~»1o-13 ld>a. 

Referenc:c 

Ullah and Gibloft 1987 
Stowi'OIIIki 1978 
DvoNtov6 fit aL 1991 
Sllimizu 1993 
Yamadutal. 1968 
Gbareib 19110 
A1 Albcb ucl Duwjak 1994c 
Sutardi and Huette 1988 
Slllh and l'lleth 19110 
Tambe fit a1. 1994 
Tambe fit al. 1994 
Jueoaldtm.oqkol fit til. 1997 
Greiner fit til. 1991 
Amtlllo~ 1995 
klribiki 1995 
Gteavaeta/.1967 
DeiiiCal , al. 1992 
Greiner uc1 Jany 1992 
Powar and Japanathan 1982 
Sllimizu 1992 
Sepcilba fit aL 1992 
Napi and l'lmlllllhi 1962 
Hara It aL 1985 
Gib&On and Ullah 1988 
Scott1991 
Llboure "al. 1993 
Bitar and Relnbolcl1m 
Bitar and Reialaold 1m 
Bitar and Reinhold tm 
Bitar and Relnbolcl1m 
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3.3 Substrtlte specificity and /dnetic ~ 

Phytases usually show a broad substrate spcc:ificity with the bigheat a8inity for phytate. Only 
a few phytases have been dcsaibed as laisblY specific for phytic ac:id - the phytase produced by B. 811b­
lilis (Powar and Jaganav=than 1982) and alkalioe phJtasc isolated from the lily polleo (Berricotol et tiL 
1994). The Km values of some publisbcd pbyt..es are given in Table m. &cess aubstntc c:auac:a inhibi­
tion of the enzyme. Ullah (1988b) fouad that myo-iaositol-P6 c:onCCDtratioa. CYN'C"Aing 2 mmol{L was 
inhibitory. The product of the readion- inorganic moaophosphate- acts also as a weak inllibitor 
with Ai = 1.9 mmoljL. 

1'111»11 DL X. wi\ICI oiiiOIIlC published pllytuel for ni)'O-IDolitol-6 (pbytate ), sodi\lllllllt 

PhJt-mun:e Ka RcfereiiCC 
lllliKII/L 

Aspetgi/bls ..... DIAn/8 0.48 Stowrolllld 1978 
A. niger NRRL313S 0.04 Ullah and Giblon 198'7 
A. niger92 0.44 Dwl6kovi « al. 1997 
A. nigt:r 0.39 SimcO « al. 1989 
A. Clllllt»ttJtia 0.3S AI Adell and Dvvnjat 1994c 
RJrizopu.r oliflosporus 0.15 Sutaldi and Buckle 1988 
EscMridria coli 0.13 Oftia.er and Jany 1992 
lJacilbu sublilis 0.04 Powar aad llpJmathan 19112 
B. SllbGiis var. IIQII() o.so Sbimilll 1992 
CitToiNictw ftamdii 0.2.5 Deluca « al. 1992 
~~ 0.()6 Tambe « aL 1994 
K.~ 0.11 Tambe « al. 1994 
K.~ 0.30 <miller« aL 1997 
S~cllllllii 0.04 Sepeillla « aL 1992 
PftasMJius ""4fatU (bean) 0.15 Gibbins and Nonia 1963 
Wheat bran 0.49 Napi and PuMhuhi 1963 
1)r* ltllifolia pollen 0.02 Hua « al. llliS 
SoJbean eecd& 0.05 Gib1011 ucl Ullah 1988 
~ 0.12 Lllboure « al. 1993 
Rat intatine 0.21 v8111 aaL t991a 

a,ootDa. bt().13kDL 

Phytase from A. niger NRRL 3135 was several times immobilized. UDall aad Cummial (1987) 
as weB as Ullah and Phillippy (1988) immobilized phytase ou &adogd, Ullah ad C:....U. (1988) 
used for phytase immobilization glutaraldchyde-ac:tivated silicate, aacl Di&chi..,. ud Ullala (1992) 
immobilized this enzyme onto c:ross-liaked agarosc. Kinetic: cbaraderizatioll of the inuaobilizcd 
enzyme was performed and reaction products were charaderized. 

3.4 lJqlltosphotykl ofmyo-inositol-P6by phytllse 

As already mentioned, there are two classes of pbytascs. 6-~ ocuazilc in plata llld 
3-phytase found in fungi. The 3-phytase hydrolyzes the phosphate eaten at die D-3 ~ ..t 6-pbyt­
ase at the L-6 (or D-4) position. This is probably the main di&reace betwelll aUcroiiW ad plant 
pbytases. However, alb1inc phytase discovered and isolated from lily (lJIIMt ,.,..._) pollen 
(Scott and Loewus 1986; Baldi et al. 1988) started to hydrolyze phytic add It......,. D-5 with iaositol 
1,2,3-trispbosphate as the final produd (Barrientos et til. 1994). Add a*sJI••• .. lillie to Clltalyl.le pllyt­
ate dephosphorylation to lower myo-inositol phospbatea (muldplo .._. ~IP41Ps ..a IP2) by alter­
native pathways of IPs hydrolysis (Lim and Tate 1973), sometime~,....._ he~ wbereas 
alkaline phytase is unable to catalyze dephosphorylation of IP3 ~-IlL 19M). 

3.5 MolecullzT propetties 

Oaly a few phytases were purified to such llomclpPeity dllt ... ..._ - coaJd be esti-
......... I ~ ...... o mated. Table IV records the published molar mus of phytaiO --. •* ua .......,., 
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Table IV. Published molar maa of phytascs from varioulsourca 

Phytuc soun:c M Number of Reference 
tDa subunits 

A~,., IIIAD/8 200 1 Skowrould 1978 
A. nitP NRRL313S 85-100 1 Ullab aacl Gaoa 1987 
A.nitP92 100 1 l>¥olftod « IlL 1!197 
A.- 214 6 Yalllllda«lll.. 1972 
A.nitP 80 1 SimcU « al. 1989 
PttticiJiium caseoicolum 60--81 1 Anrano~ 199:5 
Esclwtidti4 coli 42 1 Gftineur IlL 1993 
Bacillus subGii.f 36.5 1 p~ aacl Japllllatbaa 1!182 
B. sublilis vu. 11t1tto 36-38 1 Shimizu 1992 
KlMJsklla~ 700 and 1o-13 1 Tambc «IlL 1994 
K.~ 40 1 Gftiner « IlL 1997 
Scllwtuutiomyce casuliJ 490 1+3 Sepeilha «IlL 1992 
Soybeall reeds 119 2 Oiblloa and Ullab lllll8 
Maize 76 2 Laboure «IlL 1993 
Rat intestine 70and90 2 Yang« IlL 19911> 

An enzyme produced by A. niger NRRL 3135 is nowadays the most inteosiwly studied amoag 
all phytases. A. niger NRRL 3135 natiw phytase with a molar mass of 85 IDa was found to be 1:1% Ph· 
cosylated. It contains a substantial proportion of N-linlted mannose chains and galactose (UJlah 1988b ). 
Amino acid analysis revealed a high content of aspartic acid, serine and threonine (UDah 198&1). Ullah 
and Dischingef (1990) published the procedures for peptide mappiDg and purification of enzymically 
cleaved peptides generated from phytase. The complete primary structure of phytase was elucidated by 
Edman sequenc:iDg. The dcglycosylated molecule is a 441-reaiduc protein ol 48.5 IDa, consiltiag of 
37% non-polar, 42% polar, 11.5 %acidic; and 9.5% basic amino acids (UDah and Dischinpr 1993G). 

Chemical mapping of its active site demonstrated a sensitive Ars residue in this region (UDah 
et al. 1991). Further investigation of A. 11~ var. jicuum phytase by a site-direc:tcd mutagenesis indi­
cated that His and Trp arc involved in the formation of the active catalytic: centre, and it was coaduded 
that ArgS8, Arg62, His59 and Trp'S are the target residues (UDah and Disc:hinger 1992). The function of 
disulfide bonds in A. niger var. jicuum phytase was showen to play an important role in the folding of 
fungal phytase and they are necessary for the enzymic structure and activity (Ullah and MuUaoey 1996). 

It is necessary to note that theA. niger NRRL 3135 phytase (EC 3.13.8) mCDtioaed &bow has 
two pH optima (5.0 and 2.5), and was denoted phytase A (PhyA) by van H~ et a/. (1993). 
Another enzyme, originally referred to as pH 2.5 acid phosphatase (EC 3.13.2) by Ullah aad Cummins 
(1981), was recently characterized as a potent phytase having a pH optimum at 2.5 (non-active at pH 5; 
Ullah and Phillippy 1994). At present, this enzyme is termed phytase B (PhyB); its primary structure 
was determined by Edman degradation and gene cloning (Ehrlich eta/. 1993). The PhyB active site WIS 

investigated by Ullah and Dischinger (1993b ). Comparison of amino acid sequences of PhyA and PhyB 
and two secreted yeast acid phosphatases (from Saccluuomyces cemlisiM and Schizo8tlcclttlromyces 
pombe) showed an extensive homology and conservation of residues (Ullah and Dischinger 1995). The 
same sequences were also ideDtified in bacterial and mammalian acid pho&phatases (van Ettea eta/. 
1991; Ostanin et al. 1992). Two different fungal PhyA phytases from A. Iemus 9A-1 and Myuliophtonl 
thennophila showed 60 % and 48 % identity, respectively, to the PhyA of A. niger (MitcheB et a/. 1997). 
Also amino acid sequences of both fungi Emericala nidulans and TalmrJmyces thcnnophilus exhibited 
high identity to known phytase&. Twenty one amino acids were identified to be conserved in fungal. 
PhyA phytases and to be a part of the residues forming the substrate pocket (Pasamontes et 111. 1997). 
On the other hand the amino acid sequence of the maize seedling phytase deduced from eDNA 
appears to be very different from those of A. nigu phytase, however, a homologous region of 33 amino 
acids - probably the aa:eptor site for phosphate - WIS detected (Maugenest eta/. 1997). 

The aystal structure of PhyB from A. niger var. ficuum WIS successfully elucidated by Kostre­
wa et aJ. (1997). The enzyme has an a/b domain similar to that of rat acid phosphatase and an a do­
main with a new fold. 
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4 Molecular gcactics 

Due to the interest in the use of fuDpl phytase in feed applicatioos, a program with the aim to 
improve its cost-eJfective industrial produc:tion has been initiated. 

A strategy for the production of rccombiuant 3-phytasc in .Aspelgillus sp. sugcatecl by Con­
neely (1992) invoMd cloning of the phytase gene from e.g. .Aspllgillus niger var. fkuum or Stledu; 
romyces cermsiae, insertion of the gene intoAspeiJillu.r sp. usiag a multk:opy cxprcssioD vector (for the 
expression of multiple copies of the gene), and isolation of the recombinaat phytase from the medium. 
Later, van den Handel et a/. (1994) published the general strategy for the overproduction of fungal 
proteins in Aspelgillus sp., espcclall:y in A. nip and A. oryz«, comprising ( J) isolation of the gene of 
the protein of interest, (2) generation of straiDs with multiple copies of the gene, (3) providing the gene 
with wen characterized, strong constitutive or regulated gene expression signals and generation of 
strains contaiuiog multiple copies of such cxprcssioD cassetes. 

The phytase gene can be isolated by DNA hybridization with an oligonucleotide, or by PCR 
(Brocada 199la). 

Mullaney et a/. (1991) isolated and identified, using the phytase amino acid sequence, 
a recombinant clone containins part of the A. niger var. ficuum phytase gene. Subsequently, the genes 
for PhyA (van Hartingsveldt eta/. 1993) and for PhyB (Ehrlich et a/. 1993) were cloned and sequenced. 
Expression of multiple copies of phyA in the traosformants resulted in more than tenfold higher phy­
tase levels as compared with the wild type strain. It was shown that the expression of playA was con­
troRcd at the level of mRNA accumulation in response to inorganic phosphate levels (van Hart­
ingsveldt et a/. 1993). 

With the aim to improve the c:ost-effec:tive phytase production, the genephy from A. niger var. 
awamori ALK0243 encoding phytase was also cloned and sequenced; reintroductioa of the cloned phy 
gene resulted in several-fold overproduction of phytase (Piddiugtoo et a/. 1993). However, as the 
expression of this gene is strongly phosphate repressed (Han and Gallagher 1987), the simple gene 
dosage inc:rcase is not sufficient for raising the enzyme production to a level relevant for industrial 
applic:ation. It was s1JIF5led that more significant overexpressjoo may be achieved by replacement with 
strong, phosphate-resistant promoters (Pidd.iDgton et a/. 1993). 

Intensive genetic: investigation and strong interest of industry in phytase yielded in a number of 
patents in the last years. Vectors comprising a DNA sequem:e enc:odiDg 3-phytase preferably derived 
from A. niger var. ficuum or A. niger were expressed in A. niger var. ficuum, A. niger, A. IIWQIIIOfi, A. ory­
ZIIe, Trichoderma resei, Mucor mMitei, Kluyveromycu /Qctis, S. ceMiisiM, B. subtilis and B. liclteniformis, 
and the enzyme was secreted from the host cells (BTOCfldu 199la). Further, the phytase gene from 
A. niger var. fkuum was fused with expression signals of the P. chlysogemun gene and the plasmid 
pPYHO~ was constructed (Brocada 1993). A DNA sequence encoding A. niger phytase was also 
expressed in A. foetidlu (Berka et a/. 1995G) and inA. japonicus var. acrdeatru (Berka et a/. 19950 ). To 
achieve the overproduction of synergistic phytate degrading enzymes, DNA sequeDCCS encoding both 
phytase and acid phosphatase were cloned and expressed in A. niger (Panlobs, Alko 1994) and in Tri­
choderma sp. host cells (Alko 1994). 

Two- to six-fold increase in phytase activity was obtained by Moore et a/. (1995) after S. cerevi­
siae and A. niger acid phosphatase expression in A. oryzae. They used the enzyme for phytic acid 
removal from a feedstuff. 

Patents were issued desc:ribing an expression system to enhance secretion of exoprotcins 
including phytase in Gram-positive bacteria, e.g. Bacillus subtilis, B.lllkalophilus, B. amyloliqu4ifldelts, 
B. coagulans, B. circulans, B. /autus and B. thulingienm (Finnish Nat. PubL Health Jnst. 1994). Phillippy 
and Mullaney (1997) expressed the gene (playA) for A. niger phytase with optimum at pH 5.5 and 2.2 in 
E. coli under control of the 1'7/ac promoter, however, recombinant phytase displayed a single pH opti­
mum at pH 5.1, and was irreversibly dcnaturated at pH 2.0. 

Phytase production is also inc:hJ4cd in the ucw concept in plant biotcc:bnology usia& transgeuic 
plant ensineering for pharmac:eutic:al protein and industrial enzyme production (Pen eta/. 1994; White­
lam 1995; Day 1996). Seeds obtained from transsenic: plants containins enhanced levels of a hetero­
logous enzyme are used to catalyze the desired rcac:tioas (BTOCfldu 199k). The method was developed 
to produce transgenic: plants with an enhanced level of 3-phytase using trausformatioo of plant host 
with an expression vector containing fuDgal phytase DNA - preferably obtained from A. nigtr 
NRRL 3135, A. niger, A. awamori and A. nidu/ans - operably linked to regulatory sequences (Broca­
des 199lb). 
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The phytase and acid phosphatase genes &om Aspergillus spp., espec:iaJiy A. niger var. jicuum, 
A. nigu or A. tetreu.s, were expressed in transgenic plants with the aim to obtain a thcrmoltablc syner­
gistic enzyme mixture for phytic acid hydrolysis to improve feedstuff dipsb"bility (Awve 1994). 

Active phytase from A. niger was eogineered in tobacco (NICI1tiilna tllbacum) scc:cls usiDg a bi­
nary vector ~00413 cootaining a chimeric phytase gene encoding the tobacco 'patbosen-rclated 
S signal peptide (Cornelissen et aL 1986) resporw'ble for protein secretion (Sijmoas et aL 1991), and 
eDNA fragment encodiag the mature A. nigu phytase gene (van llartiapwldt et aL 1993). PhytMe was 
expressed as 1 % of the soluble protein in mature seeds of transgenic: plants (Pen et aL 1993, 1994). 

Recently, Verwoerd et al. (1995) reported a high-level accumulation of bioJoP:ally adive 
phytase from. A. niger in transgenic tobac:co leaves. Phytase eDNA was coastitutktely csprcued in traos­
genic tobacco plants and secretion of the enzyme to the extracellular fluid was estabtishe4 usias the 
above mentioned signal sequence &om the tobacco pathogen-related proteinS. BioloPcallY active 
phytase was Jocaliud extrac:ellularly and accumulated in leaves up to 14.4% of total soluble protein 
during plant maturation (Verwoerd et aL 1995). Li et aL (1997) iusertcd phytase gene &om A. np into 
soybean transformation plasmids under control of constitutive and seed specific: promotors, and with 
a plant signal sequence. Soybean cell cultures secreted after that an active recombinant phytase. 

5 Application 

There are two main areas where phytase can be used. The first one is phytate elimination in 
feed and food industries, and the second one a preparation of special myo-inositol phosphates as tools 
for biochemic:al investigation. 

The main reason for removal of phytate from food and feed is its undigestibility for mou.opa­
tric animals including man (SimeD et al. 1989). Undegradcd phytate together with part of acWidoaal 
inorganic phosphate passing through the intestinal tract is excreted and causes enviroameotal prob­
lems. The most important problem of today is discharging of phosphates into water streiiU leading to 
eutropbization, especially in areas with inteosivc livcstoc:k production (mostly chicbns and pip). 

A further reason for phytate removal is complexation of multivalent metal ions wiUch inter­
feres with the assimilation of important trace metals such as Fe, Zn and Ca by humans and animals, 
causing their deficiency. 

Phytate also inhibits digestive enzymes (ll'-amylase, pepsin and trypsin), and makes proteins 
more resistant to proteolytic digestion. This may restrict the use of protein preparations in food 
industry. 

All the above problems can be solved by phytate hydrolysis using phytase (Tamminga 1990; 
Whitaker 1990; B1'0CIUia 1991a -c; Lyons 1992; Zyla 1992; Sanders 1993; Souppe 1995). 

5.1 Feed application 

Phytase, releasing phosphate from phytate, reduces the need of feed supplementatioa by phos­
phorus. Degradation of myo-inositol phosphates yields also myo-inositol, an important grGWth factor, 
aad trace miaerals become available. This improves the digestibility aad therefore the nutritive value of 
the feed, aad lowers the level of excreted phosphorus. 

There are two basic ways how to use phytase in feeds. The first poss~"bility is replacement of 
inorganic phosphorus supplementation with phytase. However, as the reaction conditions (pH, temper­
ature, moisture, incubation time) in the animal stomach or intestine are not optimal. the second 
method of phytase use - feed pretreatment - becomes more attractive (SimcO et al. 1989). 

The possibility of increasing of phytase activity in the seedlings was considered using genetic 
material encoding phytases (Brocadu 1991a-c). 

TheAlko Co. (F'mland) as well as Alltech (USA) and BASF (USA) started the industrial scale 
production of phytase marketed under the names F'mase, Allzyme Phytase, and Natuphos, respcdivcly, 
and successfully utilized it in feed applications. F'mase added to a com-soybean pis diet coavcrtcd 
approximately one-third of the unavailable phosphorus to an available form (Cromwell et aL 1993). In 
a similar way, experimeata with Allzyme and Natuphos addition to a pic and c:hickeu diet indicated also 
that phytase is efficacious in improving the bioavailability of phytate plaosphorus for pigs (Cromwell et 
til. 199Sa,b; Yi et al. 1996; O'Quinn et aL 1997) aad broilers (Yi et til. 1997). 

Not only experiments with pigs (Simons et al. 1990; Jongblocd et al. 1992; Lei et aL 19938,b; 
Cromvell et aL 1993; Young et til. 1993; Ketaren et al. 1993; Pallauf 1994; Han et aL 1997; Murry et al. 
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1997) but also trials with chickens (Simons et Ill. 1990; Richter 1993; Edwards 1993; Pemey « Ill. 1993; 
YOIIIII et Ill. 1993; Broz et Ill. 1994; Robenon and Edwards 1994; Biehl 1995; Korncpy et Ill. 1996; 
Qian et Ill. 1996, 1997; Biehl and Baker 1997; Zobaf ~~ Ill. 1997) coofirmcd the pollibility to replace 
inorg&Dic: phosphorus supplementation by the use of microbial phytase in a phytatc-rich diet for mon~ 
gastric animals. 

Besides increased phytatc phosphorus availability, also eManccd digcstibility of ammo acids 
(Kctarcn 1993; Mroz et Ill. 1994), and increased utilization of calcium (Mroz et Ill. 1994), autpeaium 
(Pallauf et Ill. 1994) and zinc (Lei et al. 1993c:; PaDauf et Ill. 1994; Roberson and Edwards 1994; Adcola 
~~ Ill. 1995) by pip, chickens (Sebastian~~ Ill. 1996; Yi et Ill. 1996) and rats (Rimbach and Pallauf 1992, 
1993; Rimbach et Ill. 1995) fed phytase-supplemented com-soybean meal were obclcrwd. On the other 
hand, calcium in the diet greatly reduced the cfticiency of phytase supplements (Sandberg 1993; Lei et 
Ill. 1994; Qian et Ill. 1996). Effects of A niger phytase supplements on the digestibility and utilization of 
dietary phospborus origin•ring from plants were studied in experiments with rainbow trout and foUDd 
positive (Rodchutscord et Ill. 1995). 

Canola meal, used as a feedstuff for livestock and fowl, was suc:cessfully dcph)tinizated by 
A. niger NRRL 3135 in ' solid-state fermentation (Nair and Duvnjak 1990; Nair ~~ Ill. 1991; Ebune et fll. 
1995). Similarly, A. niger var. ficuum, A. niger (Zyla and Koreleski 1993) and A. clllbotuuius phytases 
(Al Asheh and Duvnjak 1994a,b, 199Sil,b) were used to reduce the phytic acid content in rape and 
canola meals in solid-state fermentation processes aiming at increasing phytate phospbotus bioavail­
ability and the nutritive value of the feed. Segueilha et 111. (1993) removed phytic acid in wheat bran and 
glandless cotton flour using phytase from the yeast S. castelii. 

Larsen (1993) ac:hieved dc~on of a rat diet high in both plant phytate and phytase by 
its wetting. The phytate content in feed decreased progressively with the time of soakiag, and the 
absorption and retention of minerals and trace elements were significantly improved in balance studies. 

5.2 Food llpplicadon 

Increased dietary COII5UID.ption of cereal fibers, legumes and soy protein isolates results in an 
increased intake of phytate. Vegetarians eating mostly whole grain products and elltrudcd cereals, 
elderly people consuming unbalanced food with a lot of cereals, people in undeveloped countries who 
eat unleavened bread, and babies which eat soy based infant formulas take in large amouats of phytate 
(Simell et Ill. 1989). 

Since phytate binds to proteins, protein isolates from soy beans are rich in phytate. Simell et Ill. 
(1989) used F'mase S phytase for the preparation of phytate-free soy protein isolates being more solu­
ble at low pH (pH 3) than the control protein. The F'mase phytase can also be used in the production 
of phytate-free soybean milk. Anno ~~ a/. (1985) eliminated phytate from soybean milk before its con­
sumption using wheat phytase from Sigma, and Khare et Ill. (1994) sua:essfully used immobilized wheat 
phytase for hydrolysis of soy milk phytate. 

Cereal phytate from raw cereals is largely digested by humans, apparently because of a dietary 
phytase. When the dietary phytase is inactivated during extrusion cooking, the phytate dipation is very 
poor. Undigested phytate in the small intestine negatively affects the absorption of zinc, magnesium 
and iron. For improvement of mineral availability, dc:&radation of inositol hexakis- and peatakilphos­
phates is essential (Sandberg et Ill. 1988). Addition of A niger phytase to the Dour containU. wheat 
bran increased iron absorption in humans (Sandberg ~~ fll. 1996). The use of phytase, very easily iDle­
grated into the existing process, was suggested for producing low-phytin bread (SimeU tit IlL 1989). 

Phytic acid has, however, also positive effects. It exerts an antineopla&tic effect in animal mod­
els of both colon and breast carcinomas. The presence of undisested phytate in the colon may protect it 
against the development of colonic carcinoma (Igbal ~~ Ill. 1994). 

5.3 P1qxJrtllion of myo-inositol phosphates 

The increasing interest in inositol phosphates and pbosphoJipids which play a pivotal role in 
transmembraae signalling and mobilization of calcium from intncelulu I"CCIeeWa tellllted in the aced 
of various inositol phosphate preparations (BilliDatoa 1993). Siren (1!116) dacribed the prep.ratioa of 
D-myo-inositol 1,2,6-trisphosphate, D-myo-ino&itol .t,2,S-trisplao ~ 1,3,4-lrilpllos­
pbate and myo-inositol 1,2,3-triapholpbate by enzymic hJdrolJiil ~ plaJiic acid ... S. c:emi.ri4re 
phytase. Also a method for production of inositol1,4,S-trisphnspMte (..._ Wwe.:ti'n•lllhltanc:c) 
was developed using 6-phytase or alkaline phoepMta-e to la)CIIoiJie p11.Jdc11Cid « ila salta (W-...oto 
Plulnnaceuticflls 1988). Greiner and Konietzny (1996) prepued iaolital l,2,3,4,S-pentaki~pbosp~ae, 
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inositol 2,3,4,5-tetrakisphospbate, inositol 2,4,5-trisphospbate and inositol 2,5-b;spbo&pbate usia& 
immobilized phytase from E. coli. Inolitol phosphate derivatM& can be used as eazymc stabilizcn 
(Siren 1986), enzyme subsarates for metabolic imeatiptioo, as enzyme inluDitcn and therefore poten· 
tial drugs, and as chiral buildiDg bloc:b (Laumen and Ghisalba 1994). 

Chemical syntheses of inositol phosphates W'CI'e sUilllll8rized by BiJlinston (1993). Tboy very 
often include protection aocl deprotec:tion steps, and are performed at extreme tempcrll'ala aad pres­
sures. Phytase, comertiag phytic acid to lower m~inositol phosphate dcrivatiws 01' free m,)IO·iaolitol 
and inorganic phosphate, was sugested for the industrial production of inositol or inositol pholpbates 
(Brocades 1991a; Mitsui Toatsu O.emicols 1992). Among the advantages of enzymic hydrolysis beloDg 
its stereospecificity and mild reaction conditions. 

6 Condusiou ud fature pnMpecta 

Phytase, which plays an important role in biochemistry of inositol phosphates, bas been both 
extensively and intensively studied. A lot of sources of this enzyme were subsequently c:lisc:mwed. The 
physico-chemical and biochemical properties of some of the described phytase& seem to be well known, 
especially the phytase produced by A3pe11Jillus spp. Iovestiption in the field of molecuJar acoctics 
yielded the possibility to overproduce this enzyme. This program aiming at improving the induatrial 
production of phytase on a cost-effective level, will continue because the efforts to use ph)tue in feed 
and food industries have been successful. Also the preparation of inositol phosphates using phytllc to 
hydrolyze phytic acid seems to be interesting. As lower inositol phosphates and pholpholipida play 
important role in transmembraDC cell signalling and calcium mobilization from intracellular stock, the 
investiption of the potential role of phytase in this mechanism would be interesting. 

'Ibe author would lite to thank Dr. 0. VCJII'tlW for many dircuaicms and to Dr. M. NcMt lot critical NlldiJii of tile 
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Abstract 

A total of 285 samples representing S 1 feedstuffs used in Bel&ian feed-mills were quan­
titatively analysed for phytase activity, phytate-P and total P. It was concluded that the 
number of feedstuffs showina sipificant phytase activity (more than 100 units q- 1 ) is 
rather limited (n= l3 ). Of the cereals analysed, only rye (5130 units q- 1 

), triticale (1688 
units q- 1 ) , wheat ( 1193 units q- 1

) and barley ( 582 units q- 1
) were rich in phytase. 

Wheat by-products. such asfmebran meal (4601 unitsq- 1
) or pellets (2573 unitsq- 1

) ], 

middlinp (4381 units q- 1 
), feed flour (33SO units q- 1

) and bran (2957 units q- 1
) 

were very phytase rich. Pelleted wheat fine bran samples were, on average, only 56% as 
active as non-pelleted wheat fme bran. Malt sprouts pellets ( 877 units q- 1

) as well as 
com distillers ( 385 units q- 1

) also showed a moderate phytase activity. All other feed­
stuffs analysed showed zero or extremely low phytase activity. Phytase activity was not 
related to total P content or phytate-P content. 

A significant linear relationship was found between phytate-P and total P, for two feed­
stuff classes-wheat plus wheat by-products (R2=0.953; RSD=0.060) and maize plus 
maize by-products (R 2=0.928; RSD=0.042)-but not for cereals or oil meals. Phytate-P 
content, as a percentqe of total P content, was hiaher in cereals and in wheat by-products 
than in oil-seed meals and lepme seeds. In malt sprouts, com distillers and moist ensiled 
maize, phytate-P seems to be totally or partly hydrolysed as a result of processing or ensil­
ing. In feedstuffs derived from roots and tubers, as well as in citrus pulp, cocoa shells, 
soyabean hulls, flax chaff, maize cob meal, dehydrated alfalfa and a dried mycelium sam­
ple, phytate-P was not detectable. 

*Correspondina author. 
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1. :latroUedoa 

As a result of arowina concern about the environment, intensification of ani­
mal production in many European countries is considered as a potential source 
of air pollution and a threat to soil and drinkina water quality. In areas of inten­
sive Pia production (e.s. Be)&ium, Netherlands and France), pollution with ni­
trogen and phosphorus from manure is becoming a major problem.. In some sandy 
regions of northern BeJaium, Pia manure production per unit of arable land greatly 
exceeds the requirements for reasonable crop production. In certain areas, phos­
phorus excretion by ruminants and pias even exceeds 300 ka P 20s ha-t year- 1• 

In such a situation, re-examination of nitrogen and phosphorus requirements, 
especially of pigs, is necessary to prevent the eventual deterioration of drinking 
water resources. Phosphorus pollution by monopstric animals is mainly due to 
the very low bio-availability of phytate-phospborus, the most important P form 
in cereals and other seeds (Nelson, 1980; Jongbloed, 1987; Fourdin et al., 1988 ). 
To meet the animals' requirements for phosphorus, mixed feeds for pip are sup­
plemented with inorpnic phosphates. This could at least partly be avoided if the 
absorbability of phytate-P could be increased by an appropriate use of pbytases. 
Some plant feedstuffs (such as wheat or triticale) and some funai (such as A.sper­
gi//us sp.) contain powertUl pbytues, capable ofhydrolysina phytic acid in (bio­
available) inorpnic P and inositol within the animals' diaestive tract (Kemme 
and JoD&bloed, 1989; Pointillart, 1991; Eeckhout and De Paepe, 1991, 1992). 
Consequently, the available phosphorus content of an all-plant pia meal depends 
on three facton: phytate-P content; non-phytate-P content; phytase activity of 
the diet. The pouible destruction of phytase by peUeting or heat treatment must 
also be taken into account. A better understanding of the relative value of these 
facton would facilitate low-phosphorus diet formulation. However, until now, 
there has been no phosphorus evaluation system which takes into account vege­
table phytase as a source of absorbable phosphorus. 

Althouah the real sipificance of wheat phytase and triticale phytase has been 
clearly demoastrated with Pialets and arowina pip (Eeckhout and De Paepe, 1991, 
1992), little information has been published on the phytase activity for a variety 
of plant feedstuffs. Therefore, we coDected 285 samples from S 1 feedstuffs used 
in the BeJaian animal feed industry and analysed them for total P, phytate-P and 
phytase activity. 

2. Materials .......... 

aean, uncontaminated (not mouldy) samples were taken at various Belaian 
feed-mills and sent to our laboratory for analysis. The Jl'OUDd samples were ana­
lysed for total P by the EEC method for feedstuft's, and for phytate-P by the method 
ofHaua and Lantzsch ( 1983). The choice of this method, which bas been adopted 
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by the UK Aariculture and Advisory Service, was based on the encourqi.q re­
sults of a comparative study (Hopakins et al., 1989) involvillg two other methods. 

Phytase activity was measured at pH 5.5 and 37°C by the following method. 
Finely ground samples ( 200 ma, or 100 ma for phytase-rich feedstuffs) were 
weiahed in 50 ml volumetric flasks, and the Oasks were filled to the mark with 
Na-phytate solution ( 1. 722& ofNa-phytate (Siama P 3168 from rice), 180 ml of 
H 20 and 820 ml of0.25 M acetate buffer, pH 5.5 ). The flasks were shaken for 15 
min and then placed in a water bath at 37°C. After 10 min incubation, a 2 ml 
portion of the incubate was transferred to a test tube containing 2 ml of 10% 
trichloro-acetic acid (TCA). After another 60 min, another 2 ml portion of in­
cubate was transferred to a test tube containing 2 ml of 10% TCA. The contents 
of both tubes were flltered through an SetS (Schleicher & Schuell, Dassel) 5893 

filter paper and 1 ml of the flltrate was transferred to a cuvette, together with I 
ml of a freshly prepared colour reaaent. The colour reagent was a mixture of four 
parts of Solution A ( 1 S 1 of ammonium heptamolybdate.4H20, 55 ml of concen­
trated sulphuric acid and H20 to 1 I) and one part of Solution B (27 g of 
FeS04• 7H20, a few drops of concentrated sulphuric acid and H20 to 250 ml). 
Colour was measured in a spectrophotometer at 700 nm and compared with a 
calibration series containing 1 ml of 10% TCA per cuvette, 1 ml of P standard 
solution ( 0, 10, 20, 30 or 40 ~ol P mi- 1 

) and 2 ml of colour reqent. Phospho­
rus measured in the 10 min incubate was taken as a blank; therefore only the 
dift'erence in optical density between the 70 min incubate and the 10 min incu­
bate was attributed to phytase activity. 

Phytase activity was calculated as follows: Phytase units Icg- 1 = (PX 1000) 1 
( WX 60), where Pis micromoles of P liberated by phytase in 60 min, W is sam­
ple weiaht (&) and 60 is the incubation time taken into account (i.e. 70 min 
minus 10 min). From the method described, the phytase unit is defined as that 
amount of phytase activity which liberates inorganic phosphorus from a 0.0015 
M Na-phytate solution, at a rate of 1 JmlOl min-• at pH 5.5 and 37°C. 

3. Relalt. ad dlleuuioa 

The data were classified in the following manner: ( 1 ) feedstuft's with phytase 
activity (more than 100 units tg- 1 ) ; ( 2) feedstuffs with very low or no phytase 
activity (less than 100 units q- 1 ); ( 3) feedstuffa without phytate-P; ( 4) rela­
tionships between phytate-P and total P and phytase activity. 

3.1. Feedstuffs with phytase activity 

Feedstuffs with an average phytase activity higher than 100 units q- 1 are pre­
sented in Table I, which shows that, takins into account the borderline products 
(peas, com distillers and rice bran), only a limited number of feedstuffs showed 
appreciable phytase activity. From a practical point of view, wheat and its by­
products are by far the most important. Wheat by-products especially have pow­
erful phytase activity, and the difference in activity between pelleted and non-
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Table I 
Total P, phytate-P and phytue activity of feedstuffs with phytue activity of more than I 00 UDits q- 1 

II TotaiP (%) Phytate-P (Phytate-P I Phytase 
mean±SD (41ft) total P) X 100 (UDitsq- 1) 

(raup) mean±SD mean±SD mean±SD 

<ranae> (ran&e) (rqe) 

Seeds 
Rye 2 0.36 0.22 61 5130 

(0.35-0.36) (0.20-0.23) (S6-66) (4132-6127) 
Triticale 6 0.37±0.02 0.25±0.02 67±3.7 1688±227 

(0.35-0.40) (0.22-0.28) (61-70) (1475-2039) 
Wheat 13 0.33±0.02 0.22±0.02 67±4.8 1193±223 

(0.31-0.38) (0.19-0.27) (61-78) (915-1581) 
Barley 9 0.37±0.02 0.22±0.01 60±2.4 582± 178 

(0.34-0.39) (0.20-0.24) (SS-62) (408-882) 
Peas 11 0.38±0.02 0.17±0.03 45±6.2 116±54 

(0.36-0.40) (0.13-0.21) (36-53) (36-183) 
/Jy.prodllcts 
Wheat fine bran 6 0.95±0.06 0.72±0.08 76±5.6 4601±860 

(0.88-1.03) (0.60-0.81) (68-84) (3485-5345) 
Wheat fine bran IS 1.01 ±0.08 0.78±0.08 77±5.6 2S73±0.S9 

(pellets) (0.88-1.17) (0.62-0.88) (62-82) (1206-4230) 
Wheat middliJlp s 0.80±0.25 0.53±0.14 66±6.9 4381 ±9S6 

(O.SJ-1.20) (0.33-0.71) (S9-76) (282S-S042) 
Wheat feed flour 11 O.S6±0.20 0.39±0.16 70±7.6 3350±1244 

(0.26-0.91) (0.15-0.64) (S6-76) (1007-4708) 
Wheat bran s 1.16±0.14 0.97±0.20 84±7.3 29S7± ISS6 

( 1.03-1.36) (0.77-1.27) (7S-93) (1180-S208) 
Malt sprouts 4 0.60±0.09 0.01±0.03 2±3.4 877±242 

(pellets) (0.52-0.73) (0-0.0S) (0-7) (60S-1174) 
Com distiners 3 0.90 0.19 21 38S 

(0.86-0.96) (0.17-0.21) (20-24) (141-850) 
Rice bran 2 1.71 1.10 64 122 

(1.37-1.74) ( 1.08-1.11) (62-66) (108-135) 

pelleted wheat fine bran is very probably due to the partial destruction of phytase 
by heat developed duriDa pelletiq. 

Of the cereals, rye bas by far the hilbest phytase activity, followed by triticale, 
wheat and barley. Althouah variation in phytase activity within a sinale feedituff 
is important, it should be noted that the averqe values for the four cereals are 
very different and that there is little or no overlappiq. On the other hand, the 
hisher variation and sipificant overlapping of wheat by-products is mnarkable, 
and probably orisinates from ditTerent processina conditions rather than differ­
ent cultivan. The hisher variation in total P content of some wheat by-products 
supports this auumption. 

The presence of an active phytase bas been studied in germinatina maize seeds 
(Chana, 1967); in pound dry maize, however, only very weak phytase activity 
can be demoDstrated after a very Iona incubation time (ScheuennaD:n et al., 1988 ). 
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The not neafilible averqe phytase activity of the three com distillers samples is 
mainly due to the hi&h value of one sample ( 850 units q- 1 

) • Phytate-P, as mea­
sured by the Haua and Lantzsch ( 1983) method, is low in relation to the total P 
content (214M~). The fermentation process that disti1ler's pains undelJO seems to 
increase the P availability for pip (Cromwell, 1992), presumably as a result of 
partial phytate hydrolysis. However, phytic acid seems to be totally hydrolysed 
durina processiq of malt sprouts. which have an average phytase activity hiper 
than barley, notwithstandiq pelleting. 

The presence of phytase in legume seeds (Sutardi and Buckle, 1986), in aleu­
rone particles of rice (Yoshida et al., 1975) and in rice (A. Pointillart and C. 
Colin, personal communication, 1993) has been demonstrated, but activity is 
weak. For 20 different pea cultivars, A. Pointillart (personal communication, 
1993) found only 78 ± 15 units q- 1

, and concluded that phytase activity of peas 
is neaJilible. 

Phytate-P content, as a percentqe of total P content, for the seven cereals stud­
ied-four with phytase activity (Table 1) and three without (maize, oats and 
sorpum, Table 2 )-was hiahest for sorpum (701M») and lowest for oats (59%), 
barley (60'Mt) and rye (61~), whereas wheat (67~). triticale (6~) and maize 
( 6~) were intermediate. These fiaures aaree fairly well with those mentioned 
by Cromwell ( 1992). The correspondiq value for peas is much lower ( 45%), in 
aareement with the values pven by Sauveur ( 1989). All wheat by-products listed 
in Table 1 show a hi&her total P content than wheat, and also a hiaher phytate-P 
content, in relative as well as in absolute terms. This can be explained by the 
abundance of phytate-P in the aleurone layer of the grain (Reddy et al., 1989). 

3. 2. Feedstrdfs without phytase activity 

Table 2 presents 38 of the analysed feedstuffs with only very low (less than 100 
units q- 1 ) or no phytase activity. Amana the cereals, there seems to be no nat­
urally occurrina phytase in maize, oats and arain soqhum capable of hydrolysing 
phytic acid in appreciable amounts under the test conditions used. 

Althouab the bio-availability of phosphorus in hiah-moisture ensiled maize is 
three to four times hiaherthan that of phosphorus in dry maize (Ross et al., 1983 ), 
practically no phytase activity was noted. However, there seems to be a consid­
erable reduction in phytate-P content, which may explain the enhanced bio-avail­
ability of phosphorus. 

Amoq the cereal by-products, oil meals, legume seeds, roots and tubers and 
the other products mentioned in Table 2, various feedstuffs have been heat-treated, 
and/or pelleted, so, theoretically, phytase that could potentially be present may 
have been destroyed. However, for most of these feedstuffs, these treatments are 
probably not responsible for the absence of noticeable phytase activity, with de­
hydrated wheat gluten feed perhaps the only exception. 

Phytase activity of any sipificance was absent in all analysed maize by-prod­
ucts, in rice feed ftour and extracted rice bran, as well as in oil meals and the 
legume seeds studied. Feedstuffs from roots and tubers, as well as hulls, shells 
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Table2 
Total P, phytate-P and phytue activity offeedstutfa with phytue activity of less than 100 units q- 1 

n TotaiP (%) Pbytatc-P (Pbytatc-P I Phytase 
mean±SD (4111) totalP)XIOO (unitsq-1) 

(J'IlDIC) mean±SD mean±SD mean±SD 
(ranae) (J'IlDIC) (ran&e) 

Ctreals 
Maize 11 0.28±0.03 0.19±0.03 68±5.9 IS± 18 

(0.2S-0.3S) (0.16-0.26) (61-77) (0-46) 
Oats 6 0.36±0.03 0.21±0.04 59± 11 42±S0 

(0.33-0.40) (0.16-0.28) (48-78) (0-108) 
Sorghum s 0.27±0.05 0.19±0.04 70±6.2 24±32 

(0.20-0.33) ( 0.14-0.24) (61-76) (0-76) 
Maize (moist ensiled) 1 7 0.30±0.05 0.13±0.02 43±5.3 12± 11 

(0.24-0.38) (0.11-0.18) (35-49) (0-30) 

Ctrealby-products 
Maize gluten feed 9 0.87±0.16 0.47±0.06 54±6.2 48±68 

(0.63-1.10) (0.35-0.54) (44-62) (0-177) 
Maize aluten feed s 0.89±0.10 0.52±0.08 58±3.1 5±7 

(pellets) (0.75-0.99) (0.40-0.60) (53-61) (0-lS) 
Maize FflllS (extracted) 1 0.65 0.42 6S 16 
Maize feed flour 2 0.23 0.14 61 s 

( 0.22-0.24) (0.12-0.16) (55-67) (3-6) 
Maize feed flour s 0.50±0.04 0.27±0.o7 54±9.7 37±30 

(USA) (0.45-0.SS) (0.20-0.36) (44-6S) (0-78) 
Rice feed flour 1 0.32 0.23 72 0 
Rice bran (extracted) 4 1.89±0.27 0.79±0.19 42±9.6 45±67 

( 1.57-2.21) (0.69-1.07) (31-54) (0-145) 
Wheat gluten feed 6 0.78±0.06 0.56±0.10 71 ± 11.0 25±61 

(0.71-0.87) (0.44-0.69) (39-90) (0-150) 

Oil meals 
Peanut (extracted) 3 0.68 0.32 47 3 

(pellets) (0.65-0.70) (0.30-0.34) (46-49) (0-8) 
Coconut (expeller) 4 O.S3±0.0S 0.18±0.03 34±4.0 24±37 

(0.47-0.58) (0.14-0.20) (30-39) (0-80) 
Linseed (expeller) 4 0.75±0.02 0.42±0.02 SS±2.9 5±6 

(0.73-0.78) (0.39-0.43) (S2-S8) (0-12) 
Linseed (extacted) 1 0.82 0.47 57 41 
Rapeseed (extracted) s 1.12±0.04 0.40±0.05 36±3.4 16±16 

( 1.07-1.17) (0.34-0.48) (32-41) (0-36) 
Palm-kernel (expeller) 6 0.59±0.03 0.39±0.03 66±3.9 37±31 

(O.SS-0.62) (0.33-0.41) (60-71) (0-91) 
Sunflower (extracted) 11 1.00±0.11 0.44±0.05 44±3.9 62±53 

(pellets) ( 0.86-1.28) (0.32-0.51) (35-47) (0-185) 
Soyabean 44 (extracted) IS 0.66±0.03 0.35±0.02 S3±2.S 40±45 

(0.61-0.71) (0.33-0.39) (46-57) (0-120) 
Soyabean 48 (extracted) s 0.61 ±0.01 0.32±0.02 52±3.7 8±8 

(0.59-0.62) (0.28-0.33) (46-56) (0-20) 
Soyabean SO (extracted) 9 0.71 ±O.o2 0.38±0.01 S4±2.2 31 ±SO 

(0.67-0. 73) (0.37-0.40) (Sl-56) (0-149) 
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n TotalP (~) Phytate-P ( Phytate-P I Phytase 
mean±SD (1111) total P) X 100 (unitskg- 1 ) 

(ruge) mean±SD mean±SD mean±SD 
(ruge) (ruge) (ran,e) 

Legume seeds 
Soyabeans (heated) 4 0.57±0.02 0.26±0.02 46±5.1 55±89 

(0.55-0.59) (0.23-0.28) (39-51) (0-188) 
Field beans (heated) 0.50 0.23 46 81 
Lupins 0.25 0.05 20 0 

Roots and tubers 
Beet pulp 18 0.10±0.01 0 0 3±4 

(pellets) (0.08-0.11) (0-13) 
Potato 1 0.10 0 0 0 

(chips) 
Potato starch 1 0.10 0 0 0 
Cassava root 11 0.09±0.01 0 0 6±13 

(chips) (0.06-0.12) (0-40) 
Cassava root 7 0.08±0.02 0 0 9±8 

(pellets) (0.06-0.12) (0-21) 
Sweet potatoes 3 0.11 0 0 26 

(0.10-0.13) (0-73) 

Other by-~ts (+alfalfa) 
Citrus pulp 4 0.10±0.01 0 0 3±6 

(pellets) (0.09-0.11) (0-12) 
Cocoa shells 1 0.40 0 0 65 
Soyabean hulls 5 0.19±0.02 0 0 99±58 

(0.17-0.21) (0-150) 
Flax chaff 1 0.10 0 0 58 
Mycelium 2 0.14 0 0 77 

(0.13-0.15) (22-131) 
Alfalfa (dehydrated) 7 0.23±0.07 0 0 60±84 

(pellets) (0.11-0.33) (15-250) 
Maize cob I 0.05 0 0 58 

•on 881111 dry matter basis. Lyophilized for phytase activity determination. 

and chaff, citrus pulp pellets, dehydrated alfalfa pellets and a mycelium sample 
analysed, were not only free of phytase activity but no phytate-P was detectable 
with the method used. The absence ofphytate-P in malt sprouts pellets, however, 
is attributed to hydrolysis of phytic acid duriq processina by a powerful phytase 
( 877 units q- 1

). With this exception, it can be concluded that feedstuffs without 
phytate-P are free of phytase activity and show a rather low total P content. 

However, it should be stressed that pbytate-P was determined by the indirect 
methodofHauaandLantzscb (1983). Usiqothermethods,Bos (1990) found 
traces of phytate-P in cassava, soya hulls and alfalfa, as did Simons et al. ( 1981 ) 
in cassava, grass meal and alfalfa. On the other hand, Simons et al. ( 1981 ) did 
not detect phytate-P in potato flakes, nor did Cromwell ( 1992) detect it in alfalfa 

,.,,,,,,, 
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meal. These rather conflictina results are probably attributable to the difficulties 
of pbytato-P determination at very low concentrations. 

There is not always close qreement in the literature on the content of phytato­
P as a percentqe of total P, even when the same method for phytato-P determi­
nation is used. Lantzsch ( 1989) and Hopkins et al. ( 1989) used the Haua and 
Lantzsch method ( 1983 ), as we did. Nevertheless, widely different values were 
found, for example, for rapeseed meal-171M. (Hopkins et al., 1989), 36% (this 
study) and 671Mt (Lantzsch, 1989). The correspondina values for sunflower meal 
were 321M., 441Mt and 75%. For soyabean oil meal, the respective values were 43%, 
53% and 56%, and those for maize were 67%, 68~ and 75%. As a rule, the values 
cited by Lantzsch are hiaher than those of Nelson et al. ( 1968), Hopkins et al. 
( 1989) and from this study. In fact, there is better agreement between our results 
and those of Nelson et al. ( 1968), especially for cereals, althouah the latter used 
a different method for phytato-P determination. However, for palm-kernel meal, 
Lantzsch's value ( 661Mt) was similar to our results. The reasons for these conflict­
ing results are not clear, althouah factors such as cultivars, processing conditions 
(e.g. cereal by-products) and number of observations per feedstuff and per ro­
searcher, as well as analytical methods used, may explain the observed variations. 

3. 3. ReltJtionship between parameters studied 

Simons et al. ( 1981 ) found aood linear relationships between total P and phy­
tato-P for several classes of ve,etable feedstufl's, notwitbstandins the fact that 
phytate-P data were from three different laboratories involving three different 
methods. We analysed linear relationship between phytato-P (y) and total P (x) 
for the following feedstuff classes (data from Tables 1 and 2): ( 1 ) cereals, n =52 
(moist ensiled maize not included); ( 2) wheat and wheat by-products, n =55 
(wheat aluten feed not included); ( 3) maize and maize by-products, n = 33 (com 
distillers, cob meal and moist ensiled maize not induded ); ( 4) oil meals, n = 63; 
( 5) Ieaume seeds, n = 17 ( indudina peas). 

Table 3 shows that, for each feedstuff class studied, total P content is positively 

Table 3 
Linear relatiolllbip between phytate-P (%) (y) and total P (%) ( x) 

Feedstuffs n Rearession Rl RSD 

Cereals 52 0.49x+O.OS 0.518 0.022 
( ±0.07) 

Wheat+ wheat by-products ss 0.83x-0.06 0.953 0.060 
( ±0.02) 

Maize+ maize by-products 33 O.SOx+0.04 0.928 0.042 
( ±0.02} 

Oil meals 63 0.24x+O.I8 0.420 0.053 
(±0.04) 

Leaume seeds 17 O.S4x-0.04 0.790 0.027 
( ±0.07} 

, . , .L ............. .. 
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Fi&- 1. Linear relatiolllhip between phytate-P (4111) and total-P ('Ill) for wheat and wheat by-product 
( + ) and maize and maize by-products ( 0). 

Table4 
LinearrelatioalbipbetweeD phytase activity (unitsq- 1) (y) and total P ('Ill) (x1) orpbytate-P ('Ill) 
(X2) 

Feedstuffs n Rearession R2 RSD 

Barley 9 3502x~-725 0.126 177 
(±3481) 

7102x2-996 0.311 158 
(±3997) 

Wheat 13 -1207x1 +I 594 0.018 230 
( ±2674) 
-2818x2+ 1837 0.102 220 

( ±2579) 
Wheat by-products 27 1606xl + 2462 0.127 1236 

(±841) 
1316x2+2962 0.070 1275 

( ±956) 

correlated with pbytate-P content. However, from a practical standpoint, the pre­
dictability of pbytate-P content from total P content is only justified for two feed­
stuffclalaes, wheat and wheat by-products (R 2 =0.953;RSD=0.060) and maize 
and maize by-products (R 2=0.928; RSD=0.042 ). The repcssion coefficients of 
these two equations clearly show that a given increase in total Pin wheat and 
wheat by-products results in a sipificantly hiaher increase in phytate-P com-
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pared with maize and maize by-products (Fig. 1 ). The standard error of esti­
mated phytate-P content, however, is relatively important. 

Considerins the relatively scarce information on phytase activity of feedstuffs, 
we considered it worth while to use the available phytase activity data for a linear 
regression analysis between the phytase activity of three feedstuff classes (barley, 
n=9; wheat, n= 13; (non-pelleted) wheat by-products, n=27) on the one hand 
and total P or phytate-P content on the other. The results are summarized in 
Table 4. The results of this investigation sugest that it is not possible to predict 
phytase activity of barley, wheat or wheat by-products from total P or phytate-P 
content by linear regression analysis, and that no relationship can be established 
between phytase activity and total P or phytate-P contents. 
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Improving the bioavailability of nutrients in plant foods at the 
household level 
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Plant foods are the major staples of diets in developing countries, in which the consumption of 
animal-source foods is often low because of economic and/or religious concerns. However, 
such plant-based diets are often associated with micronutrient deficits, exacerbated in part by 
poor micronutrient bioavailability. Diet-related factors in plant foods that affect bioavailability 
include: the chemical form of the nutrient in food and/or nature of the food matrix; interactions 
between nutrients and other organic components (e.g. phytate, polyphenols, dietary fibre, oxalic 
acid, protein, fat, ascorbic acid); pretreatment of food as a result of processing and/or prep­
aration practices. Consequently, household strategies that reduce the content or counteract 
the inhibiting effects of these factors on micronutrient bioavailability are urgently needed in 
developing-country settings. Examples of such strategies include: germination, microbial 
fermentation or soaking to reduce the phytate and polyphenol content of unrefined cereal 
porridges used for young child feeding; addition of ascorbic acid-containing fruits to enhance 
non-haem-Fe absorption; heating to destroy heat-labile anti-nutritional factors (e.g. goitrogens, 
thiarninases) or disrupt carotenoid-protein complexes. Such strategies have been employed in 
both experimental isotope-absorption and community-based studies. Increases in Fe, Zn and Ca 
absorption have been reported in adults fed dephytinized cereals compared with cereals con­
taining their native phytate. In community-based studies in rural Malawi improvements in 
dietary quality and arm-muscle area and reductions in the incidence of anaemia and common 
infections in young children have been observed. 

Bioavailability: Plant foods: Household: Micronutrients: Phytate 

In developing countries plant foods are the major staples 
of the diet and consumption of animal-source foods is 
often low because of economic and/or religious concerns. 
Such plant-based diets are, however, often associated with 
deficits in Ca, Fe, Zn and some vitamins. A major factor 
contributing to these deficits, particularly for diets based on 
unrefined cereals and legumes, is that bioavailability, 
which can be defined as the proportion of an ingested trace 
element in food that is absorbed and utilized for normal 
metabolic and physiological functions or storage (Jackson, 
1997), is poor. Bioavailability is influenced by both dietary 
and host-related factors (Fairweather-Tait & Hurrell, 
1996). The present review addresses the dietary factors 
and summarizes food preparation and processing practices 
that can be used in the household to enhance nutrient 

bioavailability. Examples of efficacy studies employing 
these strategies in developing countries are also given. 

Diet-related factors in plant foods that affect 
bioavailability 

Several dietary factors may affect the nutrient bioavail­
ability of plant foods when they are consumed, including: 
(1) the chemical form of the nutrient in the food and the 
nature of the food matrix; (2) interactions occurring 
between nutrients and other organic components within the 
plant food; (3) pretreatment of the food during processing 
and/or preparation. 
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Table 1. Effects of non-competitive interactions involving organic substances on nutrient bioavailability in plant foods: inhibiting factors 

Dietary component Food sources Main technical influences Nutritional consequences 

Phytate (myo-inositol 
hexaphosphate) plus 
magnesium, calcium 
or potassium phytate 

Unrefined cereals, legumes, 
nuts, oil seeds 

Binds certain cations to form 
insoluble complexes in gut 

Zn, Fe, Ca and probably Mg are poorly 
absorbed (Heaney eta/. 1991; 
Sandberg eta/. 1999) 

Soyabean protein Some varieties of soyabeans, 
unfermented tofu, 
textured vegetable protein 

Effect not explicable on basis of 
phytate content but instead depends 
on variety and processing method 

Inhibits Fe and Zn absorption in some 
varieties. Some contain Fe as 
phytoferrin, which may be highly 
bioavailable (Murray-Kolb eta/. 2003) 

Polyphenols 

Oxalic acid 

Certain cereals (red sorghum), 
legumes (red kidney beans, 
black beans, black grams), 
spinach, betel leaves, oregano 

Beverages: tea, coffee, cocoa, 
red wine 

Amaranth, spinach, rhubarb, yam, 
taro, sweet potato, sorrel, 
sesame seeds, black tea 

Form insoluble complexes with Fe 
Some polyphenols inactivate thiamin 
Bind certain salivary and digestive 

enzymes 
Enhance excretion of endogenous 

protein 

Oxalates form insoluble complexes 
with Ca and possibly Fe 

Inhibit non-haem-Fe absorption 
Reduce thiamin absorption 
Reduce digestibility of starch, protein 

and lipids 
Interfere with protein digestibility 

(Bravo, 1998) 

Reduce absorption of Ca and 
possibly Fe; increase urinary 
Ca (Savage, 2002) 

Dietary fibre Unrefined cereals, legumes, nuts, Lignin and pectin bind bile acids 
oil seeds, fruits and vegetables 

Reduces absorption of fats, fat-soluble 
vitamins and carotenoids; effects on 
folate bioavailability inconsistent 

Slows gastric emptying and digestion 
and absorption of nutrients (Gallagher 
& Schneeman, 2001) 

Pectins, psyllium and gums retain 
water and form viscous solutions 
in gastrointestinal tract 

Dietary fibres are fermented in large 
intestine by microflora 

SCFA produced that enhance Ca 
solubility (Demigne et a/. 1995) 

Sorghum, Sotphum bicolor (L.) Moench; red kidney beans, Phaseolus vulgaris; black beans, Glycine max; black gram, Phaseolus mungo; spinach, Spinacia 
oleraoea; betel, Piper betet, oregano, Origanum vulgare; amaranth, Amaranthus eduNs; rhubarb, Rheum rflaponlicum; yam, Dioscorea spp.; taro, Colocasia 
esculenta var. antiquorum; sweet potato, Ipomoea batatas; sesame, Sesamum arleta/e. 

In general, diet-related factors have a greater influ­
ence on the bioavailability of the micronutrients in plant 
foods, particularly Ca, Fe and Zn, than on the macro­
nutrients. The absorption of Ca, Fe and Zn is particularly 
affected. The net effect on the nutrient bioavailability 
depends on the balance between factors that either inhibit 
or enhance nutrient absorption and/or utilization in the 
whole diet (Sandstrom, 2001). Increasingly, the influence 
of both synthetic micronutrient fortificants and intrinsic 
micronutrients on micronutrient bioavailability must be 
considered. 

Chemical form of the nutrient and nature of the 
dietary matrix 

The absorption and/or utilization of the trace elements 
Fe, Se and Zn, and of the vitamins niacin, provitamin A 
carotenoids and folate are most affected by their chemical 
form. Of these micronutrients, the bioavailability of the 
two forms of Fe in food (haem- and non-haem-Fe; 
Hallberg, 1981), certain isomeric forms of carotenoids 
(Yeum & Russell, 2002) and folate polyglutamates relative 
to monoglutamates (McNulty & Pentieva, 2004) have been 
reviewed in detail elsewhere. 

The food matrix probably has the greatest effect on the 
absorption of provitamin A carotenoids and folate, both of 
which can be entrapped in the insoluble plant matrix, thus 
reducing their bioavailability. For example, ~-carotene in 

raw carrots or lycopene in fresh tomato juice are poorly 
absorbed compared with pure ~-carotene dissolved in oil 
(Yeum & Russell, 2002), whereas the bioavailability of 
folate from chopped spinach (Spinacia oleracea) is higher 
than that from whole spinach leaves (Castenmiller et al. 
2000). 

Interactions between nutrients themselves and with other 
organic components in the plant food 

Direct competitive interactions between two (or more) 
inorganic nutrients with similar physico-chemical proper­
ties that share the same absorptive pathways are unlikely 
in plant foods because the intrinsic micronutrient levels 
are low. Even when plant staples serve as vehicles for 
fortification the risk of such interactions is small because 
of the presence of dietary ligands in food (Sandstrom et al. 
1985). 

In contrast, there are several organic components in 
plant foods that may form insoluble or soluble complexes 
with certain micronutrients in the acid pH of the stomach 
and gastrointestinal tract, thus inhibiting or facilitating 
their absorption. Re-absorption of endogenously-excreted 
Ca, Zn and Cu may also be affected (Sandstrom, 200 1; 
Manary et al. 2002a). Examples of these non-competitive 
interactions are summarized in Tables 1 and 2; both inhi­
biting and enhancing factors are listed. 
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Table 2. Effects of non-competitive interactions involving organic substances on nutrient bioavailability in plant foods: enhancing factors 

Dietary component Food sources Main technical influences Nutritional consequences 

Organic acids (citric, lactic, 
acetic, butyric, propionic 
and formic acids) 

Fermented milk products 
(e.g. yoghurts), vegetables, 
sa1,1erkraut, soya sauces, 
fermented cereals 

May form soluble ligands with 
some trace minerals in the 
gastrointestinal tract 

Enhance absorption of Zn and 
possibly Fe (SandstrOm, 1997; 
Taucher eta/. 2004) 

(e.g. Tobwa) 

Ascorbic acid Citrus fruits and juices 
Other fruits: guavas, mango, 

papayas, kiwi, strawberries 
Vegetables: tomato, asparagus, 

Brussels sprouts, spinach etc. 

Red1,1ces Fe3+ to more soluble 
Fe2+ ; forms Fe-ascorbate 
chelate 

Enhances non-haem-Fe absorption 
(Taucher et al. 2004) 

Counteracts inhibitory effect 
of phytate 

May increase stability of folate 
during food processing and 
digestion 

May enhance folate bioavailability 
(McNulty & Pentieva, 2004) 

May enhance or inhibit Se absorption, 
depending on the chemical form 
(Mutanen & Mykkanen, 1985; 
Levander, 1987). 

Ascorbic acid may also enhance 
Cr absorption (Offenbacher, 1994) 

Protein Amount and type (e.g. animal 
protein) form soluble ligands 
with Zn, Fe and Cu 

Enhance absorption of Zn, Fe and 
Cu (Bjom-Rasmussen & Hallberg, 
1979; Turnlund et a/.1983; 
Lonnerdal, 2000) 

Increase urinary Ca excretion 
(Heaney, 2000) 

Fat Oil seeds, nuts Products of fat digestion+ bile salts 
solubilize fat-soluble vitamins 

Enhance absorption of fat-soluble 
vitamins and provitamin A 
carotenoids (Yeum & Russell, 2002) and carotenoids in intestinal milieu 

Guava, Psidium guajava L.; mango, Mangifera indica L.; papaya, Carica papaya; kiwi, Actinidia deliciosa; strawberry, Fragaria X ananassa; asparagus, Asparagus 
officina/is; spinach, Spinacia oleracea. 

Pretreatment of food in the household as a result of 
processing and/or preparation practices 

The adverse effects of some of the organic components 
in plant foods on nutrient bioavailability can be reduced 
by household food processing and preparation practices; 
these practices are summarized in Table 3 and will be 
discussed. 

ThemuJl processing. This treatment generally enhances 
the digestibility of proteins and carbohydrates, although if 
Maillard browning occurs in baked foods protein quality 
and digestibility may be reduced (Table 3). Thermal 
processing may also improve the bioavailability of certain 
vitamins and I, in some cases because of the destruction 
of heat-labile anti-nutritional factors (Erdman & Pneros­
Schneier, 1994). For example, thiaminases in Brussels 
sprouts and red cabbage, which catalyse the cleavage of 
thiamin, are destroyed by cooking (Hilker & Somogyi, 
1982). Cooking also destroys the goitrogens present 
in cabbage, Brussels sprouts, turnips, sweet potatoes 
(Ipomoea batatas), millet (hnatherum hymenoides), cas­
sava (Manihot esculenta Crantz) and beans. Such goitro­
gens block the absorption or utilization of I and thus its 
uptake into the thyroid gland (Gaitan, 1990). 

Thermal processing can also enhance the bioavailability 
of vitamins such as thiamin, vitamin B6, niacin and caro­
tenoids by releasing them from entrapment in the plant 
matrix. For example, greater increases in total serum 

~-carotene and serum lycopene have been reported after 
eating cooked carrots and spinach (Rock et a/. 1998) and 
cooked tomatoes (van het Hof et a/. 2000) compared with 
levels when they are consumed raw. This effect is attrib­
uted to softening or disruption of plant cell walls and 
the disruption of carotenoid-protein complexes so that the 
carotenoids are more available in the intestinal lumen for 
absorption (Yeum & Russell, 2002). 

Reports on the effects of thermal processing on phytate 
degradation are inconsistent and depend on the plant 
species, temperature and/or pH. Hurrell et al. (2002) have 
reported that home thermal processing does not degrade 
phytate sufficiently to improve Fe absorption from home­
prepared pancakes or chapattis. Other investigators 
(Kataria et at. 1989; Marfo et at. 1990; Khan eta/. 1991) 
have suggested that conventional heat treatments such as 
boiling may induce moderate losses (i.e. 5-15 %) of phytic 
acid in tubers (Marfo et at. 1990) and some legumes 
(Kataria et at. 1989) and cereals (Khan eta/. 1991). Much 
higher losses have been reported after boiling white rice 
(i.e. 70%; Perlas & Gibson, 2002), attributed mainly to 
leaching of water-soluble sodium, potassium or magnesium 
phytate into the discarded cooking water. 

Germination. This process, also termed malting, leads 
to an increase in phytase activity in certain cereals (e.g. 
maize, millet and sorghum (Sorghum bicolor (L.) 
Moench)), in most legumes and in oil seeds through de 
novo synthesis and/or activation of intrinsic phytase. 
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Table 3. Influence of household food processing and preparation methods on bioavailability of nutrients in plant foods 

Processing method Main technical influences Nutritional consequences 

Thermal processing Releases some vitamins from poorly-digested 
complexes 

Enhances bioavailabillty of vitamin B6, niacin, 
folate and certain carotenoids 

Inactivates heat-labile anti-nutritional factors (e.g. 
protease inhibitors, a-amylase inhibitors, lectins, 
thiaminases, goitrogens) 

Enhances digestibility of proteins and starch 
Enhances bioavailability of thiamine and I 

May degrade phytate, depending on temperature 
Gelatinizes starch 

May enhance Zn, Fe and Ca bioavailability 
Enhances digestibility 

Baking Induces Maillard browning in foods containing 
reducing sugars 

Destroys basic essential amino acids lysine, 
arginine and methionine 

Reduces protein quality and protein digestibility 

Boiling Reduces oxalate content Enhances Ca absorption 

Germination and malting Increases phytase activity via de novo synthesis or 
activation of endogenous phytase 

Induces hydrolysis of phytate and hence increases 
Zn, Fe, Ca, and Mg absorption 

Reduces polyphenol content of some legumes 
(e.g. Vicia faba) 

Enhances non-haem-Fe absorption 

Increases a-amylase content of cereals (e.g. 
sorghum and millet) 

Facilitates starch digestion; may increase 
non-haem-Fa absorption through a change in 
consistency 

Village-based milling or 
home pounding 

Reduces phytate content of cereals with phytate 
localized in outer aleurone layer (rice, wheat, 
sorghum) or in germ (maize) 

Enhances bioavaiiability of Zn, Fe, and Ca, 
although mineral content simultaneously 
reduced 

Microbial fermentation Induces hydrolysis of phytate by microbial phytase 
Increases content of organic acids 

Enhances bioavailability of Zn, Fe and Ca 
May form soluble ligands with non-haem-Fe and 

Zn, and enhance bioavailability 
Microbial enzymes may destroy protein inhibitors 

that interfere with N digestibility 
May improve protein quality in maize, legumes, 

groundnuts and pumpkin and millet seeds 

Sorghum, Sorghum bico/or (L.) Moench; millet, Achnatherum hymenoides; groundnut, Apios americana Medic.; pumpkin, Cucurbita Pepo. 

Tropical cereals such as maize and sorghum have a lower 
endogenous phytase activity than do rye, wheat, triticale 
(X Triticosecale Wittrnack), buckwheat (Fagopyrum escu­
lentum) or barley (Egli et al. 2002). Phytases (myo-inositol 
hexakisphosphate 3-phosphohydrolase) hydrolyse phytic 
acid (myo-inositol hexaphosphate) as well as the salts, 
magnesium, calcium or potassium phytate, to yield in­
organic orthophosphate and myo-inositol via intermediate 
myo-inositol phosphates (pentaphosphates to monophos­
phates). The rate of phytate hydrolysis varies with the 
species and variety, as well as the stage of germination, 
pH, moisture content, temperature (optimal range 45-
570C), solubility of phytate and the presence of certain 
inhibitors (Cheryan, 1980; Egli et al. 2003). Egli et al. 
(2002) have observed that during germination rice, millet 
and mungbean (Vigna radiata L.) have the largest reduc­
tions in phytate content, ranging from 50% (for mung­
beans) to 64%. 

Such reductions in the levels of higher inositol phos­
phates can have a major impact on mineral bioavailability 
because they form complexes with divalent and trivalent 
cations (particularly Zn, Fe, Ca and Mg) at the physiolo­
gical pH conditions of the small intestine, making them 
unavailable for absorption (Oberleas & Harland, 1981; 
Hurrell, 2003; Egli et al. 2004; Hurrell et al. 2004); the 
higher inositol phosphates have no effect on Cu absorption 
(Egli et al. 2004). The hexa- and pentaphosphates may 
also complex endogenously-secreted minerals such as Zn 

(Sandstrom, 1997; Manary et al. 2000) and Ca (Morris & 
Ellis, 1985), making them unavailable for re-absorption 
into the body. In contrast, myo-inositol phosphates with 
less than five phosphate groups (i.e. monophosphates to 
tetraphosphates) do not have a negative effect on Zn 
absorption (LOnnerdal et al. 1989) and those with less 
than three phosphate groups do not inhibit non-haem-Fe 
absorption (Sandberg et al. 1999). There appears to be no 
adaptation to the inhibitory effect of a high-phytate diet 
on absorption of Fe (Brune et al. 1989) or exogenous 
Zn, although endogenous excretion of faecal Zn may be 
decreased in healthy subjects (Sandstrom et a/. 1993). 

Certain tannins and other polyphenols in legumes (e.g. 
Vicia faba) and red sorghum may also be reduced during 
germination as a result of the formation of polyphenol 
complexes with proteins and the gradual degradation 
of oligosaccharides (Camacho et al. 1992). Naturally­
occurring polyphenol oxidase extracted from banana 
(Musa X paridasiaca L.) or avocado (Persea americana 
Mill.) and subsequently reduced by dialysis has also been 
used to reduce the polyphenol content of high-tannin 
sorghum (Matuschek & Svanberg, 2004). 

a-Amylase activity is also increased during germi­
nation of cereals, particularly sorghum and millet. This 
enzyme hydrolyses amylase and amylopectin to dextrins 
and maltose, thus reducing the viscosity of thick cereal 
porridges (Gibson & Ferguson, 1998). A threefold increase 
in Fe absorption has been reported in amylase-treated 
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roller-dried rice cereal compared with the untreated roller­
dried cereal, which is associated with the viscosity changes 
induced by a-amylase (Hurrell et al. 2002). 

Milling or household pounding. In developing coun­
tries this process is used to remove the bran and/or germ 
from cereals such as wheat, sorghum, rice and maize. 
These processes also reduce the phytate content if the 
phytate is localized in the outer aleurone layer (e.g. rice, 
sorghum and wheat) or in the germ (i.e. maize; O'Dell 
et al. 1972). Milling can thus enhance mineral bioavail­
ability, although the content of minerals and some vitamins 
of the milled cereals are simultaneously reduced. As a 
result, in some countries milled cereal flours are enriched 
to compensate for the micronutrients lost. 

Microbial fermentation. Higher inositol phosphates are 
hydrolysed to lower inositol phosphates through the action 
of microbial phytase enzymes (Sandberg, 1991). These 
micro-organisms may occur naturally on the surface of 
cereals and legumes or can be introduced via inoculation 
with a starter culture. The extent of the reduction in higher 
inositol phosphate levels depends on the type of fermen­
tation; sometimes ;:::90% phytate can be removed by 
fermentation of maize, soyabeans, sorghum, cassava, 
cocoyam (Colocasia esculenta), cowpeas (Vigna unguicu­
lata) and lima beans (Phaseolus limensis; Marfo et al. 
1990; Sandberg, 1991; Svanberg et al. 1993). Fermentation 
of bread dough with yeast also induces phytate hydrolysis, 
although if Ca is added as a fortificant phytase activity in 
yeast is inhibited (Hallberg et al. 1991). 

Organic acids are also produced during fermentation 
and can potentially enhance Fe and Zn absorption via the 
formation of soluble ligands (Charlton, 1983; Hazell & 
Johnson, 1987; Walter et al. 1998; Porres et al. 2001). 
They may also complex some of the minerals bound 
to phytate molecules, rendering them more susceptible to 
hydrolysis via phytase enzymes (Maenz et al. 1999), while 
simultaneously generating a pH that optimizes the activity 
of intrinsic phytase from cereal or legume flours (Porres 
et al. 2001). In contrast, organic acids may have an inhi­
bitory effect on the activity of the intestinal brush-border 
enzyme glutamate caroboxypeptidase II, attributed to a 
lowering of the pH (McNulty & Pentieva, 2004). 

Improvements in protein quality have also been docu­
mented after fermenting blended mixtures of plant-based 
complementary foods based on maize and legumes (Nnam, 
1999), groundnuts (Apios americana Medic), pumpkin 
(Cucurbita Pepo) and millet seeds (Ezeji & Ojimelukwe, 
1993) and cereal and soyabean blends (Sanni et al. 1999). 
Such improvements may be associated with the destruction 
by microbial enzymes of protein inhibitors that interfere 
with N digestibility (Nnam, 1999), or from the ability of 
starter cultures to synthesize certain amino acids (Odunfa, 
1985). 

Soaking. The soaking of cereal and most legume flours 
in water results in the passive diffusion of water-soluble 
sodium, potassium or magnesium phytate, which can be 
removed by decanting the water (De Boland et al. 1975; 
Chang et al. 1977; Perlas & Gibson, 2002). Nevertheless, 
the extent of the removal depends on the species, pH and 
length and conditions of soaking. Reductions in the penta­
and hexaphosphates of 47, 57 and 98% respectively have 

been reported for mungbean, maize and rice flours after 
soaking (Hotz & Gibson, 2001; Perlas & Gibson, 2002; 
Temple et al. 2002); however, no reductions are achieved 
after soaking whole mungbeans and maize kernels for 6 h 
(Perlas & Gibson, 2002; Temple et al. 2002). Reductions 
in the content of other anti-nutrients such as glycosides, 
alkaloids, oligosaccharides, saponins, polyphenols and 
oxalates may also occur (Chang et al. 1977). 

Application of household processing and preparation 
strategies to enhance nutrient bioavailability of plant 

foods in developing countries 

There is an urgent need to improve the nutritional quality 
of plant-based foods in developing countries, especially 
those used for feeding infants and young children. In the 
past the emphasis has been on enhancing their protein 
quality by blending cereals with legumes (usually in ratios 
of 70:30 (w/w) to provide the optimal mixture of essential 
amino acids), and problems associated with mineral bio­
availability have often been ignored. This approach is 
unfortunate because many of these cereal-legume blends 
have a very high phytate content and high phytate : Zn and 
phytate: Fe molar ratios. 

The inhibitory effect of phytate on Zn absorption 
follows a dose-dependent response (Navert et al. 1985) and 
the molar ratio for phytate :Zn in the diet is used to esti­
mate the proportion of absorbable Zn (Oberleas & Harland, 
1981). For Fe, phytic acid begins to lose its inhibitory 
effect on Fe absorption when ratios are < 1·0: 1·0 and it 
still inhibits Fe absorption at ratios as low as 0·2 : 1·0 
(Hallberg et al. 1989; Hurrell et al. 1992). 

Both in vitro and in vivo methods have been used to 
estimate the bioavailability of Fe, Zn and Ca in plant 
foods. Some in vitro methods are based on a two-stage 
simulated digestive process of the food or test meal, 
followed by determination of the dialysable Fe, Zn or Ca 
released. In general, the magnitude of the responses 
measured using these methods are not the same as those 
observed in human subjects, but some of these methods 
have been used to rank foods with respect to the effect of 
processing and preparation practices on mineral bioavail­
ability (Latunde-Dada et al. 1998). For example, increases 
in dialysable Fe, Zn and Ca have been reported after 
processing porridges prepared from legumes such as 
chickpea (Cicer arietinum) and black gram (Phaseolus 
mungo) flours and/or cereal flours such as maize, sorghum 
and rice by fermentation with a starter culture (Svanberg 
et al. 1993; Jood & Kapoor, 1997; Sharma & Khetarpaul, 
1998) and/or by soaking and germination (Svanberg et al. 
1993; Mbithi-Mwikya et al. 2002). 

More recently, cultured human intestinal cells (i.e. a 
Caco-2 cell in vitro model) have been developed for 
studying the characteristics of Fe, and in some cases Zn 
and Ca, transport by the intestinal absorptive epithelium 
(Han et al. 1994; Wortley et al. 2005). However, currently, 
there is no standardized Caco-2 cell method and the mag­
nitude of the effects observed appears to depend on the 
procedures used, making inter-laboratory comparisons 
difficult. Studies have applied this technique to screen and 
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rank selected staple-food genotypes for bioavailable Fe 
(Van Campen & Glahn, 1999), but further development 
of the Caco-2 cell model is needed before it can be used 
to determine the bioavailability of Zn and provitamin A 
carotenoids in plant foods. 

To date, in vivo isotope studies to measure the bio­
availability of Fe or Zn in plant foods modified using 
household strategies to enhance Fe or Zn absorption are 
limited. Studies on adults have demonstrated increases in 
Fe and Zn absorption when they are fed porridges used for 
infant feeding that have been prepared from a variety of 
dephytinized cereals as compared with those containing 
their native phytate. In a study of Fe absorption (Hurrell 
et al. 2003) phytic acid was degraded by the addition of 
exogenous commercial phytase enzyme, whereas in a Zn­
absorption study (Egli et al. 2004) dephytinization of a 
wheat-soyabean blend was achieved by the use of phytase 
naturally occurring in wholegrain cereals (Egli et al. 2003). 
In a hospital-based study in Malawi (Manary et al. 2000) 
the reduction of phytate in a maize-soyabean porridge by 
using a commercial phytase enzyme has been shown to 
increase fractional and total Zn absorption and reduce 
endogenous Zn losses in children recovering from tuber­
culosis but has no effect on Zn absorption in apparently­
well children. 

Only a few community-based efficacy trials have 
assessed the impact of food-based strategies in the house­
hold designed to enhance nutrient bioavailability. Early 
studies focused on improving the bioavailability of non­
haem-Fe have been reviewed by Rue! (2001). More recent 
studies have measured various outcomes, including ab­
sorption in vivo using stable isotopes of Fe (Diaz et al. 
2003), nutrient adequacy (Gibson et al. 2003; Hotz & 
Gibson, 2005) and biochemical and/or functional health 
outcomes (Dewey et al. 1997; Manary et al. 2002b; 
Yendall et al. 2002; Garcia et al. 2003; Mamiro et al. 
2004). 

In a recent study in rural Mexico no improvement in 
biochemical Fe status was observed among Fe-deficient 
women receiving 25 mg ascorbic acid from fresh lime juice 
twice daily on 6 d/week for 8 months compared with those 
receiving a placebo (Garcia et al. 2003), despite a twofold 
increase in Fe absorption, based on earlier stable-isotope 
results (Diaz et al. 2003). Similarly, after withholding 
coffee for 5 months no positive effect on Fe status was 
observed among Fe-deficient Guatemalan toddlers, except 
among those taking Fe supplements (Dewey et al. 1997), 
attributed to the relatively small amount of coffee ingested. 
Furthermore, in a large community-based double-blind 
randomized controlled trial in Tanzania (Mamiro et al. 
2004), in which a processed complementary food (based 
on soaked and germinated finger millet (Eleusine cora­
cana) and kidney beans (Phaseolus vulgaris), with roasted 
peanuts (Arachis hypogea) and mango (Mangifera indica 
L.) puree) and an identical unprocessed blend were fed to 
6-month-old infants (n 309) for 6 months, no significant 
differences were found between the two groups at the end 
of the study in either Fe status, as measured by Hb and 
zinc protoporphyrin, or growth, perhaps in part because 
there was only a 34% reduction in the phytate content of 
the processed complementary food. 

These results emphasize that an integrated approach that 
combines a variety of the strategies discussed earlier, 
including the addition of even a small amount of animal­
source foods, is probably the best strategy to improve 
the nutrient bioavailability in diets based on plant foods. 
Two such community-based efficacy trials have been 
undertaken among weanlings and young children in rural 
Malawi. Both trials employed a quasi-experimental design 
with non-equivalent control groups and used a partici­
patory approach to implement a combination of food-based 
strategies in the household to enhance their awareness, 
feasibility and acceptability to caregivers in the local 
community. Details of the strategies and their imple­
mentation have been published (Gibson et al. 1998, 2003; 
Yendall et al. 2002, 2005; Hotz & Gibson, 2005); their 
efficacy was evaluated by determining knowledge, trial 
and adoption of the new practices and comparing dietary 
quality and the adequacy of the energy and nutrient intakes 
of the intervention and control groups post-intervention 
(Gibson et al. 2003; Hotz & Gibson, 2005) and, for the 
children only, changes in growth and body composition, 
morbidity and Hb and hair Zn concentrations (Yendall 
et al. 2002). 

Results of the Malawian studies suggest that a combi­
nation of household food-based strategies, comparable with 
those outlined earlier, can be designed to be feasible and 
acceptable to caregivers of weanlings and children in sub­
sistence farming settings, although on-going nutrition 
education and social marketing efforts are required to 
enhance their adoption and to empower the community 
to sustain them. Nevertheless, even when such a combi­
nation of strategies is used, they are probably not sufficient 
to overcome the deficits in Ca, Fe and Zn, and possibly 
other micronutrients that exist in complementary diets in 
low-resource settings. In such cases additional strategies 
to enhance the micronutrient adequacy of these comp­
lementary diets are urgently required. Possible strategies 
include fortifying cereal-based dephytinized complement­
ary foods with a fortificant containing balanced and 
physiological levels of multi-micronutrients. In the long 
term, biofortification of staple cereals involving strategies 
to enhance both micronutrient density and bioavailability 
may become a feasible option for improving the micro­
nutrient status of the entire household in poor-resource 
settings. 
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Nomenclature of Phosphorus-Containing Compounds 
of Biochemical Importance 
(Recommendations 1976)• 

IUPAC-IUB Commission on Biochemical Nomenclature b 

The IUPAC Commissions on the Nomenclature 
of lnorpnic and of Organic chemistry (CNIC 
and CNOC) have recently provided, in the "D­
Rules"l1J, recommendations for IW11ina a luge 
number of organic compounds containins phos­
phorus. Many such compounds are extremely 
important in biochemistry and hence in nearly 
all branches ofbiolosY and medicine. Most of the 
biochemically important ones ue esters and/or 
anhydrides of various phosphorus-containins 
acids with complex organic alcohols and organic 
acids. Strict application of the "D-Rules"lll to 
such compounds would result, in many cues, in 
rather complicated names, and these would be 
inconvenient for most biochemists and biologists 
to use. 

However, other systems of nomenclature, in use 
in the biochemical literature, are availablel2-SJ. It 
is the purpose of this document to define and re­
commend certain of these for llllning organic 
phosphorus-containins compounds in biochemi­
cal, biological, and medical pubUcadoni. 

A pneral ~ and explanation of the prin­
ciples ~w.l'ftld In the nomenclature of biochemi­
cally important organic phosphorus compounds 

is given below. Representative compounds and 
their recommended names, together with those 
derived from more systematic nomenclaturel6,7J, 
including names formed according to the 
"D-Rules"l1J where appropriate, are listed in the 
Tables. 

1. Phosphoric e~ten, RO-PO(OHh, are named 
u 0-substituted phosphoric acids or as substi­
tuted alcohols (Table I}. Thus, choline 0-{dihy­
drogen phosphate) and 0-phosphonocholine are 
both appropriate names. The latter may be con­
tracted to pho~phochoUne, but not changed to 
phosphorylchoUne; "phosphoryl" is defined 
(ref.fl J, Rule 5.66) u OP~and requires, if used, 
the naming of all three BJOUps attached to the 
phosphorus atom. However, "phosphoryl" is re­
tained in derived terms such u the names of en­
zymes (e.g., phosphorylase) or of processes (e.g., 
phosphorylation). 

Comment. The form 0-phosphono-R stems from 
two considerations, 
(i) the definition (ref.llJ, Rule 5.51) of phos­
phonic acid as HPO(OH)2 , and 

• Document of tbe IUPAC.IUB CoiiUDillion on Biochemical Nomenclature (CBN), approved by IUPAC and IUB in 
1976 and pubUshed by plnlliuion of tbe lnterJ!IItlonal Union of Pure and Applied Chemistry (IUPAC) and the Inter­
national Union of Biocl)emiltry (IUB). Co.......,..U and 111JP1ti1ms for future reviliolll of this doC~Jment may be ~ent 
to any member of CBN". Reprints nay be obtained from the NltC Office of Biochemical Nomenclature (W.E. Cohn, 
Director), Bloloaf DiYision, Oat Ridp National Labcntory, P.O. BoxY, Oat Ridp, Tesm., U.S.A., 37830. 
b Members of CBN are: 0. HoJI'aan-Oitenbof (OIQ'nan), W.E. Cohn (Secretary), A: E. Braunstein, H. B. F. Dixon, 
B. L Horec:ker, W. B. Jalroby, P. Karbon, W. JClyne, C. Ueb~G~, E. C. Webb. 
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(ii) the principle in organic nomenclature of sub­
stitution of ~other atom or group for a hydrogen 
atom of a parent molecule, which, in. tiUs case, in­
volves the replacement of the H of an OH group 
by -PO(OHh, the phosphono group (ref.l11, 
Rule 5.52). 

2. Phosphate may be used for "(dihydrogen phos­
phate)", "( disodium phosphate)", etc., (1) if the 
nature of the counter-ions is not known or is of 
no importance in the context, or (2) if a mixture 
of ionic forms (free acid and/or monoanion and/ 
or dianion) is in question. Thus, in most biochem­
ical or biological systems, where the pH is around 
7, "glucose phosphate" may be used in place of 
"glucose dihydrogen phosphate", the proper 
name for the protonated form. 
Comments 
(i) AlthoUih glucose phosphate is an ester, the 
term "phosphate ester" should not be used: 
"phosphoric ester" is the appropriate generic 
term. 
(ii) When "phosphoric" is followed by a generic 
term(e.g., ester, amide, group), the word "acid" 
need not intervene. Hence "phosphoric ester'' is 
complete and sufficient, and the residue trans­
ferred to glucose to form Q.phosphonoglucose 
(see 1 above) is a "phosphoric residue". 
(iii) To distinguish choline phosphate (ester) 
from choline phosphate (salt), the-former could 
be written "choline Q.phosphate". However, 
"phosphocholine" is unambiguous. (For N-phos­
phono compounds, see Section 6). 

3. Phosphoric anhydrides are of two types, 
(a) those in which two or more phosphoric resi­
dues are linked by oxygen atoms to yield diphos­
phates, triphosphates, etc .. (e.g., ADP, ATP, etc; 
Table II) and (b) those in which phosphoric acid 
forms a "mixed anhydride" with a different type 
of acid (generally a carboxylic acid, e.g., acetic 
acid) (Table VI). The latter are named (ref.lll, 
Rule 5.64) as "R-ic phosphoric anhydrides".~J. as 
"R-yl phosphates" (e.g., acetic phosphoric an-. 
hydride or acetyl phosphate). 
Comments 
(i) "Pyro" should not be used for the substituted 
phosphoric anhydrides (ref.l61, Rule 4.12) (Ta-

IUPAC-IUB COMMISSION 

ble II), but may be retained in such terms as in­
organic pyrophosphate (ref.l61, Rule 5.213), pyro­
phosphatase, pyrophosphate-glycerol transferase; 
and pyrophosphorolysisl31. (cf. Section 1 above 
re "phosphoryl"). 
(ii) The preftxes di, tri, tetra, etc. should not be· 
used to indicate two or more independent phos- · 
phoric residues substituted on different oxygen · 
(or other) atoms in a single compound; the ap­
propriate multiplying preftxes for such com­
pounds are his, tris, tetrakis, etc. (ref.lll, 
Rule 5.51; ref.l61, Rules 2.251 and 4.12). For 
example, "fructose 1,6-diphosphate" could indi­
cate a diphosphoric residue bridgins positions 1 
and 6 of fructose; the common biochemical sub­
stance is correctly named fructose 1,6-bis(phos­
phate) (ref.l41, Rule 4.4). 

4. Phosphodiesten (Tables III and IV), which in­
volve the bridging group -PO(OH)-, could be 
named in terms of phosphinic acid, H2 PO(OH), 
for which the preftx form is phosphinicoll I. How­
ever, the use of this preftx, as in ref.I3J, presents 
complications in placing the locants for unsym­
metrical diesters. Hence, phosphin;k:O is con­
tracted to phospho, which is~:Used as an inftx be­
tween the names of the two alcohols. Thus,_gly­
cerophosphoc:holine is recommended lSI for the 
well-known phospholipid component (previous­
lyiBI, but incorrectly, called glycerophosphoryl­
choline; cf. Section 1 above). This recommenda­
tion also illustrates the convention by which gly­
cerol phosphate is contracted to ilycerophos­
phateiS,a), but tiUs should not be done in a con­
text where "glycero" may be confused with the 
residue of glyceric acid, as in glyceroJactone, or 
with the preftx glycero used in Carbohydrate 
Nomenclature (ref.l21, Rules C8rb-8 and Carb-9). 
(For the placement of locants, see examples in 
Tables I and IV.) 

Comments 
(i) The use of "phosphoryl" in tiUs situation re­
quires an indication in the name thJt there is one 
hydroxyl group remaining on the: phosphoric resi­
due, and would thus further 1e .. hen the name 
(see Section 1 above). : 
(ii) The diacyl derivatives of glycerophospho­
choline are commonly expressed as derivatives 
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NOMENCLATIJRE OF PHOSPHORUS-cONTAINING. COMPOUNDS 3 

of phosphatidic acid (Table IV), i.e., diacylgly­
cerophosphocholine = phosphatidylcholinei5,8J. 
(iii) The trivial names for the acid radicals of 
nucleotides (Table III) include the phosphoric 
residue, hence the latter is not specified in oligo­
or polynucleotide names, e.g., adenylylcjtidine 
suffices for Ado-P-Cyd (locants omitted for clar­
ity~ cfJ91). 
(iv) The so-called cyclic phosphates (Table III), 
of which adenosine 3',5'-phosphate* (cyclic AMP 
or cAMP) is the best-known example, are named 
in this form rather than in an inverted form, 
which would yield 3',5'-phosphoadenosine. The 
word "cyclic", often added before "phosphate", 
is unnecessary if the locants are given. 
(v) The infJX "phospho" gives precedent for "di­
phospho", "triphospho", "tetraphospho", etc., 
for the doubly esterified oligophosphoric acids 
(Table II), e.g., uridinediphosphoglucose, adeno­
sinediphosphoribose. 

5. Nucleosicle triphosphate analopes, in which a 
methylene group (-CH2-), an imido group (-NH-), 
or a sulfur atom replaces an oxygen atom bridg­
ing two phosphorus atoms, could be named by an 
extension of the convention of inorganic nomen­
clature (ref.l61, Rule 4.1 5) that employs 1J to indi­
cate a bridging sroup. Thus the compound sym­
bolized as Ado(5')P[CH2 ]PP could be named 
adenosine 5'-(1,2-IJ-methylene)triphosphate, and 
Ado(5')PP[CH2]P miaht be named adenosine 
5' -{2,3·1J·methylene )triphosphate. However, for 
the "methylene" part of these names, [o,D-me­
thylene] and ~.-y-methylene] are unambiguous, 
are consistent with the use of Greek letters as 
locants in other situations171, and are therefore 
recommended (see Table VIII). (The latter com­
pound can be termed 5' -adenylyl methylenedi­
phosphonate, but this name does not contain the 
significant term "triphosphate".) 

Comments 
(i) The use of square brackets here is similar to 
their use in amino-acid replacementllOJ, indicat­
ing a replacement of the normal constituent. 

• AccorcHna to IUPAC R.ulesl71 in anaJoaous cases (e.g. 
hydrocarbon bridles (A-34.1), epoxy and other epi com­
pounds (C-212.2, 514.4, 701.1, 815.2), lactones 
(C-472.1)) and common use by Chemical Abstracts, the 
comma between the locants is preferred to the colon re­
commended earlier by CBNl9J. 

Vol. 171 

(ii) Although the bridging methylene group in 
the Ado(5')PP[CH2]P example should receive 
priority for numbering, i.e., should be 1 ,2·1J· 
methylene to accord with inorganic nomenclature 
(refJ6J, Rule 4.15), this would require an addi­
tional term (as in Table \'III, column 2); it is 
therefore not suitable in this context, in which 
it is desirable to give adenosine fint consideration 
(i.e., it is always considered to be linked to the 
01 phosphorus atom). 
(iii) A terminal substitution (e.g., sulfur replac­
ing oxygen on p3) might be named adenosine 
5'-[3-thio]triphosphate, but adenosine 5'-['Y-thio ]· 
triphosphate is recommended(see ii above). 
(iv) The rules of inorganic nomenclature (refJ6 I, 
Table II) specify "imido" as the ligand name for 
-NH-; it is, in this case, an imide of phosphoric 
acid, hence "imido" is recommended for bio­
chemical use with "triphosphate" or "diphos­
phate" (see Table VIII). 
(v) The symbol for the nucleoside does not in­
clude the 5' -oxygen atom when the rest of the 
formula is written out in extenso. Thus Ado(5')· 
P[CH2]P = Ado(5'}0-PO(OH}CH2-P03H2. 
Such extended representation may be useful for 
analogs such as Ado(5')-CH2-P03H2, a methylene 
analog of AMP, and Ado(5')-0-PO(OH)-CH2-
As03H2. 

6. PhOiphoric: amides (Table V) are named by 
changing "acid" in the original acid name to 
"amide" (ref.l11, Rule 5.62). However, when the 
nitrogenous group supplying the amide moiety 
is known by a trivial name and that name is to be 
retained, the phosphoric amide may be named in 
the same manner as the esters (see Section 1 
above), but not in the form in which "phosphate" 
is used as a suffJX (see Section 2 above); e.g., 
phoaphOCJeatine (for N-phosphonocreatine), but 
not "creatine phosphate", because "phosphate" 
means that all atoms attached to the phosphorus 
atom are oxygen atoms. 

Comment. The contraction "phosphoamide" for 
phosphoric amide is often seen, but becomes un­
wieldy when either the amide or the phosphoric 
residue is substituted. Such compounds should 
be named as derivatives of phosphoramidic acid 
(or of a phosphoramidate ), or of amidophosphoric 
acid (aminophosphate) [ref.lll, Rules 5.53 (a, b), 
5.61 (a, b)]. 
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7. Fluorophoephoric: acids, when doubly esteri­
fied, become fluorophosphates or phosphoro­
fluoridates (ref.ll), Rules 5.53 (a, b), 5.61 (a, b)). 
Thus the well-known compound (Pr10)2PO-F or 
iPr2P-FI11 J may be called1iiisopropyl fluorophos­
phate or diisopropyl phosphorofluoridate (see 
Table VI). 
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Table 1: Phosphoric eaten (pboapllates). Footnotes a - n see p. 8. 

N•ma momntDrd«< /OT bioch•mktll ,.,._• 

lftoqlulte ,.,., 1 0-lftoiPhonofphoqho 

""""' 
1) D-Ribose 5-phosphate I 5-0-Phosphono-D-ribose; 

5-Phospho-D-ribose 

2) a-D-Ribose !·phosphate; j 1-0-Phosphono-a-D-ribose; 
a-D-Ribosyl phosphate c 1-Phospho-a-D-ribose 

3) Adenosine 5' ·phosphate; I s· -0-Phosphonoadenosine; 
S' ·Adenylic acid d 5' ·Pholphoadenosine 

4) 2-Aminoethyl phosphate; 
2-Aminoethanol O.pho~ 
phate; 
2-Aminoethanol pho~ 
phate (ester) 

2-Amhlo-0-pholphono­
ethanol; 
Phosphoethanolamine 1 

5) 2-Hydroxy-2-propenoate I ()-Phosphono-enol-pyru-
phosphate (ester) vate; 

Phosphoenolpyruvate 1 

Sy•t•mtltiC """"' 

D-Ribofuranose 5-(dihf· 
dropn phosphate) 

e~~-D-Ribofuranose l·(dihy­
dropn phosphate); 
CII·D-Ribofuranosyl dihy­
dropn pho1phate c 

Adenosine 5'-(dihydropn 
pholphate) 

2-Aminoethyl dihydropn 
phosphate; 
2-Aminoethanol (dihy­
dropn phosphate) (ester); 
2-Aminoethanol 0-(dihy­
dropn phosphate) 

Abbrniatio,a• b 

Ribose-5-P; 
Rib5P 

Ribose-1-P; 
RiblP 

Adenosine-5'P; 
AA.o5'P; 
PAdo; 
5'AMP 

P·Ethanolamine 

2-(Phosphonooxy)-2-pro- I P-enolPyruvate f 
penoate; 
2-Hyclroxy-2-propenoate (di-
hydropn phosphate) 
(ester) 

Structure 

P-~~ 1--(-0H 
HO OH 

HOC~ 

l-(o-P 
HO OH 

s' 

P-~ 

HO OH 

H2NCH2CH20-P 

0-P 

H2c.J:-co; 

~ a: 
t!1 

~ 
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~ 
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~ 
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Table I, continued. 

Nllma recommtmd«<for biochemiCill .,.,.~· 

Pholplulte ,.,. ().J'IIo~phonofpholpho Sy1temtztlc n11me1 ,.,. 
6) I>-Fructose 1 ,6-bis(phos- 1 .~J>i.O.phosphono-D- D-Fructofuranose 1 ,6-bis-

phate) .fructose (dihydroaen phosphate) 
1 .~Bis-(phospho )-D-fructose 

7) myo-Inositol hexalds- Hexa..().phosphono-myo- myo-Inositol hexakis(dihy-
(phosphate )I -inositol; droaen phosphate) 

Hexakis(phospho )-myo-
-inositol 

8) m-Glyc:eroll-phosphateh; l..().Pbosphono-m-glycerol; (S)-(2,3-Dihyelroxypropyl 
m-Glycero-1-phosphate 1-Pbospho-m-glycerol dihydroaen phosphate); 

(S)-(Glyceroll-(dihydro-
aen phosphate)) 

9)m-Glyc:erol 3-phosphate~ 3-()..Pbosphono-m-glycerol; (R)-(2,3-Dihydroxypropyl 
m-Glycero-~hosphate 3-Phospho-m-glyc:erol dihydroaen phosphate); 

(R)-(Glyc:eroll-(dihydro-
gen phosphate)] 

10)m-Glyc:erol! 1 ,2-bis(phos- 1 ,2-l)i.O.phosphono-m- (S)-((Hydroxymethyl)-
phate~ "tlycerol; ethylene bis(dihydrogen 
m-Glycero-1 ,2-bis- 1,2-Bis(phospho)-111-glyc:erol phosphate)]; 
(phosphate) (S)-(Giyceroll,2-bis(di-

hydroaen phosphate)); - (S)-2,3-Bis(phosphono-

~ oxy)-1-propmol 
----~-

Abbrevilltlom••b Struchl1e 

Fructose-l,~Pl; 6 
Fru(1,6)Pl P-OCH2 0 

~ o&b.,c.-. 

HO 

P6-Inositol 
P-0 0-P 

~· p 

P-0 
0-P 

111-Glyc:erol-1-P 1 CH20-P 
I 

HO.,..C~H 

I 
3CH20H 

111-Glyc:erol-3-P 1 CH20H 
I 

HO.,..C~H 

3br20-P 

m-Glycerol-1 ,2-P2 
1 CH20-P 

I 
P-O....C_.H 

I 
3CH20H 

-------------------- -

0\ 

-~ 
~ 
8 
1: 

i s z r 
' 



~ 
ll).m-Glycerol2,3-bis(phos- 2,3-Di-0-phosphono-rn· (R)-((Hydroxymethyl)· 

phate)k; "'lycerot; ethylene bis(dihydrogen 
m-Glycero-2,3-bis(phos- 2,3·Bis(phospho )-m- phosphate)); 
phate) "'lycerol (R)-(Glyceroll,2-bis(di----.1 -

hydroaen phosphate)) 
(R)-2,3-Bis(phosphono-
oxy)-1-propanol 

12) D-Glyceraldehyde 3-0-Phosphono-D-glycer· 2-Hydroxy-3-oxopropyl 
3-phosphate aldehyde; dihydrosen phosphate; 

3-Phospho-D-glyceralde- 2-Formyl-2-hydroxyethyl 
hyde dihydropn phosphate; 

D-Giyceraklehyde 3-(dihy· 
drosen phosphate) 

13)Glycerone phosphate'; 1-0-Phosphonoatycerone; 3-Hydroxy-2-oxopropyl 
1,3-Dihydroxyacetone 1-Phosphoalycerone1 dihydrosen phosphate; 
phosphate 1-Hydroxy-3-(phosphono-

oxy)-2-propanone 

14)D-Glycerate 3-phosphate 3-0-Phosphono-D-glycerate; (R)-(2-Hydroxy-3-(phos-
3-Phospho-D-glycerate phonooxy)propanoate ); 

(R)-(2,3-Dihydroxy-
propanoate 3-(dihydroaen 
phosphate)) 

IS) D-Glycerate 2,3-bis- 2,3-Di-0-phosphono-D· (R)-(2,3-Bis(phosphono-
(phosphate)m "'lycerate; oxy)propanoate); 

2,3-Bis(phospho )-D- (R)-(2,3-Dihydroxypro-
"'lyceratem panoate 2,3-bis(dihydroaen 

phosphate)) 

16)(D-Glyceroyl phosphate) 3-0-Phosphono-D-glyceroyl 2-Hydroxy-3-(phosphono· 
3-phosphate0 phosphate; oxy)propionyl dihydrosen 

3-Phospho·O"'lyceroyl phosphate; 
phosphate; 2,3-Dihydroxypropionyl 
3-0-Phosphono-D-&lyceric dihydroaen phosphate 
phosphoric monoanhy- 3-(dihfdroaen phosphate); 
dride; 2-Hydroxy-3-(phosphono-
3-Phospho-D-glyceric phos- oxy)propionic phosphoric 
phoric monoanhydride monoanhydride 

--------

rn-Glycerol-2,3-Pl 

1 CH20H 
I 

P-O....C~H 

I 
3CH,O-P 

D-Glyceraldehyde-
·3-P 1 CHO 

I 
H.,..C~OH 

I 
3CH20-P 

Glycerone-P1; 1 CH20-P 
Dihydroxyacetone-P I 

O=C 
l 

3CH,OH 

D-Glycerate-3-P 1 cor 
I 

H....C~H 

I 
3CH20-P 

D-Glycerate-2,3-P 1 c;ol 
I 

H.,..C~-P 

I 
3CH20-P 

D-Glyceric-1,3-P, 

1 co2-P 
I 

H....C~H 

I 
3CH,O-P 

-------------

~ 
~ 

~ 
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Table I, continued. 

• See Section 2 in the text. St•eospecific nUJilberina denoted by 111 is det"med in ret.f5,8J. If fully det"med in a paper,m and D may be omitted from bio­
chemical names and abbrmations. 
b The aym\lol P reJRIOilU a phosphoric resiclue and may precede or follow the orpnic resiclue. Approved symbols, such u Rib, Ado, Fru, etc. (see 
refL(4,9,11)) are utec1 to npraent t~ orpnic residueL The symboldos. for inositol, and Gro, Gra, Gm, Gri, for alyc.-ol, Jlyc.-aldehyde, Jlycerone (see 
footnote l, below), and Jlyceric acid respectivelr, are defiDecl in ret.l51. -
c LoCIDtl are not needed siDce the Jlycosyl Ddic:al, by definition, is formed at the hemiacetal position (ret.l21). 
d Nucleotide triYial name. 
• Most commonly used name. 
f "Pynmmol" with the symbol ePrv has been SIJIPitecl for "enol-pyruyate". 
I Phytic acid. 
h ~named L-tJycend 1-phospbate or D-aros~Ycerophosphoric ac:id (J>tlycerol3-phosphate)

1
18

1
1. 

I ~ named J>.tlycend 1-phospbate or J..o.tlYcerophOsphoric acid (L-tJycerol-].phosphate) 8 . 
J Prmously named L-Pycerol1,2-bis(phosphate)or D-Jlycerol2,3-bil(phosphate). 
k Preriously nameciJ>sb'cerol1,2-bis(phosphate) or L-t~Ycerol 2,3-bisCDhosphate). 
1 The name ''Jiy0110ne" has been propotecl for 1,3-dlhydloxyacetonelll. 
m Often called "diphosphoslycerate"; "bis" is correct (~ee Section 3). 
n One phosphoric residue is an est•; the other is an anhydride. Glyceroyl is the acyl ndical derived from Jlyceric acid (ref.l 11 I, Rule C-411.1). 
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~ Table D. Representative oiJaophosphoric eaten ( olipphOiphates). 

-...... - R«Dmmentkd 111m1a Othernt~ma 

1) Farnesyl diphospaJate; Farnesyl trihydrolen diphosphate; 
Farnesol diphosphate Farnesol (trihydrolen diphosphate) 

2)Adenoaine 5'.dfphosphateb 5' -Diphosphoadenosine; 
· S'-Adenylyl phosphate 

3) 5-Pbospho-ct-1>-ribosyl 5-0-Pbosphono-o-1>-ribosyl 
diphosphateC; diphosphate; 
~D-Ribosyl diphosphate S·Pbospho-a-1>-ribofuranosyl 
.5-phosphate diphosphate; • 

1-Diphospho-5-phosph~D-
.flbofuranote; 
~D-Ribose 1.dfphosphate 
.$-phosphate 

4)Guanosine 2' (or 3').dfphosphate 2'(or 3')-Diphospho-S'-triphos-
S' -triphosphate phop&Dosine; 

2'(or 3')-Diphosphopanylyl 
triphosphate 

S)~sine(S1tetraphospho(S')- P1 ,P4-Bis(S '-panosyl) tetra-
panosine; phosphate; 
Bis(auanylyl)diphosphate Bis(S' 'IU&nylyl) diphosphate 

Abbmlitltiolu a 

Adenosine-S'PP; 
AdoS'PP; 
PPAdo; 
ADP 

PJIMJP;d 
Pl.ibPP 

pppGpp; 

P3GP2 

• 

G(5')p4(5')G; 
(ppG)2 

Structure 

~CH20-POP 
~ 

s' 

~~-
HO OH 

5 

P-~~~ 
HO OH 

s' 

~-~C. 

0 0 --H,POP 

v~~ 
HO OH HO OH 

~ 
~ 

e 
~ 
~ 

~ 

i 
i 
Q 

~ 
~ 
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Table U, continued. 

Recommended 1111me1 Other 1111me1 Abbnvitlttom• 

6) 7-Methylpanosine(5')triphospho- pl-(7-Methyl-5' ~nosinium-5' -yl) m 7G(5')ppp(5')Gm 
(5')-2'-0.methyiJUanosine' p3-(2' -O-methyl-5' -panosyl) 

triphosphate; 
7-MethyJauanosinium 5'-(2'-0. 
-methyJauanosine 5' -triphosphate) 

7) Uridine(5')diphospho(l)-a-D- Uridine diphosphate Jluc:ose; UDP-Gic; 
1Jluc:osec Uricline 5' -(a-D1Jluc:opyranosyl U5'pp1Gic; 

diphosphate); UDPGf 
a-D-Glucopyranosyl 5' -uridylyl 
phosphate 

8)Cytidine(5')diphosphocholinec Cytidine diphosphate choline; CDP-Ololine; 
Cytidine 5'-(choline diphosphate); CDP-Cho 
Choline (5'-cytidylyl phosphate) 

-~ 

Structure 

s' 5' 
CH:zO -POI'OP-oCH:z 

~ ~~n~•l' 
HO OCH3 HO OH 

~ H 

s' 
HO OH 1>-rol'-~tb 

HO OH 

• s' 
(CHJ),NCR,at,l>-rol'-~c,t 

HO OH 

-Q 

... 
~ 
~ 
~ 
~ g 
~ 
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~ -...... -
9) Adenosine(S')diphospho(S)+D· Adenosine diphosphate n"bose; ADP.Rib; 5 s' 

-ribosec,a Adenosine S'-{P-D-ribose S-diphos- AS'ppSRib; 

~~-~~-phate) (RibS)ppA 

HO OH OH OH 

2' -(S-Phospho+D-ribofuranosyl)- AMP(P·Rib); s' 1 0) 2'-(S-Phosp~·D-ribosyl)-

P-~-adenosine S'-phosphateC•I adenosine S'·phosphate; P-Ado(P-Rib); 
2' -(S·Phospho+D-n"bofuranosyl)- pA2'(pRib); 
·S' -adenylic acid pRib(1-2')pA; 

iso(ADP-Rib); 
ljiADP-Ribb HO 0 

' 5 
P-OCH2 

0""' 

HO OH 

a The symbol Rib for the n"bose residue is def"med in rer.l4l. Other symbols are def"med in rer.l9l, especially Por p =phosphoric residue. 
b Triphosphates are treated similarly. Analop of ATP are further delineated in Table VI. Other nucleoside terms may replace "adenosine", "adenylyl", and 
"Ado" (ref.l9l). 
c Locants and descriptors are customarily omitted for the isomers shown, so that the terms may be written as, e.g., phosphoribosyl diphosphate, uridine­
diphosphoglucose (compound 7). 
d The abbreYiation PPRP is seen often in the literature; it is not recommended. 
• Bis(nucleotides) of this type, includq the methylation as shown, appear to be the common S' -terminus of many, if not all, of the RNAs of RNA-con­
tainin& viruses. The use of 7-methyJpanosine instead of the more correct 7-methyl-7'11Wl0sinium is common. 
f Common, but can be ambiauous in context with plactose. Glc for glucose is preferred. 
a Oeavaae of "poly(ADP.Rib)" at the2' linbp of the adenosine moieties gives compound 9; and between the phosphoric residues gives compound 10. 
Althouah compound 10 is not an oliaophosphoric ester and does not really beloJII in this table, it is included because it is most often encountered in con­
tunction with the isomeric compound 9. 

Disfa-vored; given here because of occurrence in the literature (Ill has other meaniJIIs in this context). 

~ 
3: 
~ 

~ 
~ 
~ 

i 
8 
3: 

~ 

' 



-~ 
00 

Table III. Representative bimudeoside phosphates and cyclic phosphatesl4,9l. 

Recomm~~nd«< 1U1mt18 

1) Adenylyl(3'-S')cytidine 
2) Adenylyl(3' -S')cytidine 3' ·phosphate 
3) S' -Pbosphoadenylyl(3' -S')cytidine 3' -phosphate 
4) S' -Pbosphodeoxyadenylyl(3' -S')thymidinec 
S) S'-Triphosphopanylyl(3'·S')cytidine 
6) Cytidine 2' ,3' -phosphate 
7) Adenosine 3',S' -phosphate 

Other Mmn b 

Cytidylyl(S'-+3')aclenosine 
3'-Phosphocytidylyl(S'-+3')aclenosine 
3'-Phosphocytidylyl(S'-+3')adenosine S'-phosphate 
Thymidylyl(S' -+3')cleoxyadenosiDe S' -phosphate 
Cytidylyl(S'-+3')1uanosine S'-trilhosphate 
Cytidine 2! ,3' -(cyclic )phosphate 
Adenosine 3',S' -(cyclic)phosphated 

Abbrnitltion 

A..C; Ado-3'PS'oCyd 
A-cp; Ado-3'PS'oCydP 
pA-cp; PAdo-3'PS'oCydP 
pdA11T;d(pA-n;P-dAdo-3'PS'11Thd 
pppG-c 
Cyd>P; Cyd-2',3'-P; C>p 
cyclic AMP; cAMP; Ado-3',5'-P 

• The infiX (3' -S') may be omitted if no ambipity may arise. 
b Many other names, includina permutations of those Jiven, are possible, e.a., adenosine(3')phospho(S')cytidine and S' -(3' -.denylyl)cytidine for compound 1. 
c The lll'ef"IX "ribo" precedes ''thymlcline" when S·methyluridine is meant. The symbols Thd and T indicate the latter; dThcl and dT represent thymi­
~(4,91. 

"(Cyclic)" is redundant when locants are liven (in compounds S and 7), but is helpful. It is necessary when, in repeated usaae, the locants are omitted. 

Table IV. Representative phospholipids (involvina cliesterifiecl phosphoric acid). 

Recommtlnd«< Mmna,b Other Mmn Abbl'ellitltioiUC Structure 

1) m-Glycero(3)phosphocholine Glycerol choline phosphate GroPCho 1f20H 

HO..,..C..,.H 
I 2 1 • 3 CH20-P-OCH2CH2N(CH3h 

2)(3-m-Pbosphatidyl)choline 1,2-Diacyl-lll-glycero(3)phospho- PtdCho; 1 CH202CR 
choline; acyl2GroPCho I 
Lecithind RC02.,..C..,.H 

3 bt2o-P-OCH2CH2N(CH3>3 

3) (3-m-Pbosphatidyl)-L-serine 1 ,2-Diacyl-m-slycero(3)phospho-L· PtdSer; 1 CH202CR 

' -serine; acyi2GroPSer I 
Cephalind RC02.,..C..,.H NH2 

I I 
3 CH20-P-OCH2CHC02H 
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~ 4) (3-III·Phosphatidyl)ethanolamine 1,2·Diacyl-ln-alycero(3)phospho· PtdEtn; --.I - ethanolamine; acyl2GroPEtn 
Cephalind 

S)l·Acyl·1-(1~nyl.,_,.Jiycero- Plasmenylcholine8 ; 

(3)-pbosphocholine Plasmalo&en 

6) 3-(3-m-Phospbatidyl)-III·Jlycerol l,l·Diacyl..,..J}ycero(3)phospho(3)- PtdGro 
-.m-J}ycerol 

7) 1-(3-111· Phospbatidyl)-L-myo- 1,2-Diacy...,..Jiycero(3)-phospho(l)- Ptdlns 
-inositol -L-myo-inositol; 

Phosphoinositided 

8) 1-(3-111-Phospbatidyl)-L-myo- l,l·Diacyl-III·Jlycero(3)phospho(l)- Ptdlns4P 
-inositol 4-phospbate -L-myo-inositol 4-phospbate; 

l,l·Diacy...,..Jiycero(3)phospho(l)-
-4-pbospbo-L-myo-inositol; 
Phosphonoinositicle 4-phospbated; 
Diphosphoinositicled 

1 CH202CR 
I 

RC02.,..C..,.H 

3 &2o-P-OCH2CH2NH2 

1 CH20CH==CHR 
I 

RC02.,..C..,.H 

3 tH20-P-OCH2CH2A<CH3)3 

1 CH202CR 
I 

1r20H 

RC02.,..C ... H HO.,..C..,.H 

I I 
3 CH20-P-OCH2 

CH202CR 
I 

HO OHRC02.,..C..,.H 

~~. 2 
1 

6 
HO 

OH 

CH202CR 
I 
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Table IV, continued. 

R«ommended namer••b Othernamet Abbrevitltiomc Structure 

9) 1-(3-m-Phosphatidyi)-L-myo- 1,2-Diacykn-alycero(3)phospho(1 )- Ptdlns(3,4 >P2 
-inositol3,4-bis(phosphate) --L-myo-inositol 3,4-bis(phosphate); CH202CR 

1,2-Diacyl-lrr-alycero(3)phospho(1 )- I 
-3,4-bis(phospbo)-L-myo-inositol; 

~p~~!" Phosphoinositide 3,4-bis(phos-
phate)d; 
Triphospboinositided 

2 
I 

P-
OH 

10)111-Giycero(3)-2-phosphono- .rn-Giycerol 3-((2-aminoethyl)phos- I CH20H 
ethylaminef phonate I 

HO.,.C~H 

I 
3 CH20-P-CH2CH2NH2 

11)(3-m-Phosphatidyl)- 1,2-Diacykn-alycero(3)-2-pbos- I CH202CR 
ethylaminef phonoethylamine I 

RC02.,.C~H 

I 
3 CH20-P-CHsCH2NH2 

1 Stereospecific numbering denoted by 111 is def"med in ref. I 5•8 I. If fully defined in a paper, m and Ylrious locants and descriptors may be omitted from the 
recommended names and abbreviations. The inf'IX "phospho" replaces "phosphoryl" and "phosphinico", which have been used in the past(3,4) (see Sec­
tions 1 and 4 of the text). 
b Phosphatidyl = 1 ,2-diacykn-glycero (3)phospho, which may replace it when desired. For 0-alkenyl- and 0-alkyl-substitued glycero compounds ("lyso" 
compounds), see entry S and ref. I 51, 
c The symbols Ptd for phosphatidyl, Gro for glycerol, Cho for choline, Ser for serine, Etn for ethanolamine, Ins for inositol and P for a phosphoric residue 
are defmed in ref.! 5 I. 
d Trivial names occasionally used in the pall; not recommended. Included here only for reference. 
e Plasmenyl and plasmanyl are defmed in ref.( 5 I. 
f Phosphonic derivatives, containing a P-C bond (compare entry 4, also Table VII). 
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~ Table V. Phosphoric amides (phosphoramidic acids or amidophoaphoric acids). 

--..I - Recommended Mmel1 Other llllmft b,c Structul'a 

l) Phosphocreatine N""-Pbosphonocreatine; NHCH3 
N·(/(·Phosphonoamiclino )sarcosine I I 

P-NH-C-N-CH2C02H 

2) Phosphoglycocyamine N""·PhosphonoJIYcocyamine; NH 
N""-Pbosphonopanidlnoacetic acid; I 
N·(/(·Phosphonoamiclino)llycine P-NH-C-NH-CH2~H 

3) Phosp]lOJuanidine N-Amiclinophosphoramiclate; NH 
N·Amiclinophosphoramidic acid I 

P-NH-C-NH2 

4) pJOI-Phosphohistidined; 3(1 )-Phosphonohisticlinec T 

11'-Phosphohistidine q /i 
P-N NH2 

w CH2~2H 
S) tele-Phosphohistidined; 1 (3)-Phosphonohisticlinec t 

r-Phosphohisticline 

)~ r· 
CH2cHC~H 

1 See Section 6 of the text for a discussion of the reasons for not usinJ the "phosphate" form of name for the phosphoric amides. P-Creatine, creatine-P are 
wlid for abbreviation purposes, on the assumption that the hyphen indicates a covalent boncl; names such as creatine phosphate do not. 
b The symbol w is used to mean the NH2 terminal poup, not the NH 119!4P· 
c The pnf"JX "phosphonato'' may be used to indicate anjc;»nic form (rcir.l 1J; Rule S.Sl). · 
d For definition of pro1 (w) and tek (r) locants, see refs.(ll,l2J. 
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Table VI. Repreaentative phosphoric anhydrides and ftuorophospbates-. .... 
0'1 

Recommended Mmts Other 111lmts Abbrevilltio1U Structure 

1) Acetyl phosphate Monoacetyl phosphate; Ac-P CH3C02.P 
Acetic phosphoric monoanhydride 

2)11-Aspartyl phosphate Mono-ji-Upartyl phosphate; Asp(JJI') NH2 
11-Asputic phosphoric mono- I 
anhydride H~CCHCH2C02-P 

a II 

3) Carbamoyl phosphateb Monocarbamoyl pho1phate; Cbm-P H2NC02-P 
Carbamic pho1phoric monoanhydride 

4) Adenosine S' ·phosphosulfate Adenosine S '.P-phosphatosulfatec; APSd; s' 
S'·Adenylyl sulfate; AdoPS ~ro~-~~ s· ·Adenylic sulfuric monoanhydride 

-IC 

~ 

S) Adenosine 3' ·phosphate S' ·phos- Adenosine 3' -phosphate S'·P· PAPSd; s' 
phosulfate; ·phosphatosulfateC; PAdoPS H~~-TQT 
3' ·Pholphoadenosine s· -phospho- 3' -Phospho-S' -adenylyl sulfate; 
sulfate 3' ·Phospho-S' -adenylic sulfuric 

monoanhydride 

P-0 OH 

6)Seryl adenylate l..Q.(S'·Adenylyl)serine; AMP-Ser; NH2 
Adenosine(S')phospho(l )serine Ser-I'·Ado I s' 

HOCH,CH~-P-~~ 

HO OH 

----- -- ----
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7) 3-Phosphoglyceroyl phosphate• 3-0-PhosphonoaJyceric phosphoric Gri(1,3)P2 f 

monoanhydride; 
I (Glyceroyl phosphate) 3-phosphate 

8~ Diisopropyl fiuorophosphate Diisopropyl phosphorofiuoridate iPr2P·FI 

a See Sections 3 and 7 in text. 
b Carbamyl, which is often used, is not in accord with the Organic Rules (ret.l71, Rule C-431.2). 
c See Rules oflnorpnic Nomenclature (ref.l6 I, Rule 4.211). 
d Commonly used in the literature; Ado form is preferred for A and P and S for the acid residues. 
• See 16 in Table I. 
f Gri is defmed in ref.l s I. 
I Equivalent to DIPF, FDIP, DFP, and Dip-F (refJUI). 

Table VII. Representative C·phosphonates. 

Recommended llllmft Other 1111mesa 

1) (2-Aminoethyl)phosphonic acidb 2-Phosphonoethylamine; 
Cilia tine 

2) (2-<>xoethyl)phosphonic acid (Formylmethyl)phosphonic acid; 
Phosphonoacetaldehyde 

a The prefiX "phosphonato" may be used to indicate an ionic form (ref.l 11, Rule D-5.52). 
b See also entries 10 and 11 in Table IV. 

P-OCH2CH(0~2-P 
3 2 1 

((CH3hCHObP(O)F 

Structures 

P-CH2CH2NH2 
2 1 

P-CH2CHO 

~ 
~ 

~ 

~ 
~ 
~ 

~ 
~ 
8 
~ 

I 

--..I 
-

t . 



-~ 
00 

Table VIII. Adenosine 5'-triphosphate analogs•. 

Recommended ~mer 

1 )Adenosine 5' -(«,#-methylene )tri­
phosphate 

2)Adenosine 5' -(~,'Y"imido )tri­
phbsphate 

3) Adenosine 5' -('Y-thio )tri­
phosphate 

• See section 5 in text. 

Other MIMI b 

Adenosine (5' -+ol )-1 ,2-"" 
·methylenetriphospbate; 
Adenosine (5' ...pi )-1 ,2..,­
-methylenetriphosphate 

Adenosine (5' -+03)-1 ,2-"­
·imidotriphosphate; 
Adenosine (5' ...,pl)-1 ,2-1'· 
-imidotriphosphate; 
5' ·Adenylyl imidodiphosphate; 
5' -Adenylyl iminodiphosphonatet 

Adenosine (5' -+03)-1-thiotri­
phosphate; 
Adenosine (5' .. pl)-1-thio­
triphosphate 

Abbrnitztion1 

AdoP(CH2 )PP; 
ppfCH2lPA 

AdoPP(NHJP; 
p(NH)ppA 

AdoPPP(S); 
(SJpppA 
ATP(S) 

b Adaptation of principles of inorganic nomenclature for isopolyanions (ref.l 6 I, Rule 4.1 5). 
c "lminodiphosphonate" is derived from organic nomenclature principles (ref.l71, Rules B-15.1 and C-815.1). 

StructuTe 

s' Ade CH -P-OC~H2 ~- 2 0 
'Y ~ a 

HO OH 

s' Ade 
P-NH-POP-OCH~2 0 ~ a 'Y 

HO OH 

s' Ade 
2e SPO-POP-~0~ "'' . . )--( 

HO OH 
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NOMENCLATURE OF PHOSPHORU8-CONTAINING COMPOUNDS 

Vol. 171 

CORRECI'IONS 

(a) Table IV. The structures show the (naturally occurring) ID isomers. 
Where appropriate, the names should have lo in place of L. 

(b) Table IV, entry 9). The naturally occurring bisphosphate is 4,5, not the 
3,4 that is (correctly) depicted and named. 

We are indebted to the Editors and Publishers of Hoppe-Seyler's Zeitschrlft 
fliT Physiologische Chemie for permission to reproduce these Recommendations 
photographi<:ally. 

Editorial note. Theee Recommendations are published as a service to the 
biochemical community. Publication does not imply endorsement of the Recom­
mendations by the Biochemical Journal, but rather presents this information for 
consideration. 
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Monographs containing summaries of relevant data and. toxicological evaluations 
are available from WHO under the title: 

6 

Toxicologic_a/ evaluation of certain food additives and contaminants. WHO Food 
Additives Series, No. 26, in press. 

Specifications are issued separately by FAO under the title: 

· Specificatz:,nsfor tMidentity and purity of certain food additives. (To be published 
as an FAO Food and Nutritioii Paper,) · · 

INTERNATIONAL PROGRAMME ON CHEMICAL'SAFETY 

The preparatory work for toxicological evaluations of food additives 
and contaminants by the Joint FAO/WHO Expert Committee on Food Addi­
tives (JECF A) is actively supported by certain of the Member States that 
contribute to the work of the International Programme on Chemical Safety 
(IPCS). 

The International Programme on Chemical Safety (IPCS) is a joint venture 
of the United Nations Environment Programme, the International Labour 
Organisation, and the World Health Organization. One of the main objectives 
of the IPCS is to carry out and disseminate evaluations of the effects of 
chemicals on human health and the quality of the environment. 



EVALUATION OF CERTAIN FOOD 
ADDITIVES AND CONTAMINANTS 

Thirty-fifth Report of the Joint FAO/WHO Expert 
Committee on Food Additives 

The Joint FAO{WHO Expert Committee on Food Additives met 
in Rome from 29 May to 7 June 1989. The meeting was opened by 
Dr P. Lunven, Director, Food Policy and Nutrition Division, FAO, 
on behalf of the Directors-General of the Food and Agriculture 
Organization of the United Nations and the World Health 
Organization. Dr Lunven noted that the work of the Joint FAO/ 
WHO Committee on Food Additives in providing scientific 
assessments was invaluable to WHO, FAO, and Member States and, 
in particular, to the work of the c;:::odex Alimentarius Commission. 
The Commission had been recognized as one of the key elements in 
removing barriers to trade and was expanding its work on food 
additives to provide uiriform and comprehensive recommendations 
to governments. Dr Lunven also noted that a comprehensive 
compilation of specifications for the identity and purity of food 
additives was in preparation for publication.1 

1. INTRODUCTION 

As a result of the recommendations of the first Joint FAO/WHO 
Conference on Food Additives, held in September 1955 (1), there 
have been 34 previous meetings of the Expert Committee (Annex 1). 
The present meeting was convened on the recommendation made at 
the thirty-third meeting (Annex 1, reference 83). 

The tasks before the Committee were: (a) to prepare specifications 
for the identity and purity of certain food additives and to carry out 
toxicological evaluations of them; (b) to review specifications for 
selected food additives; and (c) to undertake toxicological 
evaluations of certain food additives and the contaminants 
polychlorinated biphenyls and patulin. 

1 Specifications for the identity and purity of food adiiitives (being prepared by 
FAO). 
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2. GENERAL CONSIDERATIONS 

2.1 Modification of the agenda 

The issue of the safety of certain fungal enzyme preparations used 
in food was added to the agenda. 

Four flavouring agents, dihydrocoumarin, ethyl vanillin, fumaric 
acid, and quinine hydrochloride, were placed on the agenda on the 
basis of application of the first three steps of the method for setting 
priorities for the safety review of food flavouring ingredients, which 
is summarized in the report of the thirty-third meeting (Annex 1, 
reference 83). . . 

2.2 Principles governing the toxicological evaluation of compounds 
on the agenda 

In making recommendations on the safety of food additives and 
contaminants, the Committee took into consideration the principles 
established and contained in Principles for the safety assessment of 
food additives and contaminants in food (Annex 1, reference 76). This 
publication, developed in response to repeated recommendations by 
the Committee, embraces the major observations, comments, and 
recommendations on the safety assessment of food additives and 
contaminants contained in the previous reports of the Committee 
and other associated bodies. The Committee noted that the 
document reaffirms the validity of recommendations that are still 
appropriate, and points out the problems associated with those that 
are no longer valid in the light of modern technicaLadvances. 

2.2.1 Enzyme preparations 

In conjunction with the revision of general specifications for 
enzyme preparations (section 4.2), the Committee briefly reviewed 
the guidelines for .evaluating enzyme preparations used in food 
processing that are given in Annex 3 .of Principles for the safety 
assessment· of food additives and contaminants in food (Annex 1, 
reference 76). . 

It concluded that these guidelines provide a logical hierarchical 
procedure for determining the amount and kind of data required to 
establish the safety in use of enzyme preparations. The Committee 
stressed the advisory nature of the guidelines and recommended that 
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they and others given in Annex 3 of Principles for the safety 
assessment of food additives and contaminants in food (Annex 1, 
reference 76) be reviewed at a future meeting. 

2.2.2 Flavouring agents 

Flavouring agents have been the subject of general comments in 
several previous reports of the Committee and in Principles for the 
safety assessment of food additives and contaminants in food (Annex 
1, reference 76). The view has repeatedly been expressed that, 
although flavouring agents should ideally be toxicologically 
evaluated in the same way as other food additives, special 
considerations dictate a degree of flexibility. 

Although minimum requirements for the safety evaluation of 
flavouring agents have not been specified, any such evaluation 
should, in general, include at least a short-term feeding study, 
relevant metabolism studies, and mutagenicity studies. 

·The Committee had before it a number of flavouring agents for 
evaluation. In many instances, however, as is evident from section 
3.1.3, the Committee had difficulty in carrying out an evaluation 
since data were lacking. 

The Committee recognized the special problems involved in the 
safety evaluation of flavouring agents. However, it emphasized that 
a minimum amount of data was necessary to permit the development 
of a flexible procedure for evaluating these substances. 

2.2.3 Group AD Is for compounds that have a laxative effect 

In allocating a group acceptable daily intake (ADI) "not 
specified" to modified celluloses (section 3.1.5) and drawing 
attention to the laxative effect of an excessive intake of these 
substances, the Committee noted that similar considerations applied 
to polyols and that some gums and modified starches might also 
cause laxative effects at high intakes. At the Committee's twenty­
seventh meeting (Annex 1, reference 62), it was recommended that 
controls should be introduced to limit the consumption of polyols 
from all sources. At its present meeting, the Committee considered 
that other groups of thickeners and stabilizers that have laxative 
effects should also be subject to these controls since their effects are 
likely to be additive. 
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2.3 Principles governing the establishment and revision 
of specifications 

2.3.1 General 

The Committee reaffirmed the importance of specifications for 
identity and purity in the evaluation and safe use of food additives, 
as set out in Principles for the safety assessment of food additives and 
contaminants in food (Annex 1, reference 76). Material subjected to 
toxicological testing should always be adequately defined. The 
Committee stressed that information on methods of manufacture, 
raw materials, and potential impurities should be assessed on a 
regular basis so that specifications can be drawn up that are both 
appropriate to the material used in food and consistent with the 
composition of the material toxicologically tested or evaluated. 

In updating-existing specifications; the Committee recognized the 
need, in certain instanCes, to change the terms "molecular weight" 
and "relative molecular mass" to "fonnula weight" in order to 
conform to accepted chemical principles (2). The Committee 
considered the term formula weight, -which represents the mass 
corresponding to the simplest or empirical formula of a chemical 
compound, to be the correct term both for salts and for other 
chemicals that -do not exist in nature as discrete molecules. 
Specifications reviewed at the present meeting were revised, where 
necessary, in accordance with this principle. 

2.3.2 Enzyme preparations 

Enzyme-preparations were considered at the present meeting in 
response to a recommendation made at the Committee's thirty-first 
meeting. Questions had arisen from a discussion of the need to define 
the non-enzymic components of enzyme- preparations and how 
information on such components might be taken into account from 
the point of view- of the definition and safety of the products. The 
Committee concluded that a complete definition of all -the 
components of an enzyme preparation can rarely, if ever, be 
achieved and that the identity and purity of preparations can 
therefore best be ensured by defining the processes by which they are 
produced and establishing criteria limiting the presence of 
contaminants and possible toxic metabolites derived from the source 
material or contaminating organisms. 
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The uncertainty as to the nature of the non-enzymic components 
mainly concerns the components that are derived in association with 
the active enzyme from the source material. In the case of enzymes 
derived from microbial sources, the potential for variability is 
related to both the identity of the organism concerned and the 
conditions under which it is cultured during the production of the 
enzyme. The Committee considered that it would be desirable, in 
specifications for microbial enzyme preparations, to define the 
source organism in terms not only of the species concerned but also 
of the strain or variant and to ensure that the culture conditions 
employed during the production of any particular preparation were 
the same as those under which the preparation subjected to 
toxicological testing was produced. Differences in either the strain of 
source organism or the conditions under which it was cultured would 
imply a change in the identity of the preparation and therefore 
require its re-evaluation. The Committee reiterated the principle 
already incorporated in the existing general specifications for 
enzyme preparations used in food processing (Annex 1, reference 69) 
that non-enzymic components added for technological reasons 
(stabilizers, diluents, preservatives, etc.) and as immobilizing agents 
should be acceptable and appropriate for the intended uses of the 
enzyme preparations in food and food processing. 

The Committee recognized that it may be inappropriate to 
impose limits on named mycotoxins in all microbial enzyme 
preparations regardless of source organism. It considered that, as 
individual specifications for enzymes are reviewed, the limits on 
named mycotoxins in the general specifications should be 
transferred, where relevant, to the individual source organisms. The 
Committee remained concerned, however, about the possibility of 
the production of as yet unidentified toxic metabolites. It considered 
that an appropriate battery of tests to screen for such potentially 
toxic metabolites should be developed for inclusion in the general 
specifications for enzyme preparations from microbial sources. 

2.3.3 Naturally occurring substances 

Substances of natural origin (e.g., spice oleoresins) may be 
introduced into commerce in forms that vary widely in composition. 
This variation is attributable to a number of factors, including the 
existence of different cultivars, the effects of climate and geography, 
the use of different extraction solvents and procedures, and the use 
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of diluents. Because of such compositional variation, specifications 
have tended· to be broad and therefore· not neeessarily.relevantto the 
substance for which a toxicological evaluation may be available. The 
Committee believed that specifications that simply· state, for 
example, the content of the principal component (e.g., flavouring 
principle, colour principle) as "not less than declared on the label", 
while suitable for ensuring honesty in trade, could be inadequate for 
purposes of safety. It therefore recognized the need to continue 
exploring new principles for establishing adequate specifications for 
substances of natural origin that are both appropriate to the material 
used in food and consistent with the composition of the 
toxicologically evaluated material. 

2.3.4 Solvent residues 

- During its deliberations on specifications for spice oleoresins, the 
Committee expressed the opinion that the use of dichloromethane 
and 1,2-dichloroethane as extraction solvents should be discouraged 
because of toxicological concerns. Because these and other solvents 
have not been recently evaluated and new data are-now available, the 
Committee concluded that an overall review of solvents used in food 
processing would be appropriate. 

In future reviews of existing specifications where provision has 
been made for the use of solvents; the Committee intends to request 
the user industry to provide justification for their use in addition to 
more specific data on typical levels of residues resulting from such 
use. 

The Committee further stressed that levels of residues resulting 
from the use of any solvent should be the minimum technically 
achievable and toxicologically insignificant. Research leading to the 
development of new solvent systems of lower toxic potential is to be 
encouraged. 

2.4 Methodology for analysing chemical contaminants in food 

For assessing the health ~plications of dietary exposur~ to 
chemical contaminants, reliable information on the in,take· of such 
substances is needed. In particular, data are required on the· actual 
levels of the substances of interest in various foods, and it is 
necessary to ensure that the analytical procedures employed to 
generate these data are both reJiable and of adequate-accuracy. 
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In connection with the chemical contaminants evaluated at its 
present meeting, the Committee was aware of the difficulties that 
could be encountered in the analysis of polychlorinated biphenyls 
(PCBs) in food and, in particular, in PCB isomer-specific analysis. It 
was informed of the ongoing activities of the WHO Regional Office 
for Europe related to PCBs (as well as other chlorinated 
hydrocarbons, including polychlorinated dibenzodioxins and poly­
chlorinated dibenzofurans) and the assessment of health risks to 
infants associated with contamination of mothers' milk. Part of this 
project involves interlaboratory quality-control studies on levels of 
PCBs in human milk, and the results of the first round of such 
studies, which involved 12 laboratories, have been published (3). 
Planning of the second round of quality-control studies has already 
begun, and additional laboratories are expected to participate. The 
Committee expressed its support for studies of this type. 

In the case of patulin, the results of numerous surveys of fruit 
products have been published over the last two decades. However, 
in many of the older surveys, the methods used were not sufficiently 
sensitive, and patulin was not positively identified. The Committee's 
evaluation of this mycotoxin took account of these facts. 

3. COMMENTS ON SPECIFIC FOOD ADDITIVES AND 
CONTAMINANTS1 

The Committee evaluated a number of food additives and 
contaminants for the first time and re-evaluated several substances 
considered at previous meetings. Information on the evaluations and 
on specifications is summarized in Annex 2. Details of further 
toxicological studies and of other information required or desired 
for certain substances are given in Annex 3. 

3.1 Specific food additives 

3.1.1 Emulsifiers 

Polyglycerol esters of fatty acids 
At the Committee's seventeenth meeting (see Annex 1, reference 

32), polyglycerol esters of fatty acids were evaluated and the 

1 Bibliographical references to toxicological studies are included in this section 
only for substances for which toxicological monographs (which would normally list 
such references) have not been prepared. 
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Committee agreed to convert the former conditional ADI to an ADI 
of 0-2~ mg per kg of body weight. . 

At its thirty-first meeting (see Annex 1, reference 77), the 
Committee revised the specifications but was unable to accept the 
request to increase the range of average polyglycerol chain lengths 
permitted from three to ten glycerol units without a review of the 
toxicological data on these substances. Since the data requested were 
not forthcoming, the Committee at its present meeting maintained 
the previous ADI of 0-25 mg per kg of body weight for polyglycerol 
esters of fatty acids having an average chain length of up to three 
glycerol units. 

A toxicological monograph was not prepared. 
. The existing specifications for polyglycerol esters of fatty acids 

were maintained. 

Sucrose esters of fatty acids and suc:roglycerides 
Sucrose esters of fatty acids are the -mono-, di-, and triesters of 

sucrose with edible fatty acids. They may b.e,prepared from sucrose 
and the methyl and ethyl esters of edible fatty acids, usually in the 
presence of a solvent. "Sucroglycerides" (a mixture of sucrose esters 
of fatty acids and mono- and diglycerides) are produced by reaction 
of edible fats or oils with sucrose; this reaction is also usually carried 
out in the presence of a solvent: 

These substances were evaluated for the purpose of establishing 
an ADI at the Committee's thirteenth, seventeenth, twentieth, and 
twenty-fourth meetings (Annex 1, references 19, 32, 41, and 53). 
Separate toxicological monographs were prepared on each oecasion 
for sucrose morioesters of individual fatty acids and for palm-oil 
sucrose esters· and lard· and tallow sucrose esters. 

At its present meeting, the Committee was asked to consider the 
consequences of modifying the specifications for these substances 
when manufactured by a process in which dimethylsulfoxide, 
isobutanol, ethyl methyl ketone, or a combination of these is used as 
solvent. It was noted that an ADI (or provisional intake) had not 
been established for these solvents but that dimethylsulfoxide and 
isebutanol occur naturally in the diet and ethyl methyl ketone has 
been· identified as a· product of intermediary metabolism. The 
Committee concluded that, in foods as consumed, the levels of these 
solvents arising from residues in sucrose esters of fatty acids that 
comply with the specifications (as revised at the present meeting) are 
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insignificant relative to naturally occurring levels in the diet, and 
there is no reason to suppose that they present a hazard. 

The Committee also reviewed new toxicological studies on a 
palm-oil sucroglyceride, including a long-term carcinogenicity st~dy 
in rats and short-term studies in rats and dogs. 

It was concluded that, both for sucrose esters of fatty acids 
manufactured by a process using dimethylsulfoxide, isobutanol, 
ethyl methyl ketone, or a combination of these as solvent, and for the 
palm-oil sucroglyceride, the previously established group ADI of 
0-10 mg per kg of body weight for sucrose esters of fatty acids and 
sucroglycerides would apply. 

An addendum to the toxicological monograph was prepared. 
The specifications for sucrose esters of fatty acids were revised to 

include considerations on the use of the above-mentioned solvents. 
The existing specifications for sucroglycerides were maintained. 

3.1.2 Enzyme preparations 

Enzyme preparations derived from Aspergillus niger 
As a consequence of its review of general specifications for 

enzyme preparations, the Committee reconsidered the evaluation of 
enzymes derived from Aspergillus niger made at the thirty-first 
meeting (Annex 1, reference 77). At that meeting, the Committee 
established a single ADI for several separate enzyme preparations 
derived from Aspergillus niger of 0-1 mg of total organic solids per 
kg of body weight. The enzyme preparations for which this ADI was 
established were carbohydrases, amyloglucosidases (EC 3.2.1.3), 
endo-1,3{4)-~-glucanase (EC 3.2.1.6), hemi-cellulase, pectinases (EC 
3.1.1.11; 4.2.2.10; 3.2.1.15), and protease. 

In view of the fact that Aspergillus niger is a common organism 
in food, that many strains have had a long history of use as an 
enzyme source, and that the numerous studies of various 
preparations from various strains have demonstrated no hazard to 
human health, the numerical ADI that was earlier established for 
each of the above-listed enzyme preparations from Aspergillus niger 
was changed to an ADI "not specified". 

A toxicological monograph was not prepared. 
None of the existing specifications for enzyme preparations 

derived from Aspergillus niger were reviewed. 
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-------·-··--·-------

3.l.3 Flavouring agents 

Benzyl acetate 

-------·--- --·····----- -----

This compound was previously reviewed at the eleventh, twenty­
seventh, twenty-ninth, and thirty-first meetings of the Committee 
(Annex I, references 14, 62, 70, and 77). 

At the thirty-first meeting, the Committee extended. the 
temporary ADl of 0--5 mg per kg of body weight- pending the 
evaluation of lifetime gavage studies with benzyl alcohol, a normal 
metabolite of benzyl acetate. These studies did not show an increased 
incidence of either hepatocellular or forestomach tumours in mice or 
pancreatic tumours in rats, although such effects had previously 
been observed in studies with benzyl acetate. However, there -are 
difficulties in interpreting the results of the carcinogenicity studies 
with benzyl acetate since the compound was given by gavage. Since 
new long-term studies are under way with benzyl . acetate 
incorporated into the diet of rats and mice, the Committee decided 
to extend the temporary ADI of 0--5 mg per kg of body weight until 
1993 pending the evaluation of the results of these studies. 

In view of a report of a positive result in an in vitro mutagenicity 
test on benzyl acetate, the Committee concluded that it would be 
desirable to ascertain whether the results of an existing in vivo study 
that demonstrated the absence of the induction· of unscheduled 
DNA synthesis could be confirmed by an In vivo test for 
chromosome damage in bone marrow. · · 

A toxicological monograph was prepared. 
the .~xisting specifications for benzyl acetate were mciintained. 

Cinnamaldehyile 
Cinnamaldehyde was evaluated at "the -eleventh,_ twenty-third, 

twenty-fifth, and twenty-eighth meetings of the Committee (Annex 
l; .references 14, 50, 56, and 66). 

At its twenty-third meeting, the Committee converted. the 
previously ~stablished conditional ADI of 0--1.25 mg per kg of body 
weight into a temporary ADI of 0--0.07 mg per kg· of body weight 
(Anne~ I. reference 50) because of inadequacies in the toxicity data, 
At the twenty-eighth meeting, the temporary ADI was extended and 
an extensive series of studies was requested. 

Because the required data were not forthcoming, the Committee 
was unable to extend the temporary ADI at its present meeting. 
However, the Committee concluded that, of the information 
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requested at the twenty-eighth meeting, the results of the short-term 
feeding study in a non-rodent mammalian species and of adequate 
metabolic studies might be sufficient to make re-evaluation possible. 

A toxicological monograph was not prepared. 
The existing specifications for cinnamaldebyde were maintained. 

Dihydrocoumarin 
The safety of this substance was evaluated for the first time by the 

Committee at its present meeting. 
Metabolites of dihydrocoumarin identified in rabbit urine include 

umbelliferone, 3-hydroxycoumarin, coumarin, o-coumaric acid, 
melilotic acid, melilotoylglycine, and o-coumaroylglycine ( 4). There 
is some evidence that the gut flora is responsible for the conversion 
to melilotic acid (5). 

The toxicological information available was derived from acute 
toxicity tests in mice (6), rats (7, 8), and guinea-pigs (7), a 14-week 
study in rats in which loss of test compound in the diet mixture 
during storage precluded estimation of exact exposure levels (9), a 
short-term study in rats (90 days), in which a single dose level was 
used (10), and a study in which three dogs were treated at one of two 
dose levels of dihydrocoumarin for two years but for which there 
was no control group (9). Although no adverse effects were reported 
in these studies, the Committee considered the data- inadequate for 
toxicological evaluation and was therefore_ unable to allocate an 
ADI for dihydrocoumarin. The Committee stated that, for a re­
evaluation of this substance, the results of a short-term study in a 
rodent species and metabolic studies to investigate the extent of 
conversion to coumarin would be needed. 

A toxicological monograph was not prepared. 
New specifications were prepared for dihydrocoumarin and 

were designated as tentative. Further information is required (see 
Annex 3). 

Ethyl vanillin 
Ethyl vanillin was previously evaluated at the eleventh meeting of 

the Committee (Annex 1, reference 14), when an ADI of 0-10 mg per 
kg of body weight was allocated to this compound on the basis of a 
long-term study in rats. Although the Committee had then 
considered it possible to allocate an ADI, it bad noted that few 
metabolic studies were available and concluded that further studies 
of that type were desirable. 
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Ethyl vanillin was placed on the agenda of the present meeting on 
the basis of partial application of the method fpr setting priorities for 
~he Safety review of food flavouring ingredients (see section 2.1). 

The Committee noted that none of the previously evaluated long­
term or carcinogenicity studies met modem standards in that fewer 
animals per group bad been used than would be the present norm. 

Accordingly, it reduced the previous ADI to 0-5 mg per kg of 
body weight, and made it temporary. The Committee requested 
submission, by 1992, of the results of an adequate short-term study 
in rats and metabolic studies in rats. 

A 'toxicological monograph was prepared. 
The existing specifications for ethyl vanill~n were revised. 

Fumaric acid 
Fumaric acid and sodium fumarate were evaluated for the 

purpose of establishing an ADI by the Committee at its tenth, 
eighteenth, an4twenty-third meetings (Annex 1, references 13, 35, 
and 50). At the eighteenth meeting, the previous unconditional ADI 
for fumaric acid was confirmed as an ADI of0-6 mg per kg of body 
weight. At the twenty-third meeting, the Committee decided to 
establish a group ADI for fumaric acid and its salts of 0-6 mg per 
kg of body weight. 

Fumaric acid was placed on the agenda of the present meeting on 
the basis of partial application of the method for setting priorities for 
the safety review of food flavouring ingredients (see section 2.1). 

Because fumaric acid is a normal constituent of tissues and is 
metabolized- by the body, the Committee decided to change the 
previous group ADI to a group ADI "not specified" for fumaric acid 
and its salts, in agreement with the guidelines laid down in section 
5.2.3 of Principles for the safety assessment of food additives and 
contaminants in food (Annex 1, reference 76). 

A toxicological monograph was not prepared. 
The existing specifications for fumaric acid were revised. 

Quinine hydrochloride 
The safety-of this substance was evaluated for the first time by the 

Committee at its present meeting. Speccifications had been developed 
at the twenty-fourth and twenty-sixth meetings (Annex 1, references 
53 and 59). 

Biochemical studies, short-term studies in rats; _teratogenicity 
studies in rats, and mutagenicity studies were reviewed. In these 
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studies, no-effect levels ranged from 40 to 100 mg per kg of body 
weight per day. Mutagenicity studies gave negative results. 

Varied complaints including headaches and transient visual 
problems were reported in human volunteers given doses of 100 mg 
of quinine hydrochloride per person per day. These findings were not 
confirmed in a second, controlled study using 120 mg per person per 
day. A third study showed electronystagmographic changes in 
stressed subjects for which a no-effect level of 52.5 mg of quinine per 
person per day was determined. The Committee concluded that an 
evaluation could be made on the basis of the human data. Since the 
toxic effects of concern were acute and reversible, and there is 
extensive experience of human consumption of quinine without 
reports of acute toxicity, except very rarely in hypersensitive 
individuals, the Committee saw no need to require a margin of 
safety. It established an acceptable intake of 52.5 mg of quinine per 
person per day, equivalent to an ADI of 0--0.9 mg of quinine per kg 
of body weight per day. However, the Committee considered that 
data from more extensive human studies should be submitted and 
therefore made the ADI temporary. 

The Committee requested submission of the results of an 
adequate human study by 1992. 

A toxicological monograph was prepared. 
The existing specifications for quinine hydrochloride were 

revised. 

3.1.4 Food colours 

Canthaxanthin 
This substance was last evaluated by the Committee at its thirty­

first meeting (Annex 1, reference 77), when it was noted that 
ingestion of canthaxanthin could, in some circumstances, lead to 
deposits of crystals in the human retina. At that time, the Committee 
reduced the previously allocated ADI to 0--0.5 mg per kg of body 
weight and made it temporary. In addition, it required: (a) further 
details of long-term studies in rats and mice; (b) clarification of the 
factors that influence deposition in the eye, including the 
establishment of the threshold dose, information on the inft.uence of 
dose and duration of exposure and on the reversibility of pigment 
accumulation, and the investigation of potential animal models; and 
(c) clarification of whether pigment deposition is causally related to 
impaired visual function. 
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Cartthaxanthin is used both as a direct food additive and as a feed 
additive for colouring salmonid fish and chicken· egg yolks. 
Although there is some metabolic transformation to other 
carotenoids in egg yolks, the parent compound is present in the 
products derived from animals to which it has been given as a feed 
additive, so the present evaluation also covers its use. for this 
purpose . 

. Since the previous evaluation, substantial amounts of new data 
have become available and these were reviewed by the Committee. 

The Committee noted that the results of two . long-term 
carcinogenicity studies in mice and rats did not provide evidence of 
carcinogenicity. However, at high dose levels, canthaxanthin 
produced liver damage in rats (with a non-dose-related increased 
incidence of benign nodules in female rats); mice appeared to be less 
sensitive to hepatic injury. It was concluded that, in addition to the 
eye, the liver was a target organ for canthaxanthin . 

. In the long-term studies in rats, it was not possible to establish a 
no-effect level. However, the Committee. was informed that another 
long-term study in rats was in progress aimed at establishing a no­
effect level in respect of pathological changes in the liver. 

While distribution studies with radiolabelled canthaxanthin 
showed that relatively high concentrations accumulated in the eye in 
all the mammalian species studied, crystal deposition has, to date, 
been observed only in the human retina. The animal species studied 
have therefore not provided a suitable model -for the study of the 
pathogenesis and reversibility of this phenomenon. However, the 
changes noted in electroretinogram& in humans were reproduced in 
the electroretinogram& of pigmented rabbits after canthaxanthin 
treatment. 
· The Committee concluded that the long-term toxicity of 

canthaxanthin in rats indicated potential hepatotoxicity in humans; 
this.matter may be resolved by obtaining clinical data from human 
subjects showing retinal pigment deposition. However, the 
Committee considered that the primary problem associated· with 
canthaxanthin was the deposition of crystals in the human retina. 

In view of the irreversibility or very slow reversibility of the retinal 
crystal deposition, the significance of which is not known, the 
Committee was unable to establish an ADI for canthaxanthin when 
used. as a food additive or animal feed additive. The previous 
temporary ADI was therefore not extended. 

A toxicological monograph was prepared. 

20 



The existing specifications for canthaxanthin were maintained. 

Carotene preparations from natural sources 
These substances were reviewed at the eighteenth and thirty-first 

meetings of the Committee (Annex 1, references 35 and 77). At the 
latter meeting, the Committee noted that, while there was a 
substantial toxicological data base relating to carotenes and an ADI 
had been established for synthetic ~-carotene, the same ADI was not 
applicable to natural carotenes as they did not comply with the 
specifications for ~-carotene. 

At its present meeting, the Committee considered limited 
biochemical, acute, and short-term toxicological studies on material 
derived from three different algal species, namely Dunaliella 
bardawi/, D. salina, and D. kona. Some of the preparations produced 
from these species were dried concentrates produced by 
lyophilization or spray-drying; another product was a vegetable oil 
extract. 

The Committee concluded that there was insufficient evidence to 
indicate that data relating to one species of Dunaliella could be 
applied to others. It also decided that the specifications of the test 
materials were so different from one another that the results of the 
toxicity tests could not be generalized. There were insufficient data 
to evaluate any of these materials for the purpose of establishing an 
AD I. 

The Committee considered that carotene isolated from algal 
sources would be acceptable for food additive use if it was of 
sufficient purity to meet the specifications for synthetic ~-carotene. 
Acceptance of algal biomass or crude extracts of carotene from algal 
sources for use as food additives would be contingent on the 
provision of evidence of the safety of such materials. 

A toxicological monograph was not prepared. 
The existing tentative specifications for carotenes (algae) were 

revised. The Committee was aware that three different species of 
Dunaliella are used as sources of carotene, and recognized the need 
for further information regarding the differences between both the 
species and the resulting products, and the influence of the method 
of manufacture, such as spray-drying, on the quality. The 
Committee was also informed that carbon dioxide is not used for the 
extraction and it saw no need to test for urethane which might have 
resulted from such use. The existing tentative specifications for 
carotenes (vegetable) were also_ revised. The "tentative" 
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qualifications for both were maintained and - certai-n further 
information is required (see Annex 3). 

Curcumin and turmeric oleoresin 
Turmeric and curcumin (the main colouring component of 

turmeric) were considered at the thirteenth, eighteenth, twenty­
second, twenty-sixth, and thirtieth meetings of the Committee 
(Annex 1, references~ 19, 35, 4-7, 59, and 73). Toxicological 
monographs were prepared on each of these occasions (Annex 1; 
references 20, 36, 48, 60, and 74). At the thirtieth meeting, the 
Committee concluded that turmeric is often regarded as a food 
rather than as a food additive, and it is therefore not appropriate to 
allocate an ADI to this substance. The temporary ADI for curcumin 
was extended, and a temporary ADI was allocated to turmeric 
oleoresin at that meeting. 

Curcumin. When the temporary ADI ofO-O.l mg per kg of body 
weight was extended at the Committee's thirtieth meeting, the 
submission of the results of a carcinogenicity study and a 
reproduction/teratogenicity study was requested. The results of 
these studies were not made available at the present meeting, but the 
Committee was informed that the results of carcinogenicity studies, 
including fertility assessment phases, in B6C3F1 niice and F344 rats 
given _ turmeric oleoresin. containing a high concentration of 
curcuminoids should be available in 1990. The Committee therefore 
extended the temporary ADI until1992, with the requirement that 
the results of the above-mentioned studies should be made available 
for review at that time. Since a reproduction phase is included in the 
ongoing carcinogeniCity studies, the Committee wouid wish to 
review these studies before deciding.~ whether the reproduction/ 
teratogenicity study requested earlier was still needed. 

A toxicological monograph was not· prepared. 
The existing specifications for curcumin were maintained. 

Turmeric oleoresin. At the thirtieth meeting, when the Committee 
established the temporary ADI of 0-0.3 mg per kg of body weight 
for turmeric oleoresin, it requested the resultS of an additional short­
term study in pigs or another suitable non-rodent species in order to 
establish a clear no-effect level for effects on the thyroid gland, which 
had been observed in a study in pigs. The results of such a study were 
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not made available at the present meeting of the Committee and the 
temporary ADI was therefore not extended. 

A toxicological monograph 'vas not prepared. 
The Committee reviewed the specifications for turmeric oleoresin 

and turmeric colour as recommended at the thirtieth meeting. The 
Committee, at that meeting, had suggested that the specifications for 
turmeric oleoresin be revised to bring them into line with those for 
turmeric colour. However, at its present meeting, the Committee 
concluded that specifications for turmeric colour were contained in 
those for the oleoresin, and therefore deleted the existing separate 
specifications for the former. The specifications for turmeric 
oleoresin were revised to emphasize the principal colouring 
components of the oleoresin and to incorporate the method of assay 
for content of total colouring matter that was previously part of the 
turmeric colour specifications. 

The Committee pointed out that the revised specifications for 
turmeric oleoresin cover a range of products, some of which are used 
as colours and some as flavourings; components other than pure 
colouring principles (e.g., the volatile oils) should therefore be taken 
into account, as necessary, when such products are evaluated. 

Paprika oleoresin 
Paprika oleoresin was evaluated at the fourteenth meeting of the 

Committee (Annex 1, reference 22), when no ADI was established 
because it was recognized that the use of this spice extract is self­
limiting for technological and organoleptic reasons. 

The Committee was informed that the extraction solvent 1 ,2-
dichloroethane is being used to produce paprika oleoresin. At both 
the thirty-first meeting (Annex 1, reference 77) and the present one, 
the Committee revised the specifications for paprika oleoresin but 
decided not to include 1,2-dichloroethane as an additional 
processing solvent. The toxicological data on 1 ,2-dichloroethane 
were therefore not reviewed, and a toxicological monograph was not 
prepared. 

In addition to 1,2-dichloroethane, two other chlorinated 
hydrocarbons are among the solvents currently listed for use in 
paprika oleoresin production. The Committee expressed its general 
opinion that levels of residues resulting from the use of any solvent 
should be both the minimum technically feasible and of no 
toxicological concern. 
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In future reviews of the specifications for paprika oleoresin and 
other oleoresins, justification by the industry for the use of 
chlorinated hydrocarbon solvents will . be sought, together with 
specific information on actual residues resulting from their use. 

3 .1. 5 Thickening agents 

Gum arabic 
This substance was last evaluated at the twenty-sixth meeting of 

the Committee (Annex 1, reference 59) and an ADI "not specified" · 
was allocated. . . 

At its present meeting the Committee reviewed further findings 
from teratogenicity and biochemical studies, and conCluded that the 
results of these studies gave no reason to modify the previous 
evaluation. The Committee therefore confirmed the· ADI "not 
specified". An addendum to the existing toxicological·monograph 
was prepared. · 

. The Committee's attention was drawn to the fact that products 
were being sold as gum arabic that were derived from species other 
than Acacia senegal (L) Willdenow and closely related species 
hitherto recognized as the source species of gum arabic. It was 
informed that an· these gums would be covered by the existing 
specifications for gum arabic. 

However, the Committee was also informed of extensive studies 
on the· chemical composition of individual gums. These studies 
clearly showed that, while the composition of gums from Acacia 
senegal and closely related species originating from· various 
geographical region& varied only slightly, there were signifieant 
differences in the composition of gums from other species, for 
example in the carbohydrate content :and ratios of different amino 
acids. 

The existing specifications were therefore revised to reflect more 
closely the gums that have been toxicologically evaluated. 

Modified celluloses 
Modified celluloses were reviewed at the fifth, seventh, tenth, 

thirteenth, seventeenth, twenty-sixth, twenty-seventh, and thirtieth 
meetings of the Committee (Annex l, references 5, 7,. 13; 19; 32, 59; 
62, and 73). At the seventeenth meeting, a group ADI of0-25 mg per 
kg of body weight was allocated for the five modified celluloses 
previously reviewed (methyl cellulose, methyl ethyl cellulose, 
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hydroxypropyl cellulose, hydroxypropyl methyl cellulose, and 
sodium carboxymethyl cellulose). A toxicological monograph on 
these five compounds was prepared (Annex 1, reference 33). 

At the twenty-sixth and twenty-seventh meetings of the 
Committee, ethyl cellulose and ethyl hydroxyethyl cellulose, 
respectively, were reviewed and it was decided that the group ADI 
of 0-25 mg per kg of body weight should also apply to them. A 
toxicological monograph on ethyl hydroxyethyl cellulose was 
prepared (Annex 1, reference 74). 

Since the previous evaluation, additional data have become 
available, including data from studies in rats on caecal enlargement 
and changes in caecal flora, teratogenicity, and development, and 
from in vitro mutagenicity studies on methyl cellulose and 
carboxymethyl cellulose. These studies confirmed the conclusion 
reached at the earlier meetings of the Committee that modified 
celluloses are of low toxicity. 

In long-term/carcinogenicity studies on hydroxypropyl methyl 
cellulose, methyl cellulose, methyl ethyl cellulose, and sodium 
carboxymethyl cellulose in rats and mice, no evidence of 
mutagenicity or carcinogenicity was observed. In addition, in 
reproduction and teratogenicity studies in mice, rats, and rabbits, 
the consumption of hydroxypropyl cellulose, methyl cellulose, or 
sodium carboxymethyl cellulose did not interfere with the 
reproductive process, and no embryotoxic or developmental effects 
were observed. 

A new substantial body of human data was available on the 
laxative effects of modified celluloses, which are seen in some 
subjects at levels as low as 5 g per person per day. At higher doses, 
diarrhoea was reported in some subjects, but in others constipation 
developed. The amounts ingested in studies in humans did not 
exceed 30 g per person per day, which has been recommended by the 
United States National Research Council as the upper safe level of 
dietary fibre in general (11). 

The Committee allocated a group ADI "not specified" to these 
modified celluloses, and pointed out that their laxative properties 
should be taken into account when they are used as food additives 
(see section 2.2.3). 

A toxicological monograph was prepared. 
None of the existing specifications for modified celluloses were 

reviewed. 
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3 .1. 6 Miscellaneous food additives 

Ferrous lactate 
Ferrous lactate, a colour adjunct, was considered for the first time 

by the Committee. 
· At the seventeenth meeting, the Committee evaluated lactic acid 

and its ammonium, calcium, potassium, and sodium saltS (Annex 1, 
reference 32). Since lactic acid is a normal constituent of food and 
a normal intermediary metabolite in humans, the Committee 
decided at that meeting to establish a "not limited" ADI . 

. Iron was evaluated at the twenty-seventh ·meeting of the 
Committee and, on the basis of the data available, a provisional 
maXimUm. tolerable daHy intake {PMTDI) ofo;s mg per kg of body 
weight was allocated (Annex 1, reference 62). It was pointed out that 
the tolerable daily intake should not be used as a guideline in the 
fortifying of processed food (Annex 1, reference 60, section 2.8). · 

At its present meeting, the Committee concluded that, because the 
iron in ferrous lactate is bioavailable, the amount of iron resulting 
from the use of ferrous lactate should be included with that from all 
other sources, and the total should not exceed the PMTDI for iron 
of 0.8 mg per kg of body weight. 

A toxicological monograph was not prepared. 
New specifications for ferrous lactate were prepared. 

2-Nitropropane 
2-Nitropropane was considered by the Committee at_the twenty­

third, twenty-fifth, and twenty-eighth meetings (Annex 1, references 
50, 56, and 66). Toxicological monographs were prepared after each 
meeting (Annex 1, references 51, 57, and 67). At the twenty-eighth 
meeting, 2-nitropropane was considered to be temporarily 
acceptable for use as a fractionating solvent in the production of fats 
and oils, as long as its use continued to be limited and residue levels 
were kept to the lowest technically attainable. . 

·The Committee noted that fractionated fats and oils have physical 
properties that limit their application and that present procedures 
for the processing of fats and oils with 2-nitropropane do not ·lead 
to detectable levels of this substance in the finished product On the 
assumption that such treated fats and oils may contain. 2-
nitropropane at the limit of detection, namely, 10 J.Lgfkg, and on the 
basis of a maximum projected intake of this substance in processed 
oils in the United States, the maximum intake of2-nitropropane was 
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estimated to be 0.13 ng per kg of body weight per day. The 
Committee recognized that this was a worst-case intake estimate and 
that actual intakes of 2-nitropropane were probably lower. 

The Committee reviewed a new inhalation study in which mice 
were exposed to 2-nitropropane; nodular hyperplasia of the liver was 
observed in females. A carcinogenic effect had previously been noted 
in rats after inhalational exposure to relatively high concentrations 
(100-800 mgfm3

) of 2-nitropropane (Annex 1, reference 66). In 
addition, the Committee reviewed a new study in which all rats 
dosed by gavage with 2-nitropropane at a level of 89 mg per kg of 
body weight for 16 weeks (three days per week) developed 
hepatocarcinomas. 

On the basis of these studies, 2-nitropropane was considered to be 
a potent liver carcinogen in rats, and the temporary acceptance of 
this substance for use as a fractionating solvent in the production of 
fats and oils was therefore not extended. However, if the 
technological need for this solvent could be demonstrated and if data 
were provided that could be used for establishing a safe level of 
intake of 2-nitropropane, the Committee would reconsider it at a 
future meeting. 

A toxicological monograph was prepared. 
The existing specifications for 2-nitropropane were revised, but 

maintained as tentative (see Annex 3). 

Tannic acid 
Tannic acid was reviewed at the fifth, tenth, fourteenth, and 

thirty-first meetings of the Committee (Annex 1, references 5, 13, 22, 
and 77). 

At the thirty-first meeting (Annex 1, reference 77), the previous 
temporary ADI was changed to a temporary ADI "not specified" for 
tannic acid used as a filtering aid. Further data were requested on the 
composition of tannic acid from different sources. 

Information was provided to the Committee at its present 
meeting that permitted revision of the specifications so as to require 
a high degree of purity for tannic acid used as a filtering aid where 
the application of good manufacturing practice ensures that it is 
removed from food after use. An ADI "not specified" for this use 
was therefore established. 

As detailed information on the composition of tannic acid from 
different botanical sources was not forthcoming and no new 
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toxicological data were available, it was not possible to consider its 
use as a direct food additive. · 

A toxicological monograph was not prepared. 
The Committee received updated information on the 

manufacture of tannic acid and, as stated above, was in a position 
to revise the existing tentative specifications. It maintained the 
"tentative". qualification and renewed the request for data on the 
composition of tannic acid from different botanical sources. Data on 
actual uses and levels of use of tannic acid as a flavouring agent were 
also requested (see Annex 3). 

Lactoperoxidase/ thiocyanate/ hydrogen peroxide system 
At the twenty-ninth meeting (Annex 1, reference 70), the 

Committee considered the practice of adding sodium thiocyanate 
and hydrogen peroxide (the lactoperoxidase/thiocyanate/hydrogen 
peroxide system) to raw milk to maintain its quality. Since then, the 
Joint FAO/WHO Committee of Government Experts on the Code 
of Principles concerning Milk and Milk Products has produced draft 
guidelines for the preservation of raw milk by use of· the 
lactoperoxidase system in circumstances where refrigeration is 
virtually impossible. The underlying principles and application of 
the lactoperoxidase system have been further elaborated in the 
"Code of practice for the preservation of raw milk by the 
lactoperoxidase system" (12). 

The lactoperoxidase system consists of three components: 
lactop~roxidase naturally present in bovine and buffalo milks; added 
sodium thiocyanate; and an added source of hydrogen peroxide. 

The Committee reviewed the draft guidelines, and noted that milk 
preserved by this method would contain an amount of sodium 
thiocyanate greater by up to 14 mg/1 than that naturally present in 
milk ... 

The Conimittee recognized that the potential major toxic effect of 
thiocyanate ion is interference with iodine uptake by the thyroid 
gland. Thiocyanate occurs normally in blood and urine as a result of 
ingestion. of precursors in the diet. Epidemiological studies indicate 
that there is no significant toxicity from chronic dietary consumption 
of thiocyanate provided that iodine intake is adequate. 

The Committee noted that the levels of hydrogen peroxide that 
would be introduced into milk through the use of sodium 
percarbonate, a hydrogen peroxide adduct of sodium carbonate 
(2Na2C03.3H202), as the source of hydrogen peroxide in the 
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lactoperoxidase system were lower than those considered acceptable 
at the twenty-fourth meeting of the Committee (Annex 1, reference 
53) and therefore were not considered to be a cause for concern. 
Application of the lactoperoxidase system to raw milk requires a 
hydrogen peroxide concentration of approximately 10 mg per litre. 
This is significantly lower than the concentration of hydrogen 
peroxide required (30Q-800 mgfkg) when that substance is used 
alone for the preservation of raw milk. 

The Committee recognized that the use of the lactoperoxidase 
system would increase total thiocyanate exposure but considered 
that that would not pose any toxicological problem provided that 
iodine intake was adequate. It concluded that, when used according 
to the draft guidelines, the lactoperoxidase system does not present 
a toxicological hazard and, furthermore, that the system should be 
used in preference to hydrogen peroxide alone for the preservation 
of raw milk, though only where absolutely necessary, i.e., in the 
absence of adequate refrigeration facilities. 

A toxicological monograph was not prepared. 
The existing specifications for sodium thiocyanate were 

maintained. New specifications for sodium percarbonate were 
prepared. 

3.2 Contaminants 

3.2.1 Patulin 

Patulin has not been previously evaluated by the Committee. The 
Committee noted that fungi of several different genera, including 
Penicillium, Aspergillus, and Byssochlamys, are capable of producing 
patulin. The natural occurrence of this mycotoxin has been largely 
associated with Penicillium expansum, a common spoilage 
microorganism in apples. 

The Committee reviewed studies on the biochemistry and 
toxicology of patulin as well as very limited information on 
observations in humans when patulin was tested as an antibiotic for 
treatment of the common cold. 

In rats, most of the administered dose was eliminated within 
48 hours, in faeces and urine, less than 2% being expired as carbon 
dioxide. No other metabolites have been identified. About 2% of the 
administered dose was still present after seven days, associated 
primarily with erythrocytes. 
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Patulin has a strong affinity for sulfbydryl groups, which explains 
why it inhibits the activity of many enzymes. Patulin adducts formed 
with cysteine were less toxic than the unmodified compound in acute 
toxicity, teratogenicity, and mutagenicity studies. 

In acute and short-term studies, patulin caused gastrointestinal 
hyperaemia,· distension, haemorrhage, and ulceration. Pigtail 
monkeys tolerated patulin consumption of up to 0.5 mg per kg of 
body weight per day for four weeks without adverse effects. 

The results of two reproduction studies in rats were available .. No 
reproductive or teratogenic effects were noted at levels of up to 
1.5 mg per kg of body weight per day, but there was an increase in 
the frequency of fetal resorptions at that level. 

The results of a carcinogenicity study in rats, with orally 
administered patulin, were negative. Short-term in vitro genotoxicity 
studies indicate that patulin is not mutagenic, but it has clastogenic 
activity in some test systems. 

The Committee set a provisional tolerable weekly intake (P'IWI) 
for patulin of 7 J.lg per kg of body weight based on a no-effect level 
ofO.l mg per kg of body weight per day in a combined reproduction/ 
long-term/carcinogenicity study in rats. An additional long-term/ 
carcinogenicity study in a rodent species other than the rat is 
recommended for further evaluation of the toxicity of patulin. 

The Committee had before it data on patulin levels in apple juice, 
which is often consumed by children. On the basis of surveys in 
limited areas of the world, a maximum intake by children of 0.26 J.lg 
per kg of body weight per day has been estimated. However, apple 
juice can occasionally be heavily contaminated and the Committee 
therefore considered that efforts should be made to avoid un­
necessary exposure to this mycotoxin by adherence to good manu­
facturing practices whereby rotted or mouldy fruit is not used. This 
should reduce dietary exposure to levels below the P'IWI. The 
Committee urged the application of such practices. 

A toxicological monograph was prepared. 

3.2.2 Polychlorinated biphenyls (PCBs) 

Polychlorinated biphenyls (PCBs) have not been previously 
evaluated by the Committee. . 

PCBs are a class of stable chlorinated hydrocarbons which, prior 
to the 1970s, had been used extensively in a wide range of industrial 
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applications. About 50-60 different PCBs, with different degrees of 
chlorination and thus differing physical properties, are still found in 
industrial products. The higher the chlorine content of PCBs, the 
more resistant they are to biodegradation. When PCBs are ingested, 
the less highly chlorinated biphenyls are metabolized in the liver, 
primarily to hydroxylated compounds, which are rapidly excreted. 
The more highly chlorinated biphenyls are more metabolically stable 
and accumulate in body fat. 

The Committee had before it data from a large number of toxicity 
studies, of varying merit, most of which were carried out with 
commercial mixtures of PCBs. The evaluation of these studies is 
both difficult and complicated since the PCB mixtures tested were ill­
defined and many were contaminated with polychlorinated 
dibenzofurans and other related chlorinated compounds. The 
presence of these contaminants is thought to be at least partly 
responsible for a number of effects seen in the animal experiments. 
The Committee nevertheless concluded that sufficient data were 
available to enable some general conclusions regarding the effects of 
PCBs to be reached. 

Some of the PCB mixtures were hepatocarcinogenic in rodent 
bioassays. However, human experience from long-term accidental 
exposures and from epidemiological studies of workers exposed 
occupationally is inconclusive in respect of an association between 
PCB exposure and increased cancer mortality. 

From a comparison of data from animal studies and symptoms 
observed in accidentally exposed human populations, the monkey 
appears to be the most appropriate animal for use in studies on 
PCBs. The Committee concluded, on the basis of the available 
studies with monkeys, that 0.04 mg per kg of body weight per day 
was a no-effect level; only minor effects were observed at 0.1 mg per 
kg of body weight per day. 

Because of the limitations of the available data and the ill-defined 
nature of the materials that were used in feeding studies, the Com­
mittee concluded that it was impossible to establish a precise numeri­
cal value for a tolerable intake for humans. In particular, the PCB 
mixtures used in the monkey studies cited above were not entirely the 
same as those to which humans are exposed in the diet. However, 
there is no reason to believe that humans would be more sensitive 
than monkeys to the effects of PCBs, and some indication of safe 
exposure levels can therefore be obtained from the no-effect level 
observed in the monkey studies. 
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The major foods in which contamination with PCBs is 
possible are fish, milk and other dairy products, and meat. Median 
levels in fish reported in various countries are of the order .of 
100 J.Lgfk:g compared with less than 20 J.Lg/kg for other foods. ,An 
important exception is human milk, in which P.CB median levels 
ranging from 15 to 100 J.Lgfk:g on a whole milk basis -have been 
reported.· 

The dietary intake of PCBs by various populations. has ·.been 
estimated to range from 0.005 to 0.2 J.lg per kg of body weight per 
day. Such a wide variation in intakes can be explained riot only by 
the type and amount offood consumed but also by the method used 
to estimate the dietary PCB intake. In the case of breast-fed infants, 
PCB intakes can be calculated to range from 2 to 12 J.l& per kg of 
body weight per day on the basis of the median .levels noted 
previously and an average milk intake of 120 ml per kg of body 
weight. . 

In foods that contain higher levels of PCBs and/or contribute 
significantly to the total dietary PCB intake, preliminary studies 
have identified ten specific PCBs as predominant. In human breast 
milk, six of them account for approximately 70%· of the total PCB 
content. 

The Committee paid particular attention to the possible health 
consequences of the intake of PCBs by· the suckling infant, but did 
not anticipate that adverse health effects would occur a:s a result of 
consuming breast milk. It should be kept in mind_ that the infant 
corisumes breast milk for only a short period (l-.2%.ofthetotallife 
span). In -addition, the numerous benefits of breast milk, includ-. 
ing its nutritional, immunological, and other properties,- and 
the psychological advantages of breast-feeding should not be 
discounted; the disadvantages of breast milk substitutes, including 
potential contamination by infective agents and the consequences of 
incorrect preparation and inadequate hygiene, have been .amply 
documented (13, 14). For these reasons, the Committee considered 
that the advantages to the infant of-breast-feeding outweighed any 
potential hazards due to the PCB content of breast milk, and advised 
that there· was absolutely no justification for discouraging this 
practice. 

The Committee was reassured by the observation that· the 
production of PCBs has largely ceased. It is· expected, therefore, that 
levels ofPCBs in the environment and food, and consequently in 
breast milk, will decrease with time. 
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The Committee suggested that further investigations be 
conducted to identify the PCBs most commonly present in foods and 
that safety studies be carried out on them, and particularly on the 
more highly chlorinated ones, in order to determine. their 
toxicological potential. Furthermore, specific studies on the impact 
_of these PCBs on the fetus and neonate were considered to be of 
great importance. 

The Committee considered that the intake of PCBs should be 
kept as low as possible. In foods in which PCBs occur, and that are 
nutritionally essential, attempts should be made to set limits on 
PCBs, in particular for the most highly contaminated products. 
However, the Committee concluded that the consumption of PCBs 
at the dietary levels described above did not involve any long-term 
hazard. Finally, the Committee pointed out that good public health 
practices would require that a long-term goal should be the 
reduction of PCBs in the diet to a minimum. 

An early draft of a document on PCBs that is being prepared for 
publication by WHO in the Environmental Health Criteria series 
was made available to the Committee. The working paper on which 
the Committee relied for its evaluation reproduced the discussion of 
the metabolism and toxicity studies contained in this draft 
document. In order to avoid duplication within WHO, a 
toxicological monograph was not prepared. 

4. REVISION OF CERTAIN SPECIFICATIONS 

4.1 General 

Four substances were evaluated for specifications only (see 
Annex 2), and the specifications for all of them were revised. 

The Committee revised the specification for carob bean gum so as 
to include the use of two solvents, ethanol and isopropanol, in a 
washing process used to purify the substance. 

The previous specifications for citric and fatty acid esters of 
glycerol (Annex 1, reference 75) had been designated as "tentative" 
because a suitable assay method and data on the amounts of 
individual components were lacking. The Committee revised the 
tentative specifications by including analytical methods and by 
specifying total citric acid, total fatty acids, and total glycerol. 
Consideration was also given to the sum of these components, 
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but the Committee decided not to specify it. The "tentative" 
qualification was deleted. 

The existing specifications for iron oxides used as food colours 
were revised. 

The specifications for modified starches (Annex 1, reference 79) 
had been designated "tentative" as analytical methods were needed 
for carboxyl groups in oxidized starch and free adipic acid in 
acetylated distarch adipate. The Committee revised the speci­
fications to include analytical methods for both and removed the 
"tentative" qualification. 

4.2 General specific~tions for enzymes used-in food processing· 

The existing general specifications for enzyme preparations used 
in food processing (Annex 1, reference 69) were revised. The 
Committee recommended that, as and when enzyme preparations 
are reconsidered, or when new enzyme preparations are submitted 
for evaluation, their individual specifications should be reviewed to 
ensure they are .consistent with the principles on which. the new 
general specifications are based. 

5. FUTURE WORK 

1. The guidelines for the evaluation of various groups of food 
additives and contaminants that have been developed by the 
Committee and are given in Annex 3 of Principles for the safety 
assessment of food additives and contaminants in food (Annex 1, 
reference 76) should be reviewed at a future meeting .(see section 
2.2.1). 

2. Individual specifications for enzyme preparations used in food 
processing should be reviewed to ti:tke account of the principles set 
out in the revised general specifications (see seetion 4.2): 

3. In view of the · decision not to include the use of 1 ,2-
dichloroethane as an extraction solvent in the specifications· for 
paprika oleoresin despite its current listing for other spice oleoresins, 
the Committee should re-evaluate the toxicological basis for the 
listing of 1,2-dichloroethane in other specifications. Such a re­
examination should be expanded to include a consideration of all 
solvent uses of chlorinated hydrocarbons. 

4. A number of the specifications reviewed at the present meeting 
make reference to the general methods section of the Guide to 
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specifications (Annex 1, reference 65). The Committee reiterated the 
need expressed at its thirtieth and thirty-third meetings to update the 
general methods and to include with them in a single publication the 
additional general methods adopted since the last revision of this 
compendium. 

5. During its evaluation of specifications, the Committee noted 
that some of them had stood for a number of years without review 
or revision. All such long-standing specifications should be reviewed 
to ensure that they reflect current practices in the additive­
manufacturing and food-processing industries, and that the methods 
of analysis remain appropriate in the light of modem developments 
in analytical techniques. 

6. During the evaluation of specifications for several naturally 
occurring substances, the Committee recognized that many of them 
tended to be too broad, to provide an eff~tive basis for toxicological 
evaluation. It therefore recognized the need to develop new 
principles for establishing adequate specifications that would 
address this problem (see section 2.3.3). . 

7. In a number of specifications, gas chromatography using 
headspace sampling is given as the method of analysis. As this 
technique is not included in the general methods section of the Guide 
to specifications (Annex I, reference 65), the Committee should 
develop an appropriate general method. 

8. General. methods should be established for laying down 
microbiological criteria in specifications for food additives. 

6. RECOMMENDATIONS 

l. In view of the large number offood additives and contaminants 
requiring evaluation or re-evaluation, meetings of the Joint FAO/ 
WHO Expert Committee on Food Additives should continue to be 
held regularly. 

2. Patulin 

(a) In many of the older studies on patulin levels in fruit and fruit 
products, methods were used that were of inadequate sensitivity 
and patulin was not positively identified. There is a need to 
expand the current limited data base on patulin levels in such 
products. In particular, to ensure that reliable data on levels of 
patulin in apple juice and other fruit pro(j.ucts are available for 
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the assessment of dietary exposure, the Committee urged the 
application of appropriate· analytical procedures that include 
confirmatory techniques. . 

(b) In view of the well established association between· patulin 
occurrence and rotted fruit: 

· -the sorting out of rotted apples in accordance with good 
manufacturing practices · should be emphasized in the 
industrial processing of apples; and 

-educational programmes for consumers should highlight the 
need to remove visibly damaged parts of fruit prior to 
consumption and to avoid consuming visibly mouldy 
homogeneous products such as fruit jam. 

3. Polychlorinated biphenyls ( PCBs) 

(a) -There is a need to continue monitoring PCB levels in foods and, 
in particular, to determine the specific PCB isomers of individual 
congeners. To ensure the adequacy of analytical procedures and 
thus the availability of more reliable data on dietary exposure 
for risk assessment purposes, interlaboratory check-sample 
programmes are considered desirable. In the light of ongoing 
activities related to PCBs in human milk (see section: 2.4), 
additional efforts should be made to determine the. contribution 
of other important foods ·to the dietary inta:ke of PCBs. 

(b) Because of advanees in the analytical determination of PCBs, it 
is now possible to ascertain which PCB isomers of individual 
congeners are most prevalent in the media being examined. Once 
the toxicity of these PCB isomers is known, a better assessment 
of their human health significance will be possible. In view of the 
foregoing: . 
-Future analytical studies should be a:iined at identifying al'!d 

quantifying the specific isomers that are major contributors t() 
the overall dietary intake of PCBs. . 

-Safety studies should be carried out on tlie PCBs 
predominantly present in foods, and particularly on the more 
highly chlorinated ones, in order to determine their precise 
toxicological potential. Furthermore,- specific ·studies on the 
impact of these PCBs on the fetus and neonate are considered 
to be of great importance. 

4. To facilitate its review of solvent specifications, as suggested at 
its thirtieth meeting, the Committee recommends that the relevant 
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industries should be requested to provide justification for the use of 
solvents, together with data on typical levels of residues resulting 
from their use. Emphasis should be placed initially on chlorinated 
hydrocarbon solvents. 
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Annex 1 

REPORTS AND OTHER DOCUMENTS RESULTING FROM 
PREVIOUS MEETINGS OF THE JOINT FAOfWHO 

EXPERT COMMITTEE ON FOOD ADDITIVES 

I. Gem1ral principles governing the use of food additives (First report of the Expert 
Committee). FAO Nutrition Meetings Report Series, No. 15, 1957; WHO 
Technical Report Series, No. 129, 1957 (out of print). 

2. Procedures for the testing of international food additives to establish their safety for 
use (Second report of the Expert Committee). FAO Nutrition Meetings Report 
Series, No. 17, 1958; WHO Technical Report Series, No. 144, 1958 (out of print). 

3. Specifications for it/entity and purity of food additives (antimicrobial preservatives 
and antioxidants) (1bird report of the Expert CoiDDlittee ). These specifications 
were subsequently revised and published as Specifications for identtty and purity 
of food additives, vol. I. Antimicrobial preservatives and antioxidants. Rome, Food 
and Agriculture Organization of the United Nations, 1962 (out of print). 

4. Specifications for identity and purity of food additives (food colours) (Fourth 
report of the Expert Committee). TbCBC specifications were subsequently revised 
and published as Specifications for identity and purity of food additives, vol. II. 
Food colours. Rome, Food and Agriculture Organization of the United Nations, 
1963 (out of print). · 

5. Evaluation of the carcinogenic hazards of food additives (Fifth report of the Expert 
Committee). FAO Nutrition Meetings Report Series, No. 29, 1961; WHO 
Technical Report Series, No. 220, 1961 (out of print). 

6. Evaluation of the toxicity of a number of antimicrobials and antioxidants (Sixth 
report of the Expert Committee). FAO Nutrition Meetings Report Series, No. 31, 
1962; WHO Teclniical Report Series, No. 228, 1962 (out of print). 

7. Specifications for the· identity and purity of food additives and their toxicological 
evaluation: emulsifiers, stabilizers, bleaching and maturing agents (Seventh report 
of the Expert Committee). FAO Nutrition Meetings Report Series, No. 35, 1964; 
WHO Technical Report Series, No. 281, 1964 (out of print). 

8. Specifications for the identity and purity of food additives and their toxicological 
evaluation: food colours and some antimicrobials and antioxidants (Eighth report 
of the Expert Committee). FAO Nutrition Meetings Report Series, No. 38, 1965; 
WHO Technical Report Series, No. 309, 1965 (out of print). 

9. Specifications for identity and purity and toxicological evaluation of some 
antimicrobials and antioxidants. F AO Nutrition Meetings Report Series, 
No. 38A, 1965; WHO/Food Add/24.65 (out of print). 

10. ·Specifications for identity and purity and toxicological evaluation of food colours. 
FAO Nutrition Meetings Report Series, No. 38B, 1966; WHO/Food Add/66.25. 

11. Specifications for the identity and purity of food additives and their toxicological 
evaluation: some antimicrobials, antioxidants, emulsifiers, stabilizers, flour­
treatment agents, acids, and bases (Ninth report of the Expert Committee). FAO 
Nutrition Meetings Report Series, No. 40, 1966; WHO Technical Report Series, 
No. 339, 1966 (aut of print). 
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12. Toxicological evaluation of some antimicrobials, antioxidants, emulsifiers, 
stabilizers, flour-treatment agents, acids. and bases. FAO Nutrition Meetings 
Report Series, No. 40A, B, C; WHO/Food Add/67.29, 1967. 

13. Specifications for tlu: identity and pw·ity of food additives and their toxicological 
evaluation: some emulsifiers and stabilizers and certain other substances (Tenth 
report of the Expert Committee). FAO Nutrition Meetings Report Series, No. 43, 
1967; WHO Technical Report Series, No. 373, 1967. 

14. Specifications for the identity and purity of food additives and their toxicological 
evaluation: some flavouring substances and non-nutritive sweetening agents 
(Eleventh report of the Expert Committee). FAO Nutrition Meetings Report 
Series, No. 44, 1968; WHO Technical Report Series, No. 383, 1968. 

15. Toxicological evaluation of some flavouring substances and non-nutritive sweetening 
agents. FAO Nutrition Meetings Report Series, No. 44A, 1968; WHO/Food 
Add/68.33. 

16. Specifications and criteria for identity and purity of some flavouring substances and 
non-nutritive sweetening agents. FAO Nutrition Meetings Report Series, No. 44B, 
1969; WHO/Food Add/69.31. 

17. Specifications for the identity and purity of food additives and their toxicological 
evaluation: some antibiotics (Twelfth report of the Expert Committee). FAO 
Nutrition Meetings Report Series, No. 45, 1969; WHO Technical Report Series, 
No. 430, 1969. 

18. Specifications for the identity and purity of some antibiotics. FAO Nutrition 
Meetings Report Series, No. 45A, 1969; WHO/Food Add/69.34. 

19. Specifications for the identity and purity of food additives and their toxicological 
evaluation: some food colours, emulsifiers, stabilizers, anticaking agents, and 
certain other substances (Thirteenth report of the Expert Committee). FAO 
Nutrition Meetings Report Series, No. 46, 1970; WHO Technical Report Series, 
No. 445, 1970. 

20. Toxicological evaluation of some food colours, emulsifiers, stabilizers, anticaking 
agents, and certain other substances. FAO Nutrition Meetings Report Series, 
No. 46A, 1970; WHO/Food Add/70.36. 

21. Specifications for the identity and purity of some food colours, emulsifiers, 
stabilizers, anticaking agents, and certain other food additives. FAO Nutrition 
Meetings Report Series, No. 46B, 1970; WHO/Food Add/70.37. 

22. Evaluation of food additives: specifications for the identity and purity of food 
additives and their toxicological evaluation: some extraction solvents and certain 
other substances; and a review of the technological efficacy of some antimicrobial 
agents (Fourteenth report of the Expert Committee). FAO Nutrition Meetings 
Report Series, No. 48, 1971; WHO Technical Report Series, No. 462, 1971. 

23. Toxicological evaluation of some extraction solvents and certain other substances. 
FAO Nutrition Meetings Report Series, No. 48A, 1971; WHO/Food Add/70.39. 

24. Specifications for the identity and purity of some extraction solvents and certain 
other substances. FAO Nutrition Meetings Report Series, No. 48B, 1971; WHO/ 
Food Add/70.40. 

25. A 1·eview of the technological efficacy of some antimicrobial agents. F AO Nutrition 
Meetings Report Series, No. 48C, 1971; WHO/Food Add/70.41. 

26. Evaluation of food additives: some enzymes. modified starches, and certain other 
substances: toxicological evaluations a11d specifications and a review of the 
technological efficacy of some amioxidants (Fifteenth report of the Expert 
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Committee). FAO Nutrition Meetings -Report Series, No. ·so, 1972; WHO 
Technical Report Series, No. 488, 1972. 

27. Toxicological evaluation of sonu! enzymes, modified starches, and certain other 
substances. FAO Nutrition Meetings Report Series, No. SOA, 1972; WHO Food 
Additives Series, No. 1, 1972. 

28. Specifications for the identity- and purity of some enzymes and certain other 
substances. FAO Nutrition Meetings Report Series, No. SOB, 1972; WHO Food 
Additives Series, No.2, 1972. 

29. A review of the technological efficacy of some antioxidants and synergists. FAO 
Nutrition Meetings Report series, No. SOC, 1972; WHO Food Additives Series, 
No.3, 1972. 

30. Evaluation of certain food additives and the contaminants nu!rcury, lead, and 
· cailmium (Sixteenth report of the Expert Committee). FAO Nutrition Meetings 

Report Series, No. 51, 1972; WHO.Technical Report Series, No. 505, 1972, arid 
comgendurn. 

31. Evaluation of 1m!rcury, lead, cadmium, and the food additives amaranth, 
diethylpyrocarbonate, and octyl gallate. FAO Nutrition Meetings Report Series, 

. No. 51A, 1972; WHO Food Additives Series, No. 4, 1972. 
32. Toxicological evaluation of certain food additives with a review of general principles 

and of specifications (Seventeenth report of the Expert Committee): FAO 
. Nutrition Meetings Report Series, No. 53, 1974; WHO Technical Report Series, 

No. 539, 1974, and corrigendum (out of print). · 
33. Toxicological evaluation of certain food additives including anticaking agents, 

antimic"robit~ls, ailtioxidlints, emulsifiers, and thickening agents. FAO Nutrition 
Meetings Report Series, No. 53A, 1974; WHO Food Additives Series, No. 5. 
1914 .. 

34 .. SjJecificatioru for identity and purity of thickening agents, anticaking agents, 
antimic~obials, antioxidants and emulsifiers. FAO Food and Nutrition Paper, 
~~~ . . . . 

35. -Evaluation of certain food additives (Eighteenth report of the Expert Committee). 
FAO Nutrition Meetings Report Series, No. 54, 1974; WHO Technical Report 

, Series; No. 557, 1974, and corrigendum. 
36. Toxicological evaluation .of sonu! food colours, enzymes, flavour enhancers, 
· -thickening agents, and certain other food additives. FAO Nutrition Meetings 

Report Series, No. 54A, 1975; WHO Food Additives Series, No. 6, 1975. 
37. Specifications for the identity and purity of sonu! food colours, flavour enhancers, 

thickening. agents, and certain food additives. FAO Nutrition Meetings Report 
Series; No. 54B,-1975; WHO Food Additives Series, No.7, 1975. · 

38 . .Evaluation of certain food additives: SOnu! food colours, thickening agents, smoke 
-coiulensates, and certain other substances (Nineteenth report of the Expert 
Committee). FAO Nutrition -Meetings Report Series, No. 55, 1~75; WHO 
Technical Report Series, No. 576, 1975. 

39. Toxicological evaluation ofsonu!food colours, thickening agents, aild certain other 
· substances. FAO Nutrition Meetings RePort Series, No. 55A, 1975; WHO Food 

Additives Series, No. 8, 1975. 
40. Specifications/or the identity and purity of certain food additives. FAO Nutrition 

Meetings Report Series, No. 55B, 1976; WHO Food Additives Series, No. 9, 
1976. 
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41. Evaluation of certain food additives (Twentieth report of the Expert Committee). 
FAO Food and Nutrition Series, No. 1, 1976; WHO Technical Report Series, 
No. 599, 1976. 

42. Toxicological evaluation of certain food additives. WHO Food Additives Series, 
No. 10, 1976. 

43. Specifications for the identity and purity of some food additives. FAO Food and 
Nutrition Series, No. lB, 1977; WHO Food Additives Series, No. 11, 1977. 

44. Evaluation of certain food additives (Twenty-first report of the Joint FAO[WHO 
Expert Committee on Food Additives). WHO Technical Report Series, No. 617, 
1978. 

45. Summary of toxicological data of certain food additives. WHO Food Ad\iitives 
Series, No. 12, 1977. 

46. Specifications for identity and purity of some food additives, including antioxidants, 
food colours, thickeners, and others. FAO Nutrition Meetings Report Series, 
No. 57, 1977. 

47. Evaluation of certain food additives and contaminants (Twenty-second report of 
the Joint FAO/WHO Expert Committee on Food Additives). WHO Technical 
Report Series, No. 631, 1978. 

48. Summary of toxicological data of certain food additives and contaminants. WHO 
Food Additives Series, No. 13, 1978. . 

49. Specifications for the identity and purity of certain food additives. FAO Food and 
Nutrition Paper, No. 7, 1978. 

50. Evaluation of certain food additives (Twenty-third report of the Joint FAO/WHO 
Expert Committee on Food Additives). WHO Technical Report Series, No. 648, 
1980, and corrigenda. 

51. Toxicological evaluation of certain food additives. WHO Food Additives Series, 
No. 14, 1980. 

52. Specifications for identity and purity of food colours, flavouring agents, and other 
food additives. FAO Food and Nutrition Paper, No. 12, 1979. 

53. Evaluation of certain food additives (Twenty-fourth report of the Joint FAO/ 
WHO Expert Committee on Food AdditiYcs). W'HO Technical Report Series, 
No. 653, 1980. 

54. Toxicological evaluation of certain food addiri1•es. WHO Food AdditiYes Series, 
No. 15, 1980. 

55. Specifications for identity and purity of food additives (sweetening agents, 
emulsifying agents, and other food additives). FAO Food and Nutrition Paper, 
No. 17, 1980. 

56. Evaluation of certain food additives (Twenty-fifth report of the Joint FAO/WHO 
Expert Committee on Food Additives). WHO Technical Report Series, No. 669, 
1981. 

57. Toxicological evaluation of certain food additives. WHO Food Additives Series, 
No. 16, 1981. 

58. Specifications for identity and purity of food additives (carrier solvents, emulsifiers 
and stabilizers, enzyme preparations, flavouring agents, food colours, sweetening 
agents, and other food additives). FAO Food and Nutrition Paper, No. 19, 1981. 

59. Evaluation of certain food additives and contaminants (Twenty-sixth report of the 
Joint FAOfWHO Expert Committee on Food Additives). WHO Technical 
Report Series, No. 683, 1982. 

60. Toxicological evaluation of food additives. WHO Food Additives Series, No. 17, 
1982. 
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61.. Specificatiorufor the identity and purity of certain food additives. FAO Food and 
N~trition Paper, No. 25, 1982. · · 

62. Evaluation of certain food additives and contaminants (Twenty-seventh report of 
the Joint FAO/WHO Expert Committee on Food Additives): WHO Technical 
Report Series, No. 696, 1983, and corrigenda. 

63. Toxicological evaluation of certain food additives and- contaminants. WHO Food 
Additives .Series, No. 18, 1983. 

· 64. Specificatiorufor the identity andpurity of certainfoodadditiYes. FAO Food and 
· Nutrition Paper, No. 28, 1983. 

65. Guide to specifications--General notices, general methods, identification tests, test 
solutions and other reference materials. FAO Food and Nutrition Paper, No. 5, 
Rev. 1, 1983. 

66. Eyaluation of certain food additives and contaminants (Twenty-eighth report of the 
· : --Joint FAO{WHO Expert Committee on Food Additives). WHO Technical 

Report· Series, No. 710, 1984, and corrigendum. 
67. Toxicological evaluation of certain food additives and contaminants. WHO Food 

Additives Series, No. 19, 1984. 
68. Specifications for the identity and purity of food colours. FAO Food and Nutrition 

Paper, No. 31/1, 1984. 
69. Specifications for the identity and purity Qj food additives. FAO Food and 
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70. Evaluation of certain food additives and contaminants (Twenty-ninth report of the 

Joint FAOfWHO Expert Committee on Food Additives). WHO Technical 
Report Series, ·No. 733, 1986, and corrigendum. 

71. Specifications for the identity and purity of certainfood.additives. FAO Food and 
Nutrition Paper, No. 34, 1986. · · 

72. Toxicological evaluation of certain food additives and contaminants. Cambridge, 
Cambridge University Press, 1987 (WHO ·Food Additives Series, No. 20). 

73. Evaluation of certain food-additives and ron·taminants (Thirtieth report of the Joint 
FAOfWHO Expert Coinmittee. on -Food Additives). WHO Technical Report 
Series,.-l'lfo, 151, 1987:' ~ · -

74. Toxicological evaluation of certain food -additives and contaminants. Cambridge, 
Cambridge University Press, 1987 (WHO Food Additives Series, No. 21). 

75: Specificatioru for the identity and purity of certain food additives. F AO Food and · 
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76. Principles for the safety assessment offood additives and contaminants in food. 
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Annex2 

ACCEPTABLE DAILY INTAKES, OTHER 
TOXICOLOGICAL INFORMATION, AND INFORMATION 

ON SPECIFICATIONS 

Substance 

A. Food acldHivea 

Emulsifiers 

Polyglycerol esters of fatty 
acids 

Sucrose esters of fatty 
acids 

Sucroglycerldes 

Enzyme preparations 

Enzymes derived from 
Aspergillus niger 

Flavouring agents 
Benzyl acetata 
Clnnamaldehyde 
Dlhydrocoumarln 
Ethyl vanillin 
Fumaric acid 
Quinine 

Food colours 
Canlhaxanthln 
Carotene preparations from 

natural sources 
Curcumin · 
Paprika oleoresin 
Turmeric oleoresin 

Thickening agents 

Gum arable 
Modified celluloses 

Miscellaneous food additives 
Ferrous lactate 
2-Nitropropane 
Tannic acid 
Lactoperoxidase/thio-
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cyanate/hydrogen 
peroxide system for milk 
preservation 

Specifications'· 

s 
R 
s 

s 

s 
s 

N,T 
R 
R 
R 

5 

R, T1• 
5 
R 
R 

R 
5 

N 
R, T 
R, T 

Acceptable dally Intake (AOI) for 
humans and other toxicological 
recommendations 

0-25 mg/kg of body weight' 

D-1 0 mg/kg of body weight' 
D-10 mg/kg of body weight' 

AOi "not specified"• 

D-5 mg/kg of body weight' 
No AOI allocated' 
No AOI allocated' 
D-5 mg/kg of body weight' 
ADi "not specified"•· • 
!Hl.9 mg/kg of body weight' 

No AOi allocated' 

No AOi allocated" 
!Hl.1 mg/kg of body weight' 
No AOI allocated'1 

No AOI allocated' 

ADI "not speclfied"4 

ADI "not specified "4
• " 

[0.8 mg/kg of body weight14] 

No ADI allocated" 
ADi "not speclfled" 4 • 11 

Acceptable" 



Substance 

B. Contaminants 

Provisional tolerable weekly intake (PTWI} for 
humans 

Patulin 7 ~g/kg of body weight 
Polychlorinated biphenyls (PCBs) PTWI not established" 

Substance Specifications' 

C. Food addftlvea (apec:Hicatlons only) 

Carob bean gum 
Citric and fatty acid esters of 

glycerol 
I ron oxides used as food 

colours 
Modified starches 

R 

R 

R 
R 

Notes to Annex 2 

I. N, new specifications prepared; R, existing specifications revised; S, specifications 
exist, revision not considered or not required; and T, the existing, new, or revised 
specifications are tentative and comments are invited (see Annex 3). 

2. Applies to polyglycerol esters of fatty acids having an average chain length of up 
to three glycerol units. 

3. Group ADI for sucrose esters of fatty acids and sucroglycerides. 
4. ADI "not specified" means that, on the basis of the available data (chemical, 

biochemical, toxicological, and other), the total daily intake of the substance, 
arising from its use at the levels necessary to achieve the desired effect and from 
its acceptable background in food, does not, in the opinion of the Committee, 
represent a hazard to health. For that reason, and for the reasons stated in the 
individual evaluations, the establishment of an AD! expressed in numerical form 
is not deemed necessary. 

5. Temporary acceptance (see Annex 3). 
6. The previous temporary ADI was not extended (see Annex 3). 
7. See Annex 3. 
8. Group ADI for fumaric acid and its salts. 
9. The previous temporary ADI was not extended. 

10. Specifications apply to carotenes from algal and vegetable sources (see Annex 3). 
11. Insufficient information was available on toxicity and/or chemical composition to 

permit establishment of an ADI. 
12. Self-limiting as a spice extract. 
13. Group ADI for ethyl cellulose, ethyl hydroxyethyl cellulose, hydroxypropyl 

cellulose, hydroxypropyl methyl cellulose, methyl cellulose, methyl ethyl 
cellulose, and sodium carboxymethyl cellulose. The ability of modified cell uloses 
to produce laxative effects should be taken into account when they are used as 
food additives. 

14. Provisional maximum tolerable daily intake for iron from all sources. 
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f5. Th!l preVious temporary acceptance of2-nitropropane·as a fractionating solvent 
in the production of fats and oils·:was.n,~t extended. . 

16. For use as a filtering aid where the application of good manufacturing ·practice 
ensures that it is removed from food after use. 

17. Existing specifications for sodium. thiocyanate were maintained. New 
specifications for sodium percarbonate ·were prepared. 

18. When used according to tli.e draft guidelines produced by the Joint FAOfWHO 
Committee of Government Experts on the Code of Principles concerning Milk 
and Milk Products, this system does not present a toxicological hazard. 

19. The Committee concluded that the no-effect level in studies with monkeys was 
40 J.lg pet kg of bOdy weight per day. Because of the limitations of the available 
data and the ill-defined nature of the materials that were used in the feeding 
studies, it was impossible to establish a precise numerical value for a tolerable 
intake for humans. In particular, the PCB mixtures that were used in the studies 
with monkeys were not entirely the same as those to which humans are exposed 
in the diet. However, there is no reason to believe that humans would be more 
sensitive than monkeys to the effects of PCBs, and some indication of safe 
exposure levels can therefore be obtained from the no-effect level observed in the 
studies with monkeys. 
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Annex 3 

FURTHER TOXICOLOGICAL STUDIES AND OTHER 
INFORMATION REQUIRED OR DESIRED 

Flavouring agents 

Benzyl acetate 
Submission is required by 1993 ofthe results oflong-term studies, 

already in progress, in which benzyl acetate is incorporated into the 
diet of mice and rats. 

An in vivo test for chromosome damage in bone marrow is 
desirable. · 

Cinnamaldehyde 
Submission of the results of a short-term feeding study in a non­

rodent mammalian species and of adequate metabolic studies might 
be sufficient to make re-evaluation of this substance possible. 

Dihydrocoumarin 
The results of a short-term study in a rodent species and 

metabolic studies to investigate the extent of conversion to coumarin 
would be needed for re-evaluation of this substance. 

In addition, information is required on the method of 
manufacture, with respect to the possible presence of residues of 
catalysts in the final product, and on the refractive index measured 
at 25°C. 

Ethyl vanillin 
Submission of the results of an adequate short-term study in rats 

and metabolic studies in rats is required by 1992. 

Quinine hydrochloride 
Submission of the results of an adequate human study is required 

by 1992. 

Food colours 

Carotenes (algae) 
Information is required on the source algae (e.g., on the different 

species used and the differences in the composition of the resulting 
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products), the influence of the manufacturing process, such as spray­
drying, on the quality of finished powder preparations, and the 
technological justification for the presence of ethanol residues of up 
to 10%. 

Carotenes (vegetable) 
Information is required on the compos1tJ.on of commercial 

products and method(s) of distinguishing between carotenes 
(vegetable) and synthetic colours. 

Cur cumin 
Submission is required by 1992 of the results of carcinogenicity 

studies, already in progress, with mice and rats given turmeric 
oleoresin containing a high concentration of curcuminoids. 

MisceHaneous 

2-Nitropropane 
Information is required on the range of refractive indices of the 

commercial product. Confirmation is also required of the adequacy 
of the method of assay. 

Tannic acid 
Information is required on the composition of tannic acid from 

different botanical sourees, on a test to show that condensed tannins 
are absent, and on actual use and levels of use of tannic acid as a 
flavouring agent. · 
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385. Microbial glucose oxidase (aspergillus niger) (WHO Food Additives Series 6) 

Home 

INTERNATIONAL PROGRAMME ON CHEMICAL SAFETY 

WORLD HEALTH ORGANIZATION 

TOXICOLOGICAL EVALUATION OF SOME 
FOOD COLOURS I ENZYMES I FLAVOUR 
ENHANCERS, THICKENING AGENTS, AND 
CERTAIN FOOD ADDITIVES 

WHO FOOD ADDITIVES SERIES 6 

The evaluations contained in this publication were prepared by the 
Joint FAO/WHO Expert Committee on Food Additives which met in Rome, 
4-13 June 19741 

World Health Organization Geneva 1975 

1 Eighteenth Report of the Joint FAO/WHO Expert Committee on 
Food Additives, Wld Hlth Org. techn. Reo. Ser., 1974, No. 557. 
FAO Nutrition Meetings Report Series, 1974, No. 54. 

MICROBIAL GLUCOSE OXIDASE* (Aspergillus niger) 

Explanation 

This enzyme preparation has been evaluated for acceptable daily 
intake by the Joint FAO/WHO Expert Committee on Food Additives (see 
Annex 1, Ref. No. 27) in 1971. 

Since the previous evaluation additional data have become 
available and are summarized and discussed in the following monograph. 
The previously published monograph has been expanded and is reproduced 
in its entirety below. 

BIOLOGICAL DATA 

BIOCHEMICAL ASPECTS 
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385. Microbial glucose oxidase (aspergillus niger) (WHO Food Additives Series 6) 
No data available. 

TOXICOLOGICAL STUDIES 

Acute toxicity 

None available. 

Short-term studies 

Rat 

Three groups of 10 male and 10 female Charles River rats were fed 
0, 5 and 10% of Aspergillus niger mycelial preparation in their diet 
for 90 days. There were no overt signs of toxicity, and food 
consumption and growth were not affected. There was a drop in the 
efficiency of food utilization for all dosed groups, it was 
significant for the males in the high dose group. The haematological, 
the clinical and the ophthalmoscopic data revealed no significant 
differences between the groups. There were significant increases in 
the relative kidney weight of females in both dosage groups. The gross 
and microscopic findings were mostly related to chronic respiratory 
disease and kidney lesions including hydropelvis or hydronephrosis, 
which did not appear to be treatment-related (Swann & Cox, 1973). 

* This enzyme preparation is prepared from some varieties of 
Aspergillus niger. 

Duckling 

Groups of five ducklings received in their diet either 0, 1, 5 or 
10% of enzyme for 29 days. Growth, feed efficiency, behaviour and 
survival were similar in all groups except the 10% level which showed 
some growth retardation. No gross liver lesions or differences in mean 
liver weight were noted. Histopathology was normal. No toxic element 
was noted (FDRL., 1963). 

Long-term studies 

None available. 

Comments: 

Aspergillus niger is a common contaminant of food. The 
available information indicates that it is not pathogenic to man. A 
duckling study was done and a 90-day study in rats is now available 
showing no toxicological effects at 10% in the diet. This meets the 
requirements as laid down by the Committee. 

EVALUATION 

Acceptable daily intake not specified.* 

REFERENCES 

FDRL (1963) Unpublished report No. 84600d of the Food and Drug 
Research Laboratories submitted by Miles Chemical Co. 

Swann, H. E. & Cox, G. E. (1973) Unpublished report la. No. 1223 
submitted by Searle Biochemicals 
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* The statement "ADI not specified" means that, on the basis of the 
available data (toxicological, biochemical, and other}, the total 
daily intake of the substance, arising from its use or uses at the 
levels necessary to achieve the desired effect and from its acceptable 
background in food, does not, in the opinion of the Committee, 
represent a hazard to health. For this reason, and for the reasons 
stated in individual evaluations, the establishment of an acceptable 
daily intake (ADI} in mg per kg of body weight is not deemed 
necessary. 

See Also: 
Toxicological Abbreviations 
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Home 

INTERNATIONAL PROGRAMME ON CHEMICAL SAFETY 

WORLD HEALTH ORGANIZATION 

TOXICOLOGICAL EVALUATION OF SOME 
FOOD COLOURS, ENZYMES, FLAVOUR 
ENHANCERS, THICKENING AGENTS, AND 
CERTAIN FOOD ADDITIVES 

WHO FOOD ADDITIVES SERIES 6 

The evaluations contained in this publication were prepared by the 
Joint FAO/WHO Expert Committee on Food Additives which met in Rome, 
4-13 June 19741 

World Health Organization Geneva 1975 

1 Eighteenth Report of the Joint FAO/WHO Expert Committee on 
Food Additives, Wld Hlth Org. techn. Rep. Ser., 1974, No. 557. 
FAO Nutrition Meetings Report Series, 1974, No. 54. 

MICROBIAL CARBOHYDRASE* (Aspergillus niger) 

Explanation 

This enzyme preparation has been evaluated for acceptable daily 
intake by the Joint FAO/WHO Expert Committee on Food Additives (see 
Annex 1, Ref. No. 27) in 1971. 

' ~ ,. '4 i~; ,.,, ~ 

Since the previous evaluation additional data have become 
available and are summarized and discussed in the following monograph. 
The previously published monograph has been expanded and is reproduced 
in its entirety below. 

BIOLOGICAL DATA 

BIOCHEMICAL ASPECTS 
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384. Microbial carbohydrase (aspergillus niger) (WHO Food Additives Series 6) 

No information available. 

TOXICOLOGICAL STUDIES 

Special studies 

Studies on sensitizing effect was tested on 20 albino 
guinea-pigs, 10 males and 10 females, of the Pirbright White 
strain by a challenge injection of 0.05 ml intracutaneous two weeks 
after 10 sensitizing injections of 1% Ultrazym 100 in a 2% 
carboxymethylcellulose solution. The challenge injection produced a 
more intense reaction than the sensitizing injections, indicating a 
skin sensitizing activity (Sachsse, 1971). 

Acute toxicity 

A 70% suspension of Ultrazym 100 in a 2% carboxymethyl-cellulose 
solution was dispersed over the shaved back of 12 RAC/f rats for 24 
hours. Within 24 hours the rats of both dosage groups (1000 mg/kg and 
2150 mg/kg) showed dyspnoea and lachrymation, but no skin irritation. 
Recovering after five days, no substance-related gross organ changes 
were observed at autopsy (Sachsse & Bathe, 1971b). 

* This enzyme preparation is prepared from some varieties of 
Aspergillus niger. 

LDso 
Animal Route (mg/kg bw) Reference 

Mouse Oral >3 200 Hunt & Garvin, 1963 

>4 000 Hunt & Garvin, 1971 

>3 200 Willard & Garvin, 1963 

4 000 Garvin et al., 1966 

Rat Oral 10 000 Gray, 1960 

31 600 Kay & Calandra, 1962 

>3 200 Willard & Garvin, 1968 

>4 000 Garvin et al., 1966 

>10 000 Gray, 1960 

Rabbit Oral >4 000 Garvin et al., 1966 

Dog Oral >4 000 Garvin et al., 1966 

Rat Oral 7 750 Sachsse & Bathe (1971a) 

Short-term studies 
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384. Microbial carbohydrase (aspergillus niger) (WHO Food Additives Series 6) 

Rat 

Four groups of 10 male rats received in their diet for 30 days 
enzyme at 0, 0.5 and 5%. There were no adverse effects related to 
treatment regarding growth, appearance, behaviour, survival, food 
consumption, haematology, organ weights and gross pathology (Garvin et 
al., 1966). 

Two groups of 10 male and 10 female rats received daily for 91 
days in their diet either 0 or 5% enzyme. There was no difference from 
controls regarding appearance, behaviour, survival, weight gain, 
haematology, organ weights and gross pathology (Garvin & Merubia, 
1959) . 

One group of 20 male and 20 female and four groups of 10 male and 
10 female ARS Sprague-Dawley rats were fed 0, 5 and 10% carbohydrase 
(Wallerstein Pectinase Evaporate) and 5 and 10% carbohydrase 

(Wallerstein Amylo glycosidase Evaporate) in the diet for 90 days 
(roughly equivalent to 3,5 and 7 g preparation/kg bw/day). Appearance 
and behaviour were normal, no deaths. Growth rate and food consumption 
were similar in all groups. No changes were seen in haematology and 
blood chemistry as compared with the respective controls. The relative 
weight of thyroid, liver and spleen in males and liver and spleen in 
females fed pectinase showed a dose-related decrease. The relative 
weight of liver in males and heart in females fed amyloglucosidase 
showed a tendency for dose-related decrease. Gross pathology and the 
only partly performed histopathology showed chronic pneumonia and 
renal tubular obstruction with hyalin casts, which did not seem to be 
dose related (Garvin et al., 1972). 

Three groups of 10 male and 10 female Charles River rats were fed 
0, 5 and 10% of Aspergillus niger mycelial preparation in their diet 
for 13 weeks. There were no overt signs of toxicity. Food consumption 
and growth were not affected. There was a drop in the efficiency of 
food utilization for both dosage groups and both sexes, which was 
significant for the high dose males. The haematological, the clinical 
and the ophthalmoscopic data, revealed no significant differences 
among the groups. There were significant increases in the relative 
kidney weight of females in both dosage groups. The gross and 
microscopic findings were mostly related to chronic respiratory 
disease and kidney lesions including hydropelvis or hydronephrosis, 
which did not appear to be treatment related (Swann & Cox, 1973). 

Duckling 

Groups of five ducklings received in their diet either 0, 1, 5 or 
10% of enzyme for 29 days. Growth, feed consumption, behaviour and 
development were comparable in all groups. No gross liver lesions were 
seen at autopsy and mean liver weights were similar to controls. 
Histopathology of the livers was normal. No toxic element was noted 
( FDRL . , 19 6 3 ) . 

Mouse, Rat, Cat 

Enzyme preparations from Aspergillus niger, strain "Pectolytic" 
produced by different cultivation methods were in several different 
acute and short-term studies given to a total number of 300 mice, 
123 rats and 17 cats. The conclusion of the author is, that surface 
and deep culture preparations on media rich in sugars (sugar beet 
pulp, wheat bran) gave effects in some experimental animals after 
45-750 mg/kg bw/day, of the different preparations mainly given in the 
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384. Microbial carbohydrase (aspergillus niger) (WHO Food Additives Series 6) 
drinking water. The main effects were decreased weight gain, increased 
leucocyte count, accelerated sedimentation of erythrocytes and 
abscesses different places in the body. A preparation isolated from 
the same mould, but cultivated on grain husk had no similar effects on 
the animals. The preparation methods are not described, especially is 
not revealed whether the preparations were sterile (Magnova, 1968). 

Long-term studies 

None available. 

Comments: 

Aspergillus niger is a common contaminant of food. The 
available information indicates that it is not pathogenic to man. 
Duckling studies were done on two preparations and an adequate 90 
days' study in rats is now available showing no toxicological effects 
at 10% in the diet. This meets the requirements as laid down by the 
Committee. 

EVALUATION 

Acceptable daily intake not specified.* 

REFERENCES 

FDRL (1963) Unpublished report No. 84600f submitted by Miles Chern. Co 

Garvin, P. & Merubia, J. (1959) Unpublished report submitted by Baxter 
Laboratories Inc. 

Garvin, P. J. et al. (1966) Unpublished report submitted by Baxter 
Laboratories Inc. 

Garvin, P. J. (1972) Unpublished report No. R.D. 6 - 106 submitted by 
R. M. Gesler 

Gray, E. H. (1960) Unpublished report submitted by Miles Laboratories 
Inc. 

Hunt, R. F. & Garvin, P. J. (1963) Unpublished report submitted by 
Baxter Laboratories Inc. 

Hunt, R. F. & Garvin, P. J. (1971) Unpublished report submitted by 
Travenol Laboratories Ltd 
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* The statement "ADI not specified" means that, on the basis of the 
available data (toxicological, biochemical, and other), the total 
daily intake of the substance, arising from its use or uses at the 
levels necessary to achieve the desired effect and from its acceptable 
background in food, does not, in the opinion of the Committee, 
represent a hazard to health. For this reason, and for the reasons 
stated in individual evaluations, the establishment of an acceptable 
daily intake (ADI) in mg per kg of body weight is not deemed 
necessary. 

Kay, J. H. & Calandra, J. C. (1962) Unpublished report submitted by 
Miles Chemical Co 

Magonova, N. B. (1968) Voprosy pitania, 27, 67-72 
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Current and Future Biotechnological Applications of Bacterial Phytases and 
Phytase-Producing Bacteria 
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Phytases are a group of enzymes capable of releasing phosphate from phytate, one of the most abundant forms of 
organic phosphate in the natural environment. Phytases can be found in many organisms; in bacteria, they are particu­
larly described in y-proteobacteria. In recent years, bacterial phytases have been isolated, characterized and proposed 
as potential tools in biotechnology. Microbial phytases have been applied mainly to animal (swine and poultry) and 
human foodstuffs in order to improve mineral bioavailability and food processing. Here, we summarize the current 
knowledge of bacterial phytases and phytase-producing bacteria, as well as their potential biotechnological applica­
tions, including new fields poorly explored, such as fish nutrition, environmental protection and plant nutrition. 
Despite the recognized importance in biotechnology, information on bacterial phytases and phytase-producing bacteria 
is clearly limited and major efforts are required to improve the knowledge of phytases present in bacteria and their uti­
lization. 

Key words: bacterial phytase, biotechnological application, inositol phosphate, phosphorus, phytate 

Introduction 

Phytic acid (myo-inositol 1, 2, 3, 4, 5, 6-hexakis dihydro­
gen phosphate) and mixed cation salts ofphytic acid, desig­
nated as phytates, are a group of organic phosphorus (P) 
compounds found widely in nature. In terrestrial ecosystems, 
they are synthesized by plants, accumulate in seeds during 
the ripening period and are regarded as the primary storage 
form of both phosphate and inositol in plant seed and 
grains75·113>. They are strongly complexed in soils, represent­
ing an important class of organic P8·114>. Phytic acid and 
phytates are of central interest as P sources in terms of bio­
availability to plants42>, because P is considered an essential 
nutrient for plant growth and improvement in the ability of 
plants to use phytate as a source of P may help decrease the 
use of inorganic P fertilizers in agro-pastoral ecosystems. 
Moreover, phytic acid and phytates in soils are important due 
to their potential leaching into water bodies where they can 
contribute to eutrophication and algal bloom6·102,104,112>. 

Phytase is a generic term used to describe phosphohydro­
lase enzymes, which catalyze the sequential release of inor­
ganic orthophosphates from phytic acid and phytates52·77>. 
Phytase enzymes are wide-spread in nature and can be 
derived from a number of sources including plants, animals 
and microorganisms65·120>. Phytases have been classified as 3-
phytases (EC 3.1.3.8), 6-phytases (EC 3.1.3.26) and 5-
phytases (EC 3.1.3.72), based on the position of specificity 
of the initial hydrolysis of phytate. On the basis of pH opti-

* Corresponding author. E-mail: mjorquera@ufro.cl; Tel: +56-45-
325-450;Fax:+56-45-325-053. 

mum, phytases can be broadly divided in two major classes: 
acid and alkaline phytases. Phytases also exhibit variations 
in structure and catalytic mechanism, and consequently, have 
been categorized into cysteine phytases, histidine acid 
phosphatases, 13-propeller phytases, and purple acid 
phosphataset7.77.tts>. 

During the last two decades, there has been an increase in 
the use of microbial phytases as feed additives in diets for 
swine and poultry to enhance the utilization of plant-based 
foods33•99>. Apart from being commercially valuable in the 
feed and food industries, phytases have potential biotechno­
logical applications in various other fields, such as environ­
mental protection69>, aquaculture11> and agriculture48•88>. Nev­
ertheless, many fundamental issues relating to biotechnological 
applications of phytates and phytases remain to be eluci­
dated. 

This review summarizes current information on bacterial 
phytases and phytase-producing bacteria and their applica­
tions in biotechnology, emphasizing the potential applica­
tions in less explored fields such as environmental protection 
and nutrition of swine, fish and plants. 

Occurrence of phytase-producing bacteria 

Phytases have a wide distribution in plants, animal tissues 
and microorganisms. Studies have shown that microbial 
phytases are most promising for biotechnological appli­
cation82·120>. Although the commercial production of phytases 
has focused on the fungus Aspergillus, studies have sug­
gested bacterial phytases may be an alternative to the fungal 
enzymes because of their higher substrate specificity, greater 
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resistance to proteolysis and better catalytic effici­
ency62·89·122l. Bacteria able to degrade phytate have been iso­
lated from a range of terrestrial and aquatic environments45> 

and phytases have been detected in a wide variety of bacte­
ria, such as bacilli, enterobacteria, anaerobic rumen bacteria 
and pseudomonads (Table 1). 

Based on the microbial and environmental sequence data­
base available at the National Center for Biotechnology 
Information (NCBI) and the Community Cyberinsfrastruc­
ture for Advanced Marine Microbial Ecology Research and 
Analysis (CAMERA98>), Lim et a/. 74l performed a study on 
the distribution and diversity of phytase-producing bacteria 
in various habitats. Representative genes from cysteine 
phytases (CPhy), histidine acid phosphatases (HAP) and ~­
propeller phytases (BPP) were obtained from public data­
bases. CPhy-like sequences were mainly found in plant 
pathogenic, enteric and free-living bacteria, whereas HAP­
like sequences were found in plant pathogenic and enteric 
bacteria. No CPhy and HAP-like sequences were found in 
aquatic bacteria. In contrast, BPP-Iike sequences were found 
in plants, soil and aquatic bacteria; suggesting that BPP 
phytases can play a major in the cycling of phytate in both 
soil and aquatic environments. 

In relation to purple acid phosphatase (PAP), no bacterial 
enzyme has been purified, but a search of complete and par­
tial genome sequences in the TIGR Microbial Database indi­
cated that P AP-Iike sequences may be restricted to a small 
number of bacteria, such as myco- and cyanobacteria96>. 
However, the current database is too small to provide ade-

Table 1. Reported phytase-producing bacteria 

Specie Class of phytase Reference 

Bacillus amyloquefacierL'! P-propeller phytase 36*,38,48,60 
Bacillus licheniformis 115 
Bacillus subtilis P-propeller phytase 36*, 57, 58, 61, 

83, 103, 115 
Bacillus sp. 15, 16, 30, 59 
Citrobacter braakii 62 
Escherichia coli Histidine acid phosphatase 25, 26, 27, 29, 

55, 67, 73*, 107 
Enterobacter cloacae Histidine acid phosphatase 43* 
Enterobacter sp. 126 
Klebsiella aerogenes 108 
Klebsiella pneumoniae Histidine acid phosphatase 121* 
Klebsiella terrigena Histidine acid phosphatase 28,35* 
Klebsiella ox:ytoca 54 
Klebsiella sp. 3-phytase 92*, 100 
Lactobacillus amylovorus 106 
Megasphaera elsdenii 13, 124 
Mitsuokella multiacidus 13, 124 
Mitsuokella jalaludinii 68 
Obesumbacterium proteus Histidine acid phosphatase 129* 
Pantoea agglomerarL'! 31,32 
Prevotella sp. 13, 124 
Pseudomonas syringae Histidine acid phosphatase 14* 
Pseudomonas fragi 50 
Pseudomonas sp. 51,86 
Selenomonas ruminantium 13, 124, 125 
Treponema sp. 13, 124 
Yersinia intermedia Histidine acid phosphatase 46* 

* Asterisk denotes the reference describing the class of phytase. 
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quate coverage of phytases present in the bacterial world74>. 
This limitation can result in a inability to detect genes 
involved in phytase hydrolysis in environmental isolates, 
even when using modem techniques based on published 
phytase gene sequences as described by Hill et a/. 44>. 

The NCBI and Swiss-Prot databases show that phytase­
like proteins are found in a great diversity of bacterial groups 
(Table 2). It is worth noting that members of the genera 
Pseudomonas and Xanthomonas appear to contain genes for 
various types of phytases. Pseudomonas syringae and Xanth­
omonas campestri have been shown to produce all three 
classes of phytases (CPhy, HAP and BPP), whereas X axo­
nopodis and X oryzae produce two classes of phytases (HAP 
and BPP). It is known that the genus Pseudomonas is a cos­
mopolitan opportunist par excellence. Members of the genus 
Pseudomonas are extremely metabolically versatile and 
omnivorous, some species being able to use more than 100 
different sources of carbon and energy110>. Xanthomonas con­
stitutes a group of bacteria with diverse physiological traits 
and phytopathological specializations. This metabolic versa­
tility may require the presence of different classes of 
phytases in the same species of pseudomonads and xanth­
omonads. 

The highest frequency of phytase-like proteins has been 
reported in members of the y-proteobacteria group (Table 2). 
This may simply be because y-proteobacteria have the most 
fully sequenced genomes, including those species for which 
our knowledge of gene function is more complete than that 
for any other cellular organisms9l. The y-proteobacteria are 
commonly chosen in phylogenetic studies because this group 
represents a model of bacterial diversification and includes 
free-living and commensal species, intracellular symbionts, 
and plant and animal pathogens71). At the same time, y-pro­
teobacteria are sufficiently closely related to reduce the prob­
lem oflack of phylogenetic signals and to identify a large set 
of unambiguous orthologs. Figure I, based on amino acid 
sequences taken from the NCBI and Swiss-Prot databases, 
shows the phylogenetic relations of representative phytase­
like proteins in y-proteobacteria. The phylogenetic tree 
shows a clustering of the tree classes of phytases (CPhy, 
HAP and BPP) reported. Due to the evident importance and 
the amount of information available about them, the follow­
ing sections will focus on members of y-proteobacteria as 
phytase-producing bacteria. 

Application of bacterial phytases in food 

Monogastric animals (e.g. swine and poultry) are unable to 
degrade phytate in food, since they lack or have low levels of 
phytase activity in their digestive tracts97>. Thus, inorganic 
phosphate is frequently added to feed to improve the growth 
of these animals. However, P uptake by monogastric animals 
is inefficient, 70% of the total P in feed is released in 
excreta113>. Through leaching or surface run-off, the high lev­
els of phytate and inorganic phosphate in the excretion of 
these animals can contribute to the eutrophication of surface 
water and algal blooms6·19·102·104·112>. Furthermore, phytate acts 
as an anti-nutritional factor by chelating divalent metal cat­
ions such as Zn2+, Fe2+13+, Ca2+, Mg2+, Mn2+ and Cu2+, prevent­
ing the absorption of minerals in the digestive tracts of 
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Table 2. Bacteria containing phytase-like proteins reported in NCBI and Swiss-Prot databases 

Proteobacteria Classes of 
phytase 

------------...,--,-----c---- Bacteroidetes Firmicutes Cyanobacteria Actinobacteria Acidobacteria 
Alfa Beta Delta/Epsilon Gamma 

Cysteine 
phytase 
(CPhy) 

Histidine acid Gluconobacter 
phosphatase Zumomonas 
(HAP) ~ 

Acidovorax Bdellovibrio 
Stigmatella 

Lawsonia 

Legion ella 
Pseudomonas 
Xanthomonas 

Citrobacter 
Enterobacter 
Escherichia 
Erwinia 
Klebsiella 
Obesumbacterium 
Pseudomonas 
Salmonella 
Serratia 
Shigella 
Stenotrophomonas 
Xanthomonas 
Yersinia 

Alteromonas 
Azotobacter 
Hahella 
ldiomarina 

Clostridium 
Selenomonas 

Solibacter 

Caulobacter 
Hyphomonas 
Maricaulis 
Oceanicaulis 
Parvularcula 
Sphingomonas 

Oceanobacter Chlorobium Anabaena 
j3-propeller 
phytase 
(BBP) 

Pseudoalteromonas Flavobacterium Cyanothece Kineococcus 
Gloeobacter Streptomyces 
Nos toe 

Desulfuromonas Pseudomonas Microscilla Bacillus 
Reinekea Polaribacter 
Saccharophagus Prosthecochloris Nodularia 
Shewanella 
Stenotrophomonas 

Purple acid 
Phosphatase 
(PAP) 

Burkholderia 

Vibrio 
Xanthomonas 

Synechocystis Mycobacterium 

Table 3. Summary of the potential applications of bacterial phytases and phytase-producing bacteria 

Phytases as feed additives 

Inoculation of organic residues 
with phytase-producing bacteria 

Inoculation of roots with 
phytase-producing bacteria 

Main effect 

Increased P utilization and metal 
bioavailability; decreased P 
concentration in excrements 

Increased P availability; decreased 
P pollution in water bodies 

Increased uptake of P from 
organic forms by plants 

animals19.4°·117l, The stability and solubility of metal cation­
phytate complexes depends on the individual cation, pH, 
phytate: cation molar ratio, and the presence of other com­
pounds in solution80l. 

During the past 15 years, the inclusion of microbial 
phytase in poultry and swine diets has increased, mainly in 
response to heightened concerns over P pollution in the envi­
ronment. The capacity of this enzyme to release P from 
phytate and reduce P excretion between 30% and 50% is now 
well documented33•39•69•70•99l. Phytases used as feed additives 
should have certain properties for effective mineralization of 
phytate in the digestive tract of the animal. The main site for 
phytase activity is the stomach, thus an enzyme with an 
acidic pH optimum and high resistance to pepsin is 
desirable66l. On the other hand, some enzymes, especially 
those of the genera Enterobacter, exhibit a pH optimum 

Important properties 

Resistance to low pH and pepti­
dase 

Resistance to physico-chemical 
changes during the stabilization 
process (changes in pH and 
temperature); capacity to utilize 
recalcitrant P forms 

P liberation should be greater than 
P requirement; rhizosphere 
competence 

Limitations 

Low effectiveness; cost 

Low survival/activity during 
stabilization; rapid adsorption ofP 
in soil after application 

Low survival/activity in 
rhizosphere, sorption of phytases 

between 6.0 and 8.0126l. Therefore, they are preferred as feed 
additives for poultry since this pH optimum is close to the 
physiological pH of the poultry crop99l. Bacterial phytases 
could be of particular interest as feed additives as phytases of 
E. coli and Citrobacter braakii have been shown to be more 
resistant to pepsin and pancreatin than the commercial 
Aspergillus phytases62•89l, and the E. coli phytase is highly 
stable under acidic conditions, even at pH 2.027J. Several 
studies have described the effectiveness of supplemental E. 
coli-derived phytase in improving utilization ofP by poultry 
and swine, resulting in greater feed intake and body weight 
gain1•3.4l. Nevertheless, Rosen91l argued that feed efficacy 
response to phytase has been declining recently, which can 
be attributed to concurrent improvements in broiler strains, 
feeds and management techniques. 

With the aim of developing a sustainable and environmen-
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CPhy 

HAP 

0.2 substitutions/site 

BPP 
EAR06739 

Fig. 1. Phylogenetic analysis of representative phytase-like proteins found in the y-proteobacteria group. Amino acid sequences were aligned 
using the ClustalW program 1091 and the neighbor-joining tree was constructed using Prodist and Drawtree in PHYLIP (Phylogenetic Inference Pack­
age, version 3.67, available from J. Felsenstein of the Department of Genome Sciences at the University of Washington, Seattle, WA, USA). The 
selected sequences analyzed were as follow: Cystein phytase-like sequences (CPhy): Legionella pneumophila str. Lens, YP _128063; L. pneuma­
phi/a str. Philadephia, YP _ 096814; L. pneumophila str. Paris, YP _125176; Xanthomonas campestris str. 85-10, YP _361664; X campestris A TCC 
33913, NP_637463; X campestris str. 8004, YP_243159; Pseudomonas syringae str. DC3000, NP_794465. Histidine acid phosphatase-like 
sequences (HAP): Obesumbacterium proteus, AAQ90419; Yersinia bercovieri ATCC 43970, ZP_00821164; Y. mollaretii ATCC 43969, 
ZP_00824387; Y. intermedia ATCC 29909, ZP_00832361; Y.frederiksenii ATCC 33641, ZP_00831300; Y. pestis str. 91001, NP_993128; Y. 
pseudotuberculosis IP 32953, YP_070934; Salmonella enterica ATCC9150, YP_150966; Salmonella Typhimurium LT2, NP_460090; Serratia 
proteamaculans 568, ZP _01534140; Y. intermedia ATCC 29909 (2), ZP _00834492; Y. mollaretii ATCC 43969 (2), ZP _00824103; Y.frederiksenii 
ATCC 33641 (2), ZP_00831059; Stenotrophomonas maltophilia R5513 ZP_01643788; Klebsiella pneumoniae, AAM23271; K. terrigena, 
CAE01322; Erwinia carotovora SCRI1043, YP_052285; Xanthomonas campestris ATCC 33913, NP_636151; X campestris str. 8004, 
YP _244537; X oryzae KACC10331, YP _202431; X axonopodis str. 306, AAM35446; X campestris str. 85-10, CAJ22221; Shigella dysenteriae 
Sdl97, YP _ 402619; S. boydii Sb227, YP_ 408643; S. flexneri str. 301, NP _706903; Escherichia coli 0157:H7, NP_309163; E. coli K12 AppA, 
P071 02; E. coli K12, AAN28334; Citrobacter braakii, AAS45884; C. freundii, AAR89622. fl-propeller phytase-like sequences (BBP): Pseudomo­
nas syringae 1448, YP _275170; P. syringae str. DC3000, NP _793025; P.fluorescens Pf-5, YP _260816; P. mendocina ymp, ZP _01528237; Azoto­
bacter vinelandii AvOP, ZP_00418781; ldiomarina baltica OS145, ZP_01042413; I. loihiensis L2TR, YP_154494; Saccharophagus degradans, 
ABD83254; Oceanobacter sp. RED65, EATl2633; Alteromonas macleodii Deep ecotype, EAR06739; Reinekea sp. MED297, EARlOlll; Vibrio 
angustum S14, EAS63574; Shewanella oneidensis MR-1, NP_718111; Shewanella sp. MR-4, ZP_00881318; Shewanella sp. ANA-3, 
ZP _00851245; Shewanella sp. MR-7, ZP _00855136; S. oneidensis PhyS, AAN55555; Pseudoalteromonas haloplanktis TAC125, CAI85536; 
Hahella chejuensis KCTC 2396, YP _ 434827; Xanthomonas campestris str. ATCC 33913, NP _637738; X axonopodis str. 306, NP _642834; X 
oryzae KACC10331, YP_201138; X oryzae MAFF 311018, YP_451391; X campestris str. 85-10, YP_364432; X campestris str. 8004, 
YP _242815; S. maltophilia R551-3, EAX23120. 

tal friendly aquaculture, several studies have been conducted 
on the use of plant protein-based foods, such as soybean 
meal and canola meal, in fish feed 11>. Similar to swine and 
poultry, monogastric and agastric aquatic animals lack intes­
tinal phytases for efficient phytate hydrolysis during 
digestion79>, hence most phytate is excreted into the water 
which may cause algal growth72>. Thus, phytase has been 
demonstrated to both increase the use of low-cost plant­
based food in the aquaculture industry and maintain accept­
able P levels in the water. Besides fungal phytase, 6-phytase 
from E. coli is a commonly used feed additive11>. Studies 
have reported that between 20 and 80% of phytate-bound P 

can become available for intestinal absorption by adding 
phytase in fish fed plant-based diets95•127>. Moreover, an 
increase in the weight of salmonids fed diets supplemented 
with phytases has been shown93•119>. Microbial phytase sup­
plementation also leads to improved availability of other 
minerals and trace elements in fish123>. Nevertheless, there is 
still no consensus on whether phytase enhances protein and 
energy utilization or not99>, and further investigations about 
the application of microbial phytases in animal feed are 
needed. 

Processing and manufacturing of human food is another 
potential area of application for phytases. Investigations in 
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this area are focused on better mineral absorption or techni­
cal improvement of food processing. The high phytate con­
tent in cereal and legume-based diets contributes to inhibi­
tion of mineral absorption94l. In order to improve mineral 
absorption, the use of phytase has been suggested to improve 
phytate utilization in diets and reduce the risk for mineral 
deficiency in vulnerable groups such as child-bearing 
women, strict vegetarians and inhabitants of developing 
countries34·39l. In relation to phytate degradation during food 
processing or preparation, phytases have been proposed for 
food fermentation to improve mineral bioavailability33J. Hur­
re11 et al. 471 reported that phytase fu1ly degraded phytate dur­
ing the manufacture of nine complementary foods based on 
flours from rice, wheat, maize, oat, sorghum, and wheat-soy 
blend. Hence, although currently phytases are used mainly as 
animal feed additives in diets of monogastric animals, there 
is a great potential for the use of this class of enzymes in pro­
cessing and manufacturing of food for human consumption. 

Environmental protection 

Concern about the impact of P in the environment has 
greatly increased over the past decade. Over-application of 
P-containing materials, whether inorganic P-hased fertilizers 
or organic residues such as crop residues, manures, com­
posts, and municipal biosolids, can result in high levels of 
extractable soil inorganic phosphate20·78l. If these soils are 
close to surface water (streams, lakes and rivers), this P can 
enter the water either as soluble P in runoff water or as P 
absorbed by eroded soil particles75·78l thereby increasing P 
availability in these water bodies. This excess ofP can poten­
tia11y lead to eutrophication in water columns. Algal blooms 
(some of which may produce toxins), hypoxia and occasional 
anoxia can result with the excess of nutrients in aquatic 
habitats6·102·104l. In this context, Knowlton64l indicated that 
animal management has an important role in reducing P 
losses in the environment. This could be achieved by using 
technologies to increase the bioavailability of P in manures 
and excreta to produce an organic fertilizer with large 
amounts of available P20l. A recent study on P dynamics in 
aerobic degradation of dairy cattle dung revealed the pres­
ence of phytate-utilizing bacteria during the entire degrada­
tion process (105 days)21 l. Two morphotypes with high P 
mineralizing capacity in vitro, genetica11y characterized as 
member of Enterobacter and Rahnella, were dominant as the 
phytate content decreased. Although the decreasing phytate 
content is probably mainly the result of the formation of 
recalcitrant P compounds during humification and polymer­
ization, these bacteria may play a role in lowering the phytate 
concentration by mineralization. Similarly, inorganic phos­
phate could be released from organic P by bacterial mineral­
ization during composting. For environmental protection it 
may become necessary to pre-treat organic wastes before 
their application in soils; phytase-producing bacteria could 
be useful tools to produce a fertilizer rich in available P. 

Phytate-producing bacteria as plant growth-promoting 
agents 

In many agricultural soils, a large proportion of P applied 
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to soils as fertilizer (>90%) is not taken up by the crop 
because it rapidly becomes unavailable to plants due to its 
interaction with soil constituents by either adsorption or 
precipitation101l. Total amounts of P in soils vary widely, 
depending on parent material and the extent of weathering. 
Phosphorus is incorporated into organic matter or relatively 
insoluble inorganic P minerals78l. 

Plants and microorganisms increase P availability by solu­
bilising inorganic P and mineralizing organic P. These pro­
cesses are of particular importance in the rhizosphere where 
the activity of microorganisms is increased significantly 
because of the release of root exudates88l. In the rhizosphere, 
a substantial number of bacteria may exert a beneficial effect 
on plant growth81·128l; the so-ca11ed plant growth-promoting 
bacteria (PGPB)5·63l. Among them, bacteria with the capacity 
to solubilize and/or mineralize P have been isolated and pro­
posed as inoculants to improve yield37·49·90l. Phosphate-solu­
bilizing bacteria (PSB) may increase the transfer of P from 
poorly-available soil pools (e.g. tricalcium phosphates and 
rock phosphates) to plant-available forms 53l. Due to proxim­
ity of the plant root, this bacterial effect is particularly impor­
tant in the rhizosphere; ifPSB solubilize more soluble P than 
is required for their growth and metabolism, this surplus P is 
available for uptake by plants76l. PSB have attracted the 
attention of microbiologists and agriculturists as biotechno­
logical tools to improve plant growth and yield2·10·12·1R.RSJ. 

However, there have been few successful applications to the 
field. Clearly, microbial-plant interactions in soil are com­
plex and have proven difficult to manipulate49·88>. 

Organic P is genera11y estimated to contribute between 30 
and 50% of total P in soil, being most abundant in soils with 
a high organic matter content8·78l. Phytate is by far the most 
prevalent form of organic P in soil and typica11y represents 
between 10 and 50% of total organic P78·114l. In terrestrial 
environments, phytates are synthesized in plants and the 
highest concentrations are found in the seeds, but it has also 
been reported in animal wastes, hay grass and in sma11 
amounts in bacteria, fungi and the roots ofplants1 11·113l. The 
amount of phytate in soils varies widely and depends on the 
properties, use and management of soils. Phytate also has a 
strong interaction with soil, either being adsorbed to clays, or 
precipitated as insoluble salts such oxides and hydroxides of 
Fe and AI in acidic soils and insoluble Ca salts in alkaline 
soils113>. In British surface soils, the phytate content was esti­
mated to be between 11 and 35% of total organic P114l. In 
Chilean volcanic soils, Borie et a!. 71 reported phytate con­
tents of between 42 and 67% of total organic Panda possible 
accumulation in the organic fraction of soil matrix through 
AI and Fe bridges. On the other hand, it has been reported 
that phytate represents <5% of total organic P and <3% of 
total Pin Australian soils105l. The authors of the latter study 
suggest that phytate content may have been over-estimated in 
other studies due to mis-interpretation of the analytical 
results. 

Phytases are actively excreted into soil by organisms and 
also accumulate in soil due to protection from sorption to 
organo-clay complexes78>. These enzymes are important not 
only for the degradation of fresh organic residues, but also 
for the release of inorganic P from soil organic matter. Given 
the substantial amount of organic P, the hydrolysis of ortho-
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Fig. 2. Schematic illustration of free inorganic phosphate (P04) released by phytase-producing bacteria associated with rhizospheres of pasture 
plants. Pi: inorganic P; Po: organic P. 

phosphate from these sources can be important for plant 
nutrition78l. 

Plants producing phytases display only weak activity in 
roots and other plant organs48l. Given the lack of extracellular 
phytase of plant origin and relative abundance of phytase­
producing microorganisms, microbial phytases appear to be 
the key to organic P cycling in soils41 ·118l. 

Despite that microbial phytases can play a fundamental 
role in the P cycle in soils and are of great agronomic and 
ecological value, the potential applications of phytase-pro­
ducing bacteria in supporting plant growth under phosphate­
limited conditions have been scarcely investigated. Rhizo­
sphere bacteria that utilize phytate are being isolated and 
considered as potential PGPB to improve availability of P in 
the rhizosphere and uptake ofP by plants88·90l. Figure 2 illus­
trates the liberation of free inorganic phosphate (P04) from 
phytate in soils by the activity of phytase-producing bacteria 
associated with the rhizospheres of pasture plants. Phytate is 
represented as the salt of phytic acid (inositol hexakisphos­
phate) and divalent metals such as AI, Fe and Mn. Phytase 
released by bacteria hydrolyses phytate, producing free P04, 
metals, and inositol or its intermediate metabolites. The free 
P04 in soil solutions can be taken up by plants. Few studies 
have reported the isolation of phytase-producing bacteria 
from the rhizosphere and their effect on plant growth and P 

uptake. In 1996, Yoon et a/. 126l isolated a bacterium charac­
terized as Enterobacter from soil near the roots of legumi­
nous plants which produced extracellular phytase. 
Pseudomonas spp. that utilize inositol hexaphosphate (IHP), 
isolated from diverse cropping soils in Australia, exhibited 
marked phytase activity and liberated up to 80% of the P 
from IHP86l. Richardson87l observed that the ability of pasture 
plants to acquire P from phytate was improved by the pres­
ence of soil microorganisms. In Japan, Unno et a/. 116l isolated 
diverse bacteria with phytate-utilizing ability from the rhizo­
sphere of white lupin (Lupinus a/bus). Almost all isolates 
were classified as members of the genus Burkho/deria and 
some isolates significantly promoted plant growth. Recently, 
Jorquera et a/. 56l isolated bacteria from the rhizospheres of 
plants most commonly cultivated in a volcanic soil in Chile. 
This study revealed bacteria with the capacity to solubilize 
phosphate and mineralize phytate. Moreover, the study also 
showed the capacity to release inorganic orthophosphate 
from IHP by some isolates, genetically characterized as 
members of the genera Pseudomonas, Enterobacter and 
Pantoea. The studies previously mentioned suggest that 
phytase-producing bacteria are ubiquitous in the rhizosphere 
of different plant species and members of y-proteobacteria 
are most commonly reported. Thus, to circumvent the prob­
lem of P deficiency and the mobilization of the phytate 
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reserves present in agricultural soils, further investigations 
focused on the application of phytase-producing bacteria as 
inoculants for improving plant P uptake are required. 

However, the effectiveness of phytases in soil may be 
reduced by sorption. For example, the rapid immobilization 
in soil of fungal-derived phytases released from roots of 
transgenic plants has been reported23>. This immobilization 
may limit the capacity of phytases to interact with phytate 
and compromise the ability of transgenic plants to acquire P 
from endogenous soil phytate. A recent study revealed that 
two fungal phytases are rapidly absorbed to the soil solid 
phase, their physicochemical properties affecting their 
mobility, temporal stability and capacity to hydrolyze inosi­
tol phosphate in soil24>. Absorption of microbial phytases 
may also reduce their affinity for inositol phosphate and thus 
reduce their effective activity84>. Moreover, the effectiveness 
of phytases in increasing the availability of P to plants may 
be further limited by the concentration of organic P forms in 
the soil solution22>. 

Concluding remarks and future trends 

The importance of bacterial phytases as potential biotech­
nological tools has been recognized in various fields (Table 
3). However, only a limited number of bacterial phytases 
have been reported and studied, and our knowledge of the 
mechanisms and factors regulating phytase activity is lim­
ited. Further research into developing new technologies and 
identifying the most efficient phytases for improving animal 
feed and food processing must continue. The use of phytase­
producing bacteria for improving plant nutrition in the field 
also presents a promising potential application for agricul­
ture, although major efforts will be required to refine and 
implement this technology prior to it becoming economically 
viable. With the collaborative efforts of scientists from dif­
ferent fields, effective solutions to the biotechnological 
development of phytases for mineral nutrition and environ­
mental protection should be available in the near future. 
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Abstract 

Enzymes are commonly used in food processing and in the production of food ingredients. Enzymes traditionally isolated from cultur­
able microorganisms, plants, and mammalian tissues are often not well-adapted to the conditions used in modern food production meth­
ods. The use of recombinant DNA technology has made it possible to manufacture novel enzymes suitable for specific food-processing 
conditions. Such enzymes may be discovered by screening microorganisms sampled from diverse environments or developed by modifica­
tion of known enzymes using modern methods of protein engineering or molecular evolution. As a result, several important food-process­
ing enzymes such as amylases and lipases with properties tailored to particular food applications have become available. Another 
important achievement is improvement of microbial production strains. For example, several microbial strains recently developed for 
enzyme production have been engineered to increase enzyme yield by deleting native genes encoding extracellular proteases. Moreover, 
certain fungal production strains have been modified to reduce or eliminate their potential for production of toxic secondary metabolites. 
In this article, we discuss the safety of microorganisms used as hosts for enzyme-encoding genes, the construction of recombinant produc­
tion strains, and methods of improving enzyme properties. We also briefly describe the manufacture and safety assessment of enzyme 
preparations and summarize options for submitting information on enzyme preparations to the US Food and Drug Administration. 
© 2006 Elsevier Inc. All rights reserved. 

Keywords: Review; Food-processing enzymes; Recombinant microorganisms; FDA 

1. Introduction 

Enzymes occur in all living organisms and catalyze bio­
chemical reactions necessary to support life. Enzymes are 
ubiquitous in fresh and processed food and are consumed 
every day. Like other dietary proteins, enzymes are 
degraded and metabolized after ingestion. Enzymes natu­
rally present in the human diet have not been associated 
with toxicity and are considered intrinsically safe. 

* The opm1ons expressed in this article are the authors' personal 
opinions and they do not necessarily reflect those of FDA, DHHS, or the 
Federal Government. 
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The industrial production of enzymes for use in food 
processing dates back to 1874, when Danish scientist Chris­
tian Hansen extracted rennin (chymosin) from calves' 
stomachs for use in cheese manufacturing (Nielsen et al., 
1994). Chymosin is now produced from microorganisms 
that contain the bovine prochymosin gene introduced 
through recombinant deoxyribonucleic acid (rDNA) tech­
niques. Bovine chymosin expressed in Escherichia coli K-12 
became the first recombinant enzyme approved for use in 
food by the US Food and Drug Administration (FDA) 
(Flamm, 1991). 

Many enzymes currently used in food processing are 
derived from recombinant microorganisms. Enzyme manu­
facturers take advantage of new genetic techniques to 
develop and manufa~ture enzymes with improved proper­
ties. Such enzymes often originate from microorganisms 
that cannot be easily cultured under laboratory or 
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industrial conditions. By judicious selection of host micro­
organisms, recombinant production strains can be con­
structed to allow efficient production of enzymes that are 
substantially free of undesirable enzymes or other micro­
bial metabolites. 

The increasing sophistication of food processing created 
a demand for a broad variety of food processing enzymes 
with characteristics compatible with food processing condi­
tions. For example, commonly used sweeteners such as glu­
cose or fructose syrups are typically produced from corn 
starch using hydrolytic enzymes. In the first step of starch 
hydrolysis, starch is liquefied with ex-amylase by heating at 
105 oc for 2-5min followed by 1-2h at 90-100 oc. With the 
advent of rDNA technology, it became possible to engineer 
ex-amylases with increased heat stability and improved 
compatibility with other parameters of the liquefaction 
process. These improvements were accomplished by intro­
ducing changes in the ex-amylase amino acid sequences 
through DNA sequence modifications of the ex-amylase 
genes. Other enzymes currently used in food processing 
have also been improved using rDNA techniques. 

Enzymes used in food processing are sold as enzyme 
preparations. An enzyme preparation typically contains the 
enzyme of interest and several added substances such as dil­
uents, preservatives, and stabilizers. The added materials 
are usually well-known substances suitable for use in food. 
Enzyme preparations may also contain other enzymes and 
metabolites from the production organism and the residues 
of raw materials used in fermentation media and during 
isolation and purification of the enzyme. All these materials 
are expected to be of appropriate purity consistent with 
current good manufacturing practice (cGMP). 

The safety evaluation of food processing enzymes from 
recombinant microorganisms has been extensively dis­
cussed in the literature (IFBC, 1990; Pariza and Johnson, 
2001; Jonas et al., 1996) and in guidance documents issued 
by regulatory authorities and international organizations, 
for example, by the Scientific Committee for Food (SCF, 
1992). In principle, the same safety considerations apply to 
enzymes derived from native and recombinant microorgan­
isms. The key component in evaluating enzyme safety is the 
safety assessment of the production strain, in particular, its 
pathogenic and toxigenic potential (Pariza and Johnson, 
2001). Although neither pathogenic nor toxigenic microor­
ganisms are intentionally used in the production of food­
processing enzymes, certain fungi traditionally used as 
sources of enzymes have been found to produce low levels 
of toxic secondary metabolites under fermentation condi­
tions conducive to the synthesis of these compounds. Some 
of these microorganisms are now used as sources of recom­
binant enzymes. 

In this article, we will review information on food-pro­
cessing enzymes from recombinant microorganisms. We 
will discuss safety-related characteristics of the host micro­
organisms, construction of recombinant production strains, 
and methods of improving enzyme properties. We will also 
briefly describe the manufacture and safety assessment of 

enzyme preparations and summarize options for submit­
ting information on enzyme preparations to FDA. We will 
rely on published sources, nonconfidential documents sub­
mitted to the agency, which may be obtained by the public 
through the Freedom of Information Act, and FDA docu­
ments published in the Federal Register or the agency's web 
site. 

2. FDA review of submissions on enzyme preparations 

Enzyme preparations can be regulated as secondary 
direct food additives in Title 21 of the Code of Federal Reg­
ulations (21 CFR), section 173. To establish a regulation 
for an enzyme preparation, a food additive petition must be 
submitted. In the past, FDA also reviewed generally recog­
nized as safe (GRAS) affirmation petitions for enzyme 
preparations. A successful review of a GRAS affirmation 
petition resulted in a regulation in 21 CFR, section 184. The 
GRAS affirmation process is being replaced with a volun­
tary notification program under the agency's proposed reg­
ulation (Proposed 21 CFR 170.36 (62 FR 18938; Aprill7, 
1997; substances generally recognized as safe (GRAS))). 
The successful notification process results in an FDA letter 
to the notifier stating that FDA has no questions regarding 
the notifier's conclusion that the use of the enzyme is 
GRAS. The GRAS notification program is described in a 
recent regulatory review (Gaynor, 2006). 

Since 1997, FDA has reviewed more than 35 GRAS 
notices for enzyme preparations derived from native and 
recombinant microorganisms. The list of all GRAS notices 
submitted to FDA, including those for enzyme prepara­
tions, can be viewed at the agency's web site (http:// 
www.cfsan.fda.gov/-rdb/opa-gras.html). The site provides 
links to FDA letters issued at the completion of the notifi­
cation process. 

3. Submissions on enzymes from recombinant 
microorganisms 

In the last two decades, FDA has received a number of 
petitions and GRAS notices on food-processing enzymes 
derived from recombinant microorganisms. These enzymes 
are listed in Table 1 with their source microorganisms and 
references to FDA regulations, GRAS affirmation peti­
tions, and GRAS notices. Lists of commercial enzymes 
used in food processing can be found at the web sites of 
the Enzyme Technical Association (http://www.enzymetech­
nicalassoc.org) and the Association of Manufacturers and 
Formulators of Enzyme Products (http://www.amfep.org). 
The scope of this review is limited to enzymes and source 
microorganisms listed in Table 1. 

4. Steps in the development of recombinant production 
strains 

Industrial production of recombinant enzymes is pre­
ceded by an extensive research and development phase that 
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Table I 
Enzymes from recombinant microorganisms (based on FDA regulations, 
GRAS affirmation petitions, and GRAS notices) 

Source microorganism 

Aspergillus niger 

Aspergillus oryzae 

Bacillus licheniformis 

Bacillus subtilis 

Escherichia coli K -12 

Fusarium venenatum 

Kluyveromyces 
marxianus var. lactis 

Pseudomonas fluorescens 
Biovar I 

Trichoderma reesei 

Enzyme 

Phytase 
Chymosin 
Lipase 

Esterase-lipase 
Aspartic proteinase 
Glucose oxidase 
Laccase 
Lipase 

Pectin esterase 
Phospholipase AI 

0!-amylase 

Pullulanase 

0!-acetolactate 
decarboxylase 
0!-amylase 

Maltogenic amylase 
Pullulanase 

Chymosin 

Xylanase 

Chymosin 

0!-amylase 

Pectin lyase 

Reference• 

GRASP 2G0381 
21 CFR 184.1685 
GRN 158 

GRASP 7G0323 
GRN34 
GRN 106 
GRN 122 
GRN 43; GRN 75; 
GRN 103 
GRN8 
GRNI42 

GRASP OG0363; 
GRN 22; GRN 24; 
GRN79 
GRN72 

21 CFR 173.115 

GRASP 4G0293; 
GRASP 7G0328 
GRASP 7G0326 
GRN20 

21 CFR 184.1685 

GRN54 

21 CFR 184.1685 

GRN 126 

GRN32 

• GRASP is an acronym for a GRAS affirmation petition. The GRAS 
affirmation petitions listed in this Table have not resulted in regulations 
because the agency initiated the GRAS notification program. Some 
GRAS affirmation petitions were converted to GRAS notices (GRNs). A 
list of GRAS notices can be viewed at http://www.cfsan.fda.gov/-rdb/ 
opa-gras.html. 21 CFR means Title 21 of the Code of Federal Regula­
tions. Each reference to 21 CFR includes the regulation number. 

culminates in the construction of a successful production 
strain. This process typically involves the following stages: 
(1) development of the host (recipient) strain; (2) construc­
tion of the expression vector; (3) transformation of the host 
strain; (4) identification of the best recombinant strain; (5) 
additional improvements; and (6) characterization of the 
production strain. Each of these steps is dictated by specific 
circumstances related to the identity and properties of the 
host organism and availability of genetic methods suitable 
for its modification and transformation. These steps will be 
described below and illustrated with examples. 

5. Characteristics of host strains 

As shown in Table 1, most host strains used to develop 
production strains for food-processing enzymes have been 
derived from a relatively small number of bacterial and 
fungal species primarily B. subti/is, B. licheniformis, A. 
niger, or A. oryzae. These microorganisms have a long 

history of use as safe sources of native enzymes and a 
proven record of efficient growth under industrial produc­
tion conditions. They are also amenable to genetic manipu­
lations and known for their ability to secrete ample 
quantities of enzymes into fermentation media. These char­
acteristics make these microorganisms particularly desir­
able for use as hosts for a variety of heterologous enzymes. 
Several microorganisms with no history of use in the indus­
trial production of native enzymes, such as E. coli K-12, 
F. venenatum, and P. fiuorescens, have also been successfully 
utilized as hosts for expression of food-processing enzymes. 

Although the majority of host microorganisms used to­
date secrete enzymes to the fermentation media, the Gram­
negative bacteria E. coli K-12 (source of chymosin) and 
P. fiuorescens Biovar I (source of ex-amylase) accumulate 
rather than secrete heterologous enzymes. Isolation and 
purification of the accumulated enzymes generally involve 
more steps during the production process than purification 
of the secreted enzymes. 

The wild-type strains of several host microorganisms 
produce a variety of extracellular enzymes. Such enzymes 
may be carried over to the final enzyme preparation and 
catalyze undesirable reactions in food. Extracellular prote­
ases are particularly troublesome because they tend to 
degrade heterologous enzymes. To increase enzyme yield, 
protease-deficient host strains have been constructed. Other 
modifications include developing sporulation-deficient 
mutant strains. 

Microorganisms used as hosts for recombinant enzymes 
listed in Table 1 are recognized as nonpathogenic (i.e., they 
do not cause disease in healthy humans and animals). It is 
less clear whether all of these microorganisms should also 
be described as nontoxigenic. Some of these microorgan­
isms, most notably A. niger, A. oryzae, and F. venenatum, 
may produce low levels of toxic secondary metabolites 
under certain cultivation conditions. Pariza and Foster 
(1983) defined the nontoxigenic organism as one which 
does not produce injurious substances at levels that are 
detectable or demonstrably harmful under ordinary condi­
tions of use or exposure. Under this definition, the A. niger, 
A. oryzae, and F. venenatum production strains are some­
times described as nontoxigenic in submissions to FDA. 
Most literature sources cited in this review do not refer to 
these microorganisms as nontoxigenic. 

6. Bacterial host strains 

6.1. Bacillus subtilis and its relatives 

As shown in Table I, several enzymes important for 
food processing have been recently derived from recombi­
nant strains of the Gram-positive bacteria B. subtilis and 
B. /icheniformis. B. subtilis has been used for several 
decades as a source of food-processing and industrial 
enzymes, mainly ex-amylases and proteases. Of particular 
importance is B. subtilis strain 168, a well-known wild-type 
strain from which numerous strains widely used in research 
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and industrial applications were developed. Its genome has 
been recently sequenced (Kunst et al., 1997). Strain 168 is 
the progenitor of many B. subtilis strains that have been 
used as sources of food-processing enzymes. The safety of 
recombinant enzymes derived from B. subtilis is docu­
mented in petitions and GRAS notices submitted to FDA 
(see Table I) and in relevant publications (for example, see 
Zeman and McCrea, 1985; Andersen et al., 1987; MacKen­
zie et al., 1989; de Boer et al., 1 993). Other Bacillus species, 
including B. licheniformis, B. amyloliquefaciens, and B. ste­
arothermophilus (recently reclassified as Geobacillus stearo­
thermophilus; Nazina et al., 2001), have also emerged as safe 
sources of food-processing enzymes, primarily a-amylases. 
In the last decade, B. licheniformis and B. amyloliquefaciens 
have been successfully adapted for use as hosts for expres­
sion of recombinant enzymes. Complete genome sequences 
of two industrial B. /icheniformis strains were determined 
and found largely homologous to the sequence of B. subtilis 
but distinct from the sequences of B. cereus and B. anthra­
cis, which are human pathogens (Ray et al., 2004; Veith 
et al., 2004). B. cereus produces several toxins that cause 
food poisoning and B. anthracis causes anthrax. 

The safety of B. amylo/iqueafaciens, B. licheniformis, and 
B. subtilis was discussed in several recent reviews (de Boer 
and Diderichsen, 1991; de Boer et al., 1994; Pedersen et al., 
2002). Pedersen et al. (2002) evaluated the cytotoxic poten­
tial of several industrial strains of these species used by 
Novozymes AJS in the production of enzymes. The strains 
were tested for cytotoxicity against Chinese hamster ovary 
K1 (CHO-K1) cells and for production of B. cereus hemo­
lytic and nonhemolytic enterotoxins using immunological 
assays. The tested strains were nontoxic to CHO-K1 cells 
and did not react with antibodies against B. cereus entero­
toxins. In addition, the database consisting of the DNA 
sequences from B. subtilis (full sequence) and B. lichenifor­
mis (96% of all genes), was searched for genes homologous 
to those encoding known B. cereus protein toxins. The 
search revealed no genes with homology to genes encoding 
the B. cereus protein toxins. Based on these studies, Peder­
sen et al. (2002) concluded that the tested strains do not 
produce B. cereus-like toxins or any other secondary 
metabolites with cytotoxic potential and are safe to use. 

The safety of B. subtilis and B. licheniformis was evalu­
ated by the U.S. Environmental Protection Agency. Both 
microorganisms were exempted from EPA review under the 
Toxic Substances Control Act (TSCA) (EPA, 1997). B. sub­
tilis and related species are also used in the production of 
industrial enzymes, insecticidal and pharmaceutical pro­
teins, antibiotics, purine nucleotides used as flavor enhanc­
ers, and other compounds with food, medical, and 
industrial applications (Harwood, 1992; Schallmey et al., 
2004; Westers et al., 2004). 

The wild-type strains of Bacillus species sporulate in 
response to nutrient limitations. While some commercially 
important compounds, such as B. thuringiensis pesticidal 
proteins, are produced concomitantly with sporulation 
(Harwood, 1992), the production of food-processing 

enzymes is hampered by sporulation. Consequently, nons­
porulating mutants have been developed for use as host 
strains for recombinant enzymes. 

One advantage of using Bacillus species as hosts for large 
scale production of heterologous enzymes and other proteins 
is their ability to secrete proteins directly into the fermenta­
tion medium (Simonen and Paiva, 1993). However, the pro­
duction of several native extracellular proteases, which tend 
to degrade secreted heterologous proteins, has been a major 
problem in using Bacillus species in the production of recom­
binant enzymes. To avoid enzyme degradation by extracellu­
lar proteases and to increase enzyme yield, enzyme 
manufacturers developed protease-deficient mutant strains. 

Bacillus strains that are nonsporulating and extracellular 
protease-deficient are now routinely used as hosts for recom­
binant enzymes. In some instances, these strains are modified 
by introducing additional mutations. For example, to avoid 
the use of an antibiotic resistance marker for selection of cells 
transformed with rDNA, an auxotrophic mutant can be iso­
lated that requires a specific amino acid (or other nutrient) 
for growth. The auxotrophic mutation is then complemented 
by providing an active copy of the mutated chromosomal 
gene on the transformation vector. The cells that acquire the 
vector attain prototrophy and regain the ability to grow in a 
medium without the required nutrient. 

6.2. Escherichia coli K-12 

In 1990, FDA affirmed as GRAS the chymosin enzyme 
preparation derived from E. coli K-12 (21 CFR 184.1685; 
Flamm, 1991). Chymosin is a milk-clotting enzyme also 
known as rennin. The FDA action was a milestone in the 
history of food-processing enzymes, because chymosin was 
the first recombinant enzyme regulated by the U.S. govern­
ment for use in cheese and other dairy products. The chy­
mosin production strain contains the bovine prochymosin 
gene. Prochymosin accumulates within the E. coli K-12 
cells in the form of inclusion bodies. The cells are subse­
quently lysed and the inclusion bodies are isolated and sol­
ubilized. The prochymosin present in the solution is 
purified and converted to chymosin by acid treatment. 

The safety of chymosin preparation was primarily based 
on published evidence that E. coli K-12 has been used as a 
laboratory organism for over 30 years without reported 
incidents of infection and that it does not produce toxins 
that cause illness by ingestion, such as Shiga-like toxin pro­
duced by certain toxigenic strains of E. coli. E. coli K-12 is 
one of the most extensively studied bacteria. Its genome 
was sequenced in 1997 (Blattner et al., 1997). E. coli K-12 
has a history of safe use in the production of specialty 
chemicals and human drugs and was exempted from EPA 
review under TSCA (EPA, 1997). 

6.3. Pseudomonasjluorescens 

FDA recently reviewed a GRAS notice on the thermo­
stable a-amylase from the recombinant P. jluorescens 
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Biovar I strain (GRN 126). Since P. jluorescens had no pre­
vious history of use as a source of enzymes or other com­
pounds intended for use in food, the sponsor of the GRAS 
notice, Innovase, provided extensive information on the 
safety of P. jluorescens. The organism is a Gram-negative 
soil bacterium not known to cause disease in healthy 
humans. It is ubiquitous in the environment and is likely to 
have been consumed along with raw fruits and vegetables. 
The genome of P. jluorescens (strain Pf-5) was sequenced 
(Paulsen et al., 2005). 

The wild-type strain MB101 that was used as a host for 
the recombinant ct-amylase, was originally isolated from 
lettuce grown on a California farm. The strain has been uti­
lized since 1989 for the large scale production of Bacillus 
thuringiensis insecticidal protein (B.t. toxin) for agricultural 
applications (Landry et al., 2003). Innovase characterized 
the MB10l strain at the genetic and phenotypic levels, and 
conducted studies in which mice were exposed to high oral 
doses of live bacteria. Innovase concluded that strain 
MB101 is nonpathogenic and is considered safe (Landry 
et al., 2003). Like E. coli K-12, P. jluorescens accumulates 
heterologous proteins intracellularly as inclusion bodies. 

7. Fungal host strains 

7.1. Aspergillus oryzae and Aspergillus niger 

A. oryzae and A. niger are filamentous fungi well-known 
for their use in food production. A. oryzae has been used 
for millennia as a source of koji mold used in the produc­
tion of fermented foods including soy sauce, soybean paste 
miso, and rice wine sake. A. niger is widely used for produc­
tion of citric acid, which was affirmed by FDA as GRAS 
(21 CFR 184.1033). Both A. oryzae and A. niger have a long 
history of use as sources of enzymes used in baking, brew­
ing, and other food applications. Several enzyme prepara­
tions derived from these microorganisms were recognized 
by FDA as GRAS in opinion letters issued in the early 
1960s (http://www.cfsan.fda.gov/-dms/opa-enzy.html). Sub­
sequently, a number of enzyme preparations from both 
natural and rDNA strains of A. oryzae and A. niger were 
regulated in 21 CFR either as secondary direct food addi­
tives or GRAS food ingredients, or evaluated under the 
proposed GRAS notification program. The A. oryzae 
genome sequence was recently determined by the Japanese 
A. oryzae genome consortium (Machida et al., 2005). 

Based on the historical uses of A. oryzae and A. niger in 
the production of fermented foods, both organisms have 
traditionally been regarded as nonpathogenic and nontoxi­
genic, while recognizing that certain strains of both species 
may produce low levels of toxic secondary metabolites such 
as mycotoxins. In recent literature, these microorganisms 
continue to be described as nonpathogenic, but are rarely 
referred to as nontoxigenic. 

The techniques for transformation of A. niger and A. 
oryzae with rDNA were pioneered in the late 1980s and 
early 1990s. Since then, both microorganisms have been 

successfully used as hosts for expression of heterologous 
enzymes. The industrial success of A. oryzae and A. niger 
prompted new studies and discussions on their capability to 
produce mycotoxins. We will summarize below recent liter­
ature on the toxigenic potential of A. oryzae and A. niger 
including methods of avoiding mycotoxin synthesis during 
industrial fermentations, and genetic modifications aimed 
at creating mutant strains that can no longer produce 
mycotoxins. 

7.1.1. Safety of A. oryzae 
Barbesgaard et al. (1992) reviewed information on the 

taxonomy, ecology, industrial use, and safety of A. oryzae. 
The authors concluded that A. oryzae is not pathogenic in 
healthy humans and described the microorganism as being 
a member of the A. jlavus group that lost the ability to pro­
duce certain metabolites, e.g., aflatoxins, through thousands 
of years of cultivation. Several recent studies showed that 
certain strains of A. oryzae, including some strains used in 
the production of koji molds, contain structural and 
regulatory genes necessary for aflatoxin biosynthesis. Nev­
ertheless, these strains appeared to be incapable of produc­
ing aflatoxins even in aflatoxin-inducing media (Kusumoto 
et al., 1998a; Kusumoto et al., 1998b; Watson et al., 1999; 
van den Broek et al., 2001). The molecular analysis of the 
inactive aflatoxin biosynthesis gene cluster in A. oryzae 
industrial strains revealed the presence of mutations that 
prevent the expression of certain genes necessary for afla­
toxin production (Tominaga et al., 2006). 

Certain strains of A. oryzae can produce low levels of 
mycotoxins with low-to-moderate toxicity: 3-~-nitroprop­
ionic acid, kojic acid, and cyclopiazonic acid (Barbesgaard 
et al., 1992; Blumenthal, 2004). Information on the toxicol­
ogy and occurrence in food of these mycotoxins can be 
found in review articles by Burdock and Flamm (2000) and 
Burdock et al. (200la,b). According to publications dating 
back to the 1950s and 1960s (references in Blumenthal, 
2004), A. oryzae may also produce several other secondary 
metabolites including maltoryzine and violacetin. These 
metabolites have not been reported to be produced by the 
A. oryzae strains used as sources of enzymes. 

EPA evaluated the safety of A. oryzae under TSCA for 
use as a recipient microorganism in the production of 
industrial compounds such as enzymes used in detergent 
formulations (EPA, 1997). EPA concluded that "Risks 
from use of the recipient microorganism A. oryzae are low. 
A. oryzae has a long history of commercial use. While some 
strains of A. oryzae are known to produce mycotoxins, 
these mycotoxins are not highly toxic to humans and their 
production under usual commercial conditions does not 
appear to pose a significant risk to human health." Based 
on this assessment, EPA exempted A. oryzae from its 
review. 

7.1.2. A. oryzae host strains with reduced toxigenic potential 
Table I includes several recombinant enzymes derived 

from A. oryzae. Most of these enzymes are derived from the 
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A. oryzae production strains that are descendants of the 
wild type strain IFO 4177, also known as strain A1560. 
Enzyme preparations derived from strain A1560 or its 
rDNA derivatives were tested and shown to be safe for 
their intended uses in food. Strain Al560 is capable of pro­
ducing low levels of 3-~-nitropropionic acid, kojic acid, and 
cyclopiazonic acid, especially when cultivated in media con­
ducive to the synthesis of these compounds. Strain A1560 is 
also known to contain nonfunctional genes related to afla­
toxin synthesis (GRN 142). Strain A1560 has been recently 
modified by site-directed disruption of three endogenous 
TAKA-amylase genes, one alkaline protease gene, and one 
neutral metalloprotease gene. The modified strain was sub­
sequently subjected to classical mutagenesis and selection 
to reduce its toxigenic potential. As a result, a mutant strain 
was isolated (designated BECh2) from which the aflatoxin 
gene cluster and the genes involved in the synthesis of 
cyclopiazonic acid were deleted. The strain also contains a 
mutation that results in reduced kojic acid production 
under inducing conditions. The BECh2 strain has been 
used as a host for expression oftriacylglycerollipase (GRN 
103), glucose oxidase (GRN 106), and phospholipase A1 
(GRN 142). 

7.1.3. Safety of A. niger 
A. niger has been used for several decades in the produc­

tion of citric acid and food-processing enzymes. Citric acid 
derived from several sources including A. niger is regulated 
as a GRAS food ingredient (21 CFR 184.1033). FDA rec­
ognized as GRAS several enzymes from A. niger in opinion 
letters issued in the early 1960s (http://www.cfsan.fda.gov/ 
-dms/opa-enzy.html). Carbohydrase and cellulase from 
A. niger are regulated as secondary direct food additives 
(21 CFR 173.120) and recombinant chymosin derived from 
A. niger var. awamori is regulated as a GRAS food ingredi­
ent (21 CFR 184.1685). 

The safety of A. niger has been re-visited in several 
recent reviews (Schuster et al., 2002; van Dijck et al., 2003; 
Blumenthal, 2004). According to these reviews, a relatively 
small number (3%-10%) of known A. niger strains produce 
the nephrotoxic and carcinogenic mycotoxin ochratoxin A 
under certain fermentation conditions. Schuster et al. 
(2002) recommend testing A. niger isolates for their poten­
tial to produce ochratoxin A at the start of the development 
of the production process for enzymes used in food pro­
cessing. Some strains of A. niger can also produce other sec­
ondary metabolites that are not considered to be 
mycotoxins, including nigragillin, nigerazine B, malformins 
(cyclic peptides), naphtho-y-pyrones, and oxalic acid. The 
chemical nature and toxicity of these metabolites are dis­
cussed by Schuster et al. (2002) and Blumenthal (2004). 
Certain strains of A. niger produce a proteinaceous 
hemolysin, nigerlysin, when incubated on sheep's blood 
agar. Purified nigerlysin was toxic to mouse neuronal cells 
in culture (Donohue et al., 2006). Early reports of aflatoxin 
production by A. niger have not been confirmed by later 
studies (Schuster et a!., 2002). 

EPA exempted A. niger from its review under TSCA 
(EPA, 1997). EPA concluded that despite the widespread 
human exposure to A. niger, there are only several reports 
of aspergillosis with A. niger and that A. niger is not a sig­
nificant human pathogen. EPA also concluded that, 
although A. niger is capable of producing several mycotox­
ins, mycotoxin production appears to be controlled by the 
conditions of fermentation. 

7.1.4. A. niger host strains developed for targeted DNA 
integration 

van Dijck et al. (2003) describe the development of 
A. niger host strains that allow targeted introduction of het­
erologous genes into the host genome. The intention of 
these modifications was to address concerns that random 
DNA integration may perturb metabolic pathways and 
increase the production of toxic metabolites. The novel host 
strains were developed from strain DS03043, which was 
derived from the ancestral A. niger strain NRRL3122 using 
classical genetic methods of mutagenesis and selection. The 
DS03043 strain was used as a host for expression of heter­
ologous enzymes such as phytase and xylanase derived 
from other A. niger strains. The strain contains seven copies 
of the glucoamylase-encoding gene glaA. All seven copies 
of the glaA gene were deleted from the DS03043 strain and 
the resulting strain was used to construct several produc­
tion strains that contain genes encoding desired enzymes 
integrated at the deleted loci. At each locus, several copies 
of the intended gene were integrated to achieve high expres­
sion of the target enzyme. All these strains were tested 
under conditions optimal for mycotoxin production and 
showed a pattern of secondary metabolites similar to that 
of strain DS03043 and the ancestral strain NRRL3122, 
which can produce secondary metabolites, such as nigragil­
lin and naphtho-y-pyrones, under stress conditions. The 
strains were also tested under conditions representative of 
large-scale production conditions. None of the secondary 
metabolites normally produced by the strains under stress 
conditions were detected either in broth samples or the final 
enzyme products. 

7.1.5. General recommendations for safe use of A. oryzae and 
A. niger 

As discussed above, certain strains of A. oryzae and 
A. niger used for enzyme production have the potential for 
producing mycotoxins or other secondary metabolites with 
varying degrees of toxicity. The formation of these sub­
stances usually occurs under stress conditions and can be 
avoided by controlling the fermentation process. Several 
precautionary measures have been discussed in the litera­
ture (Schuster et al., 2002; Blumenthal, 2004), which may be 
summarized as follows: (1) whenever possible, the produc­
tion strains or host strains should be chosen or developed 
from strains that have a history of safe use and were exam­
ined for their ability to produce mycotoxins under indus­
trial fermentation conditions; (2) new isolates or 
uncharacterized strains should be thoroughly examined 
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and tested for mycotoxin production capability before they 
are developed as production or host organisms; and (3) if a 
strain has the potential to produce mycotoxins, a control 
system should be implemented to assure that the mycotox­
ins do not end up in the enzyme preparation at toxicologi­
cally-significant levels; the manufacturing process should 
be carefully designed, operated, and monitored, and the 
enzyme preparation should be routinely tested for relevant 
mycotoxins. 

7.2. Fusarium venenatum 

In 2001, FDA reviewed a GRAS notice for the xylanase 
enzyme preparation derived from a recombinant strain of 
the filamentous fungus F. venenatum containing the xylan­
ase gene from Thermomyces /anuginosus (GRN 54). The 
F. venenatum strain that was used as a host for expression 
of xylanase is a descendant of the wild-type strain A3/5. 
The A3/5 strain was isolated in 1968 from a soil sample in 
the United Kingdom. It was initially identified as Fusarium 
graminearum Schwabe and deposited in several interna­
tional culture depositories including the American Type 
Culture Collection (Manassas, VA, USA) where the strain 
was designated as ATCC 20334. The A3/5 strain was subse­
quently reclassified as F. venenatum based on morphologi­
cal, molecular, and mycotoxin data (O'Donnell et al., 1998; 
Yoder and Christianson, 1998). 

F. venenatum has been used as a source of mycoprotein, 
a protein-rich product sold for use in food in the U.K. since 
1985 under the trade name "Quorn." In recent years, myco­
protein has also been commercialized in several European 
countries (Wiebe, 2002) and the US. In 2001, FDA 
reviewed a GRAS notice submitted by the manufacturer of 
mycoprotein, Marlow Foods, Inc. (UK) notifying the 
agency that, based on the opinion of qualified experts, 
mycoprotein is generally recognized as safe for use in food 
as a meat replacer (GRN 91). Mycoprotein is currently 
manufactured from the F. venenatum strain deposited in 
ATCC under the Accession No. PTA-2684. The mycopro­
tein production strain PT A-2684 and the previously depos­
ited strain A TCC 20334 are both derived from the original 
isolate A3/5. 

F. venenatum is not known to be pathogenic. However, 
studies on secondary metabolite profiles conducted with 
strain A3/5 and its derivatives revealed that F. venenatum 
is capable of producing the mycotoxins, trichothecenes, 
culmorins, and fusarins, and a cyclic peptide enniatin B 
under conditions optimized for the production of these 
compounds (O'Donnell et al., 1998; Miller and MacKen­
zie, 2000; Song et al., 2004; GRN 54). Mycotoxin produc­
tion by F. venenatum can be avoided by controlling the 
fermentation conditions. For example, mycoprotein is 
manufactured under conditions that are not conducive to 
mycotoxin synthesis (Johnstone, 1998). To confirm the 
absence of mycotoxin production, mycoprotein is regu­
larly tested for representative trichothecenes and fusarins 
(GRN 91). 

The F. venenatum strain used for production ofT. lanug­
inosus xylanase was derived from strain MLY3 (GRN 54). 
The ML Y3 strain is a spontaneous mutant of F. venenatum 
strain CCl-3 which, in turn, is a morphological mutant that 
arose spontaneously during mycoprotein production. Thus, 
the ML Y3 strain is a descendant of the original strain A3/5. 
Although the ML Y3 strain has been shown to produce a 
trichothecene diacetoxyscirpenol, it was modified during 
the construction of the xylanase production strain to delete 
the tri5 gene encoding trichodiene synthase, the enzyme 
that catalyzes the first step in the trichothecene biosynthetic 
pathway (GRN 54; Royer et al., 1999). The resulting xylan­
ase production strain LyMC4.B was tested for mycotoxin 
production and confirmed to have lost the capacity of pro­
ducing trichothecenes. However, the strain produced low 
levels (llg/1) of culmorins and trace levels of enniatin B 
under conditions inducing the synthesis of these com­
pounds (Miller and MacKenzie, 2000; GRN 54). Although 
fusarin C may also be produced by strain LyMC4.B under 
inducing conditions, there was no indication of its synthesis 
under industrial fermentation conditions used in xylanase 
production (GRN 54). 

Culmorins are structurally related sesquiterpenes found 
in grains contaminated by Fusarium graminearum and 
related fungi. They are not mutagenic in the Ames test and 
show either no or low toxicity in other studies (Pedersen 
and Miller, 1999). Fusarin C has not been thoroughly stud­
ied, because it is labile upon exposure to light and heat. 
Published toxicological studies show that fusarin C is a 
mutagen but its carcinogenic potential is unclear (Gelderb­
lom et al., 1984, 1986; Lu and Jeffrey, 1993; IARC, 1993). 

Enniatin B is one of several enniatins produced by cer­
tain species of the genus Fusarium. Enniatins are cyclic pep­
tides that exhibit antibacterial and insecticidal activities. 
Very few studies on mammalian toxicity of enniatins have 
been performed. The existing data indicate that the toxicity 
of enniatins to higher animals is low (GRN 54 and refer­
ences therein). 

Based on its low toxigenic potential, lack of toxin 
production under industrial fermentation conditions, and 
well-characterized inserted DNA, strain LyMC4.B was 
considered to be a safe source of xylanase (GRN 54). The 
safety of the xylanase preparation was evaluated and con­
firmed (Pedersen and Broadmeadow, 2000). F. venenatum 
has also been used for expression of other enzymes includ­
ing serine carboxypeptidase from A. oryzae (Blinkovsky 
et al., 1999), aminopeptidase from A. oryzae (Blinkovsky 
et al., 2000), glucoamylase from A. niger (Gordon et al., 
2001), and lactose oxidase from Microdochium nivale 
(Ahmad et al., 2004). Of all these enzymes, only xylanase 
and lactose oxidase were derived from the production 
strains that do not contain the trichodiene synthase gene. 

7.3. Kluyveromyces marxianus var.lactis 

In 1992, FDA affirmed as GRAS the chymosin enzyme 
preparation derived from a genetically modified strain of 
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yeast K marxianus var. lactis (21 CFR 184.1685). K marxi­
anus var. lactis strain SL56 was used as a host for the 
bovine prochymosin gene because of its well-characterized 
fermentation properties and its ability to secrete high levels 
ofprochymosin to the fermentation medium (van den Berg 
et al., 1990). Prochymosin is converted to active chymosin 
by pH adjustment. 

K marxianus var. lactis was once known as Saccharo­
myces lactis and subsequently as Kluyveromyces lactis. 
The current classification, K marxianus var. lactis, was 
established in 1984 (van der Walt and Johannsen, 1984). 
The safety of K marxianus var./actis is well-documented. 
The organism has been used for many years as a source 
of lactase used for conversion of lactose to galactose and 
glucose in milk and milk products. The lactase enzyme 
preparation from K lactis was affirmed by FDA as 
GRAS (21 CFR 184.1388) in 1984. The agency reviewed 
the safety of K. marxianus var. lactis in relation to the 
regulations for lactase and chymosin enzyme prepara­
tions and concluded that the organism is nonpathogenic 
and nontoxigenic and is a safe source of both enzyme 
preparations. 

7.4. Trichoderma reesei 

T. reesei is a filamentous fungus well-known as a source 
of enzymes that hydrolyze cellulose and hemicellulose. 
T. reesei has also emerged as a host organism for expres­
sion of heterologous enzymes. FDA has reviewed a GRAS 
notice on the pectin lyase preparation from a T. reesei 
strain containing the pectin lyase gene from A. niger var. 
awamori (GRN 34). 

T. reesei was first isolated from cotton canvas in the 
Solomon Islands in 1944 (Kuhls et al., 1996). The original 
isolate, QM6a, is the parent of practically all T. reesei 
industrial production strains (Nevalainen et al., 1994). Dur­
ing the 1980s, T. reesei was considered to be identical to 
Trichoderma longibrachiatum. More recent studies suggest 
that T. reesei is the asexual form of a tropical fungus, 
Hypocreajecorina (Kuhls et al., 1996). 

In 1999, FDA affirmed as GRAS the cellulase enzyme 
preparation derived from a nonpathogenic and nontoxico­
genic strain of T. longibrachiatum (now known as T. reesei) 
(21 CFR 184.1250). Cellulases from T. reesei have been 
used safely in food, animal feed, and pharmaceuticals since 
the 1960s (reviewed in Nevalainen et al., 1994). Major food 
applications of Trichoderma cellulases include baking, 
malting, and grain alcohol production. A comprehensive 
review of Trichoderma enzymes used in food and feed can 
be found in a review by Gallante et al. ( 1998). Penttila et al. 
(2004) reviewed the molecular biology of Trichoderma and 
various aspects of its use as a host for production of heter­
ologous enzymes. Watts et al. (1988) reported that a strain 
of T. reesei produced two antifungal metabolites, one of 
which was identified as trichodermin, a trichothecene 
mycotoxin. However, Blumenthal (2004) cites another 
opinion (van Dijck, personal communication) that among 

Trichoderma species, the only producer of trichodermin is a 
strain from T. harzianum. 

8. Construction of recombinant production strains 

8.i. Expression vectors 

Genes encoding recombinant enzymes are typically 
introduced into host strains using expression vectors. An 
expression vector is a DNA plasmid that carries the expres­
sion cassette. Essential components of the expression cas­
sette include a promoter, the gene encoding the desired 
enzyme, and a terminator. The promoter and terminator 
are regulatory sequences that control the transcription of 
the enzyme-encoding gene. Expression vectors also contain 
DNA derived from bacterial plasmids. Generally, well 
characterized, commercially-available plasmids are used to 
construct specific expression vectors. Most commonly used 
plasmids are pUBllO, pUC18, and pUC19. 

Plasmid pUBllO was originally isolated from Staphylo­
coccus aureus (Keggins et al., 1978) and was subsequently 
sequenced by McKenzie et al. (1986, 1987). The plasmid 
replicates in B. subtilis and is used in the construction of 
expression vectors for production of enzymes in B. subtilis 
and other Bacillus species. The plasmid carries the kan' 
(kanamycin or neomycin resistance) gene, also known as 
the neo or nptll gene, and the phi (phleomycin resistance) 
gene. The plasmid also carries two other genes, one encod­
ing the primary replication initiation protein (ORF alpha) 
which initiates the copying of the plasmid, and the other 
encoding the mobilization protein (ORF beta), which 
enables the mobilization of the plasmid for transfer from 
one Bacillus strain to another (Selinger et al., 1990). The 
mobilization gene is routinely deleted during construction· 
of the expression vectors to avoid vector instability. The 
kan' and phi genes are useful as selectable markers during 
construction of the transformation vector. However, they 
are not always carried over to the final expression vector. 
Most expression vectors contain either the kan' or the phi 
gene and some expression vectors contain neither gene. In 
the latter case, bacterial transformants are selected either 
on the basis of enzyme activity or the complementation of 
an auxotrophic mutation in the host strain. 

The pUCl8 and pUC19 plasmids were developed for 
cloning in E. coli (Yanish-Perron et al., 1985). They contain 
an origin of replication active in E. coli and the amp' gene 
(also known as the bla gene) that confers ampicillin resis­
tance. The pUCl8 and pUCl9 plasmids are used in the 
construction of certain bacterial and fungal expression vec­
tors in E. coli using the amp' gene as a selectable marker. 
Because the amp' gene is under the control of a bacterial 
promoter and is not expressed in fungal hosts, fungal 
expression vectors must also contain a selectable marker 
gene suitable for selection in fungi. A commonly used 
selectable marker is the amdS gene (see Section 8.3 for more 
information). In recently developed fungal expression 
vectors the amp' gene has been replaced with the URA3 
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gene from Saccharomyces cerevisiae (baker's yeast), which 
complements the pyrFmutation in the E. coli strain used as 
an intermediate host for vector construction (see Section 
8.3 for more information). 

There are other bacterial plasmids (described in the liter­
ature and petitions or GRAS notices submitted to FDA) 
that have been utilized in the construction of expression 
vectors for production of recombinant enzymes. In some 
instances, fragments derived from two or more plasmids 
are combined. Most expression vectors carry their own 
selectable marker gene. However, in some instances, two 
separate vectors are constructed; one carries the expression 
cassette, while the other carries the selectable marker gene. 
In such a case, the host strain is co-transformed with both 
vectors. 

An interesting plasmid system was developed for induc­
ible production of a thermostable ex-amylase in a Gram­
negative bacterium, Pseudomonas fluorescens (Richardson 
et al., 2002; GRN 126). The expression vector carries the ex­
amylase gene under the control of an inducible tac pro­
moter. The auxiliary plasmid carries the lac/ gene from 
E. coli. The lacl gene encodes the Lacl repressor protein, 
which binds to the tac promoter and inhibits ex-amylase 
expression. Only after the desired cell growth has been 
achieved is production of ex-amylase induced by addition to 
the fermentation medium of the lactose analog isopropyl­
thio-~-o-galactopyranoside (IPTG), which prevents bind­
ing of the Lacl repressor to the tac promoter. 

Bacterial expression vectors may be designed either for 
integration into the host chromosome or for extrachromo­
somal (autonomous) replication. Autonomously replicating 
bacterial expression vectors contain origins of replication 
compatible with the host bacterium and replicate at multi­
ple copies per cell to assure high production of the target 
enzyme. Expression vectors used for enzyme production in 
yeasts and filamentous fungi are usually designed for inte­
gration into the host genome. Most frequently, the com­
plete expression vector is integrated into the fungal host 
genome. Alternatively, the expression vector is cut with a 
restriction enzyme and a vector fragment containing the 
expression cassette and a selectable marker gene is trans­
formed into the host. 

In recent years, techniques for integration of vector 
DNA at multiple loci within the host genome have been 
developed. In such a case, the DNA intended for integra­
tion contains DNA sequences homologous to the DNA 
sequences of a host gene. Depending on the specific host/ 
vector combination, vector DNA that carries either both 
the expression cassette and a selectable marker gene or only 
the expression cassette is used for transformation. The 
expression cassette may be directed into predetermined loci 
in the host genome and may either replace a dispensable 
host gene or integrate in the vicinity of the host gene with­
out affecting its function. An example of targeted integra­
tion at several loci is the construction of a B. licheniformis 
strain for production of the thermostable ex-amylase. Three 
copies of the gene encoding thermostable ex-amylase 

flanked with appropriate DNA sequences homologous to 
the host DNA were introduced into the host strain by 
homologous recombination at the amyL (ex-amylase), xyl 
(xylose isomerase), and gnt (gluconate permease) loci. The 
introduced DNA sequences contained only the ex-amylase 
gene and B. licheniformis chromosomal DNA sequences 
(GRN79). 

8.2. Expression cassettes 

The expression cassette is the essential genetic element 
that must be present in the production microorganism. The 
simplest expression cassette carries the gene of interest 
placed under the control of regulatory sequences, the pro­
moter and terminator. Heterologous genes are usually 
placed under the control of promoters and terminators 
derived from genes native to the host microorganism or 
related species. For example, bacterial genes encoding 
enzymes expressed in Bacilli are usually placed under the 
control of regulatory sequences derived from Bacillus spe­
cies. Likewise, fungal genes are placed under the control of 
fungal promoters and terminators derived either from the 
host species or closely related species. 

Promoter strength is essential for achieving efficient 
expression of the target enzyme. Examples of strong promot­
ers used in Bacillus species include promoters of the amyL 
(B. licheniformis ex-amylase) gene and amyM (B. stearother­
mophilus maltogenic amylase) gene (GRN 79; GRASP 
7G0326). Heterologous genes expressed in A. oryzae are fre­
quently placed under the control of the TAKA amylase pro­
moter from A. oryzae (Christensen et al., 1988; GRN 34; 
GRN 43; GRN 122). Increasing knowledge about promoter 
function has recently led to the development of improved 
promoters by introducing mutations into promoter 
sequences, or by fusing sequences derived from two or more 
promoters and creating tandem promoters or hybrid pro­
moters. An example of a modified promoter is the Pna2/TPA 
promoter used for expression of several enzymes in A. oryzae 
and A. niger (GRNs 75, 103, 106, and 158). The Pna21TPI 
promoter is the neutral amylase II promoter from A. niger, in 
which the 5' nontranslated part has been replaced with the 
corresponding part of the A. nidulans triose phosphate isom­
erase (TPI) promoter. An even more complex promoter was 
developed for expression of phospholipase AI in A. oryzae 
(GRN 142). It consists of a modified Pna2 promoter from 
which the TAT A box has been removed, and the Pna21TPI 
promoter described above. In some instances, it is advanta­
geous to use inducible promoters that are activated by the 
addition of an inducer to the fermentation medium. An 
example of an inducible promoter that controls the expres­
sion of the thermostable ex-amylase gene in P. fluorescens is 
described in Section 8.1. 

8. 3. Transformation and identification of transformed cells 

The technique used to transfer vector DNA into host 
cells depends on the properties of the host and the nature of 
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the expression vector. For enzyme production, bacterial 
hosts have been transformed with vector DNA using conju­
gation (cell-to-cell contact, in which protein pili on cell sur­
faces mediate direct transfer of DNA), electroporation, 
DNA uptake by competent cells (known as bacterial trans­
formation), or vector incubation with protoplasts, i.e., cells 
from which cell walls were chemically removed. Yeasts and 
filamentous fungi are usually transformed by incubating 
DNA with protoplasts. 

As discussed in Section 8.1, most expression vectors used 
in enzyme production contain one or more genes that 
enable selection of transformed cells. Selection of bacterial 
transformants is usually conducted using either antibiotic 
resistance selectable marker genes or by complementing a 
chromosomal auxotrophic mutation with the functional 
gene provided on the expression vector. In some instances, 
antibiotic resistance markers are deleted in the final con­
struction steps of bacterial expression vectors. In such 
cases, selection is conducted by screening microbial 
colonies for enzyme activity (GRASP 4G0293). Positive 
selection methods are used when a gene function is restored 
as a result of DNA integration. For example, the 0!-amylase 
activity is restored in the 0!-amylase-deficient host strain 
transformed with a recombinant 0!-amylase gene (see, for 
example, GRN 79). 

Most expression vectors used to-date for production of 
enzymes in Bacilli contain the kan' gene which encodes an 
enzyme, amino glycoside 3' -phosphotransferase II, known 
either as APH(3')11 or NPTII. APH(3')11 catalyzes the 
phosphorylation of kanamycin or neomycin thereby inacti­
vating these antibiotics. APH(3')11 has often been used as a 
selectable marker in the development of bioengineered 
plants. The safety of the APH(3')11 protein has been dis­
cussed in numerous publications including a recent review 
by Goldstein et al. (2005). FDA issued a regulation for use 
of the APH(3')11 protein in the development of genetically 
modified cotton, oilseed rape, and tomatoes (21 CFR 173. 
170). 

Other antibiotic resistance markers used in enzyme pro­
duction include the amp' gene and the tet gene. The amp' 
gene was used for selection of transformants during con­
struction of the E. coli K-12 strain for production of bovine 
chymosin affirmed by FDA as GRAS (21 CFR 184.1685). 
The amp' gene encodes ~-lactamase, which catalyzes the 
hydrolysis of penicillin antibiotics including ampicillin. The 
tet (tetracycline resistance) and kan' genes were used as 
selectable markers in the construction of the P. fluorescens 
strain for production of the thermostable 0!-amylase (GRN 
126). The tet gene confers resistance to tetracycline and 
encodes a membrane-bound protein that pumps tetracy­
cline out of the microbial cell. Antibiotic resistance genes, 
including those used as selectable markers in the produc­
tion of enzymes, are widely spread among bacteria. 

Methods of manufacturing enzymes include steps to pre­
vent carryover of intact copies of antibiotic resistance genes 
to the final enzyme products. For example, enzymes 
secreted to the fermentation broth are separated from 

microbial cells. Enzymes that accumulate within bacterial 
cells as inclusion bodies (e.g., chymosin expressed in E. coli 
or 0!-amylase expressed in P. jluorescens) are isolated from 
the microbial mass and processed to hydrolyze any DNA 
that may have been released from the production strain 
(GRASP 8G0337; GRN 126). Enzyme manufacturers often 
test enzyme preparations for the presence of antibiotic 
resistance genes using either a DNA transformation assay 
or assessing the size of the DNA fragments. The results of 
these tests were provided in submissions to FDA and 
showed that all tested enzyme preparations contained nei­
ther transformable DNA nor full-size copies of the antibi­
otic resistance genes. 

Several selectable markers suitable for use in filamentous 
fungi are described in the literature (see, for example, 
Howe, 1995). The selection system based on the amdS gene 
isolated from Aspergillus nidulans is favored by enzyme 
manufacturers because fungi commonly used as hosts, such 
as A. niger and A. oryzae, lack an endogenous amdS gene. 
The amdS gene encodes acetamidase, an enzyme that cata­
lyzes the hydrolysis of acetamide to acetic acid and ammo­
nia, which the fungus uses as carbon and nitrogen sources, 
respectively. Consequently, the fungal cells transformed 
with an expression vector containing the amdS gene can 
grow on acetamide as a sole nitrogen source. The amdS 
gene was initially shown to function as a selectable marker 
in A. niger (Kelly and Hynes, 1985) and subsequently in 
A. oryzae (Christensen et al., 1988). More recently, the 
amdS-based selection system has also been developed for 
F. venenatum (Royer et al., 1995). 

Fungal expression vectors often contain the amp' gene 
used for selection in E. coli. This marker gene is under the 
control of a bacterial promoter and is, therefore, not 
expressed in fungal production strains. As noted in Section 
8.1, new fungal expression vectors have been developed 
without the amp' gene (GRN 103; GRN 142; GRN 158). 
These vectors contain the URA3 gene from S. cerevisiae for 
selection in E. coli and the amdS gene for selection in fungi. 
The URA3 gene encodes orotidine 5'-monophosphate 
decarboxylase, the enzyme that catalyzes the last step in the 
pyrimidine biosynthetic pathway. The URA3 gene comple­
ments the pyrF mutation in the E. coli strain used as an 
intermediate host for the construction of the expression 
vector. The pyrF mutant requires uridine for growth. This 
requirement is alleviated in the E. coli transformants carry­
ing the URA3 gene provided on the expression vector. The 
URA3-based selection system allows the construction of 
fungal production strains without the use of antibiotic 
resistance genes. 

9. Sources of recombinant enzymes 

Recombinant enzymes can be derived from a variety of 
sources including microorganisms, plants or animal tissue. 
They are often identical to well-known enzymes with a long 
history of use in food. For example, chymosin derived from 
recombinant strains of E. coli K-12, K. marxianus var. 
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lactis, and A. niger var. awamori is identical to that present 
in animal-derived rennet (21 CFR 184.1685). 

Most recombinant enzymes currently used in food are 
derived from well-characterized culturable microorganisms. 
However, the development of modern highly-efficient 
screening techniques facilitated discovery of new enzymes 
from microorganisms sampled from the environment. In 
this approach, DNA is isolated directly from the environ­
mental samples and used to create expression libraries in 
E. coli or other suitable expression hosts. The expression 
libraries are then screened to identify enzymes with desired 
characteristics (Short, 1997). Modern PCR techniques are 
used to limit the DNA intended for introduction into the 
host organism to the sequence encoding the desired 
enzyme. This approach precludes the transfer of any extra­
neous or unidentified DNA from the donor organism(s) to 
the production strain. 

Thermophilic enzymes with optimized properties are 
important in baking and starch processing. Several genes 
encoding such enzymes, including thermostable ex-amylases 
and xylanases, have been isolated from thermophillic 
microorganisms and expressed in heterologous production 
strains. Enzyme properties may also be adapted to specific 
use conditions by using modern genetic techniques. Site­
specific mutagenesis can be used to introduce specific 
changes in the amino acid sequence of the enzyme. Site-spe­
cific mutagenesis is most effective when the three-dimen­
sional structure of the enzyme is known and the 
relationships between structure and enzyme properties have 
been elucidated. 

In recent years, a powerful approach for improving 
enzyme properties known as molecular or directed evolution 
has been developed. The process of molecular evolution 
consists of several steps, often performed in an iterative 
manner. In the first step, one or several "parent" genes are 
chosen. If several genes are used, they are often derived from 
diversified sources to provide sequence diversity. These 
genes are subsequently mutagenized in a random manner 
using techniques such as an error-prone PCR mutagenesis, 
sequential random mutagenesis, or gene shuffling to create a 
large number of gene variants. A library of altered genes is 
then constructed in a suitable host microorganism. The 
clones are screened using high-throughput methods to iden­
tify those expressing improved enzymes. Genes encoding 
these enzymes are isolated, sequenced and usually recycled 
through the process until an enzyme with the desired char­
acteristics is identified. Extensive information on directed 
enzyme evolution is available in published sources such as at 
F. Arnold's web page (http://www.cheme.caltech.edu/ 
groups/thai) or in recent reviews, for example, Kirk et al. 
(2002), van Beilen and Li (2002), Roodveldt et al. (2005), 
and Yuan et al. (2005). 

FDA reviewed several GRAS notices on enzymes 
improved by using either one or a combination of modern 
genetic techniques. For example, the ex-amylase from B. 
/icheniformis present in the mixed carbohydrase and prote­
ase enzyme preparation affirmed as GRAS in 1983 (21 

CFR 184.1027), was modified by replacing its amino termi­
nus with the corresponding sequence from a B. amylolique­
faciens ex-amylase and by introducing five additional amino 
acid substitutions. The modified enzyme is thermostable, 
active at low pH, and does not require added calcium when 
used for starch hydrolysis in the production of high fruc­
tose com syrup and other similar sweeteners. The enzyme is 
produced from a recombinant strain of B. licheniformis 
(GRN 22). Another ex-amylase with similar characteristics 
was developed using molecular evolution from three ex­
amylases discovered in nature. The microorganisms that 
produce these ex-amylases were identified as belonging to 
the order Thermococcales within Archaea (previously 
known as Archaebacteria). The hybrid ex-amylase is pro­
duced from P. jluorescens Biovar I and is intended for use 
in starch processing and fermentation of ethanol for 
alcoholic beverages (GRN 126; Richardson et al., 2002; 
Landry et al., 2003) (see Section 6.3). 

10. Fine tuning of the production strain 

Recombinant production strains can be further 
improved using classical mutagenesis. Fungal expression 
vectors may integrate into the host genome at different loci 
and various copy numbers. Consequently, the transforma­
tion procedure yields a population of transformants that 
produce different levels of the intended enzyme. These 
transformants are subsequently grown under different con­
ditions and assessed for enzyme expression and other char­
acteristics. Once a satisfactory transformant is identified, it 
can be subjected to mutagenesis using either a chemical 
mutagen or UV or ionizing radiation. Subsequently, the 
population of mutants is screened for enzyme yield to iden­
tify the best performer (Novozymes, 2005). For example, 
the production of laccase from Myceliophthora thermophila 
expressed in A. oryzae was increased by chemical mutagen­
esis and selection (GRN 122; WHO, 2004). 

11. Fermentation and processing 

Microbial enzymes, whether native or recombinant, 
are manufactured by controlled fermentation of the pro­
duction strains. In most instances, the fermentation is 
conducted as a batch process in large-scale aerated 
fermenters under strictly controlled fermentation param­
eters such as temperature, pH, and aeration. The culture 
is periodically tested to assure the absence of microbial 
contaminants. Fermentation media contain nutrients and 
compounds that facilitate the fermentation process. 
Commonly used media components include dextrose, 
corn steep liquor, starch, soybean meal, yeast extract, 
ammonia, urea, and minerals such as phosphates, 
chlorides or carbonates. Other components may include 
antifoaming agents and acid or alkali for pH adjustment. 
For optimal production, the composition of the fermen­
tation medium must satisfy the nutritional requirements 
of the production strain. 
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Most recombinant enzymes manufactured today are 
secreted to the fermentation medium. After the fermenta­
tion has been completed, the fermentation broth is sepa­
rated from the cellular debris using flocculation and 
filtration. The enzyme is subsequently concentrated by 
ultrafiltration or a combination of ultrafiltration and evap­
oration. Enzymes that accumulate within cells are isolated 
from the cellular mass, solubilized, and concentrated. The 
enzyme concentrate is then sterilized by germ filtration and 
formulated with compounds such as sucrose, maltose, 
maltodextrin, potassium sorbate, or sodium benzoate. For 
certain food applications, enzymes may also be formulated 
as granulates or tablets or immobilized using solid support 
materials. The final product is commonly referred to as an 
enzyme preparation. Enzyme preparations may contain, in 
addition to the formulating aids and the enzyme of interest, 
metabolites derived from the production microorganism or 
compounds used in fermentation and processing. 

12. Assessment of the enzyme preparation 

Enzymes are used in food processing at very low levels. 
Often, they are either not carried over to food as consumed 
or are inactivated during cooking or baking. Exposure to 
enzyme preparations used in food processing is typically 
calculated on the basis of total organic solids (TOS). TOS 
includes the enzyme itself as well as other organic material 
that originated from the production organism and enzyme 
processing. Enzyme preparations are tested according to 
generally accepted procedures discussed in several publica­
tions and guidance documents (IFBC, 1990; SCF, 1992; 
Pariza and Johnson, 2001). The test material is usually the 
concentrated enzyme before formulation. The final formu­
lated enzyme product is assessed for compliance with speci­
fications established for enzyme preparations by the Food 
Chemicals Codex (FCC, 2004) and JECFA (2001). 

Some enzyme preparations derived from recombinant 
microorganisms were tested for the presence of transform­
able DNA (i.e., DNA that can be taken up by competent 
bacteria) encoding antibiotic resistance markers. So far, no 
such DNA was detected in enzyme preparations described 
in dossiers submitted to FDA. The number of enzyme prep­
arations derived from recombinant strains that do not con­
tain antibiotic resistance markers is increasing. Such 
enzyme preparations are not expected to be tested for 
transformable DNA encoding antibiotic resistance genes. 

13. Conclusions 

Enzymes found in nature have been used in the produc­
tion of fermented foods for millennia. The production of 
enzyme preparations isolated from natural sources dates 
back to the late 19th century. The developments in molecu­
lar genetics and cell biology in the last four decades have 
reshaped enzyme production. It became possible to clone 
genes encoding enzymes and express them in host microor­
ganisms that are well-adapted to large-scale industrial fer-

mentation. Enzyme yield could be substantially increased 
by using efficient promoters and introducing multiple cop­
ies of the enzyme-encoding gene. It also became possible to 
tailor enzyme properties to food-processing conditions 
such as temperature or pH. This has been accomplished by 
modifying the amino acid sequence of the enzyme using 
either rational design or molecular evolution. As examples, 
we described tt-amylases that were modified for increased 
thermostability to match the conditions of starch hydroly­
sis during production of sweeteners from corn. 

The safety of enzyme production strains continues to be 
a focus of attention. The concept of developing safe strain 
lineages using well-characterized nonpathogenic, nontoxi­
genic microbial strains, particularly those with a history of 
safe use in food enzyme manufacture (Pariza and Johnson, 
2001) has been embraced by the enzyme industry. Indus­
trial strains of microorganisms used as sources of native 
enzymes are now often used as hosts for heterologous 
enzymes. 

It has been recognized that certain fungi traditionally 
used as sources of food-processing enzymes and considered 
to be nonpathogenic and nontoxigenic, for example, 
A. oryzae or A. niger, are capable of producing low levels of 
certain mycotoxins under fermentation conditions condu­
cive to the synthesis of these compounds. Mycotoxin pro­
duction by these fungi can be minimized or avoided by 
controlling the fermentation conditions used in the produc­
tion of enzymes. Advances in genetics and molecular biol­
ogy enriched the knowledge about these microorganisms 
and provided new tools for reducing their toxigenic poten­
tial. Some fungal host strains described above have been 
altered using classical mutagenesis and/or rDNA methods 
to inactivate or impair their mycotoxin synthetic pathways. 
Most effective is the inactivation of the entire pathway by 
deletion or disruption of genes encoding key enzymes 
involved in mycotoxin synthesis. For example, the F venen­
atum strain, from which the trichodiene synthase gene was 
deleted, lost the capacity to produce trichothecene 
mycotoxins. 

Another interesting approach relies on avoiding poten­
tial unintended effects of DNA insertion, such as an 
increase in the levels of secondary metabolites, by targeting 
the cloned genes into designated chromosomal loci in the 
host genome. Once it has been shown that the DNA inser­
tion does not affect secondary metabolite pathways, it is 
assumed that other cloned genes can be safely inserted into 
the same locus without triggering unintended effects. This 
strategy is useful for host strains that naturally produce sec­
ondary metabolites at toxicologically insignificant levels. 

Microbial host strains have also been genetically modi­
fied to improve enzyme production. For example, several 
bacterial and fungal species used as sources of food-pro­
cessing enzymes naturally produce extracellular proteases 
that may degrade the target enzyme. Over the years, classi­
cal mutagenesis has been effectively employed to generate 
protease-deficient mutants of these microorganisms. How­
ever, upon the identification of genes encoding proteases, it 
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became possible to generate strains deficient in specific pro­
teases. 

Current strain improvement strategies have already con­
tributed to creating more efficient and safer enzyme pro­
duction strains. This trend will undoubtedly continue as the 
knowledge about the genetic make-up of microorganisms 
used for enzyme production expands and new genetic tech­
niques emerge. 
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Samples of 29 common foods and 10 feedstuffs of tropical origin were analysed 
for their total and phytate phosphorus (P) contents. In cereal grains, oilseeds 
and ~ legumes,. high l~els of phytic acid were obtained, and phytate p 
constttuted the maJor portion (60--82"/o) of total P. The various roots and 
tubers contained moderate amounts of phytic acid and phytate P accounted for 
21-25% of the total P in this food group. Leafy greens contained negligible 
amo~~;nts of phytate P. In rice bran and the various oilseed meals, phytate P 
constituted 56-71'/o of the total P. Phytic acid contents were highest for gingelly 
(3·81'/o), gingelly meal (3·76%) and rice bran (3·65%). 

INTRODUCfiON 

In most plant materials, a large portion of phosphorus 
(P) is present in the form of phytate. Phytate is a 
complex salt of calcium or magnesium with myoinos­
itol (1, 2, 3, 4, 5, 6-hexakis dibydrogen phosphate) 
and is regarded as the primary storage form of P and 
inositol in almost all seeds (Cosgrove, 1980). During 
germination, the phytate is hydrolysed by the phytase 
present in seeds and serves as a source of inorganic P 
and cation for the emerging seedling (Williams, 1970). 

P in phytate form is either unavailable to or poorly 
utilised by monogastric animals and humans (Nelson, 
1967; Erdman, 1979; Reddy eta/., 1982) because they 
lack the phytase enzyme required to hydrolyse the 
phytate and release the P. In addition, the phosphoric 
acid moiety of the phytate molecule has a strong 
capacity to form complexes with multivalent cations, 
including calcium, magnesium, zinc, iron, manganese 
and copper. These phytate-mineral complexes are 
generally insoluble at physiological pH and hence 
render the minerals biologically unavailable to mono­
gastric animals and humans. The adverse effects of 
phytate on mineral bioavailability have been the 
subject of several excellent reviews (Erdman, 1979; 
Maga, 1982; Reddy eta/., 1982). 

Foods and feedstuffs derived from plants play a 
significant role in the nutrition of humans and animals 
in tropical regions. As a result, their contribution of 
phytate P to diets becomes nutritionally important. 
Whereas the phytate P contents of foods (Common, 
1940; McCance & Widdowson, 1960; Reddy et a/., 

• To whom correspondence should be addressed. 
133 

1982) and feedstuffs (Nelson et a/., 1968; Kirby & 
Nelson, 1988) in the temperate regions are well docu­
mented, corresponding information on plant materials 
of tropical origin is limited. The present study was 
nitiated to assay a variety of tropical foods and 
feedstuffs for their total and phytate P contents. 

MATERIAlS AND METHODS 

The study included 29 common foods and 10 feedstuffs. 
Samples, approximately I kg in size, were collected 
from local farms or retail outlets around Peradeniya. 
Cassava leaf meal and ipil ipil leaf meal were prepared 
in the laboratory using methods described previously 
(Ravindran eta/., 1986; Ravindran & Wijesiri, 1988). 

Samples were dried at 100°C in an oven to constant 
weight and ground in a Wiley Laboratory mill to pass 
through a 60 mesh sieve. The ground samples were 
stored at room temperature in air-tight containers prior 
to chemical analyses. 

All samples were assayed in triplicate for moisture 
(AOAC, 1975) and for total P using the ammonium 
vanadate method (Chapman & Pratt, 1961). Phytate P 
was determined by the colorimetric method of Wheeler 
and Ferrel (1971) as modified by Reddy et a/. (1978). 
In this method, phytate was extracted using trichloro­
acetic acid and precipitated as ferric phytate. The ferric 
phytate was converted to ferric hydroxide (precipitate) 
by the addition of sodium hydroxide and boiling. The 
ferric hydroxide precipitate was dissolved in dilute 
hydrochloric acid and the iron content was measured 
colorimetrically (AOAC, 1975) using o-phenanthroline 
reagent. The phytate P content was calculated from the 
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iron concentration by assuming a constant Fe : P 
molecular ratio of 4 : 6 in the precipitate. 

RESULTS AND DISCUSSION 

The total and phytate P contents of the cereals, roots, 
tubers, fruit vegetables and leafy greens are sum­
marised in Table I. Phytate P constituted the major 
portion of total P in cereal grains. The proportion of 
phytate P varies from 64-85% of the total P in most 
cereals, the exceptions being polished rice and finger 
millet. In polished rice and finger millet, the phytate P 
accounted for 55 and 58 % of the total P, respectively. 
The lower phytic acid content of polished rice com­
pared with unpolished rice is due to the removal of 
bran layers during the polishing process. It is well 
documented that over 80% of the phytate in rice grain 
is present in the outer bran layers and aleurone layers 
of the kernel (O'Dell et a/., 1972; De Boland et a/., 
1975). 

The dark-coloured sorghum grains contained some­
what higher levels of phytic acid than the light­
coloured grains. The significance of this observation is 
unclear. It is perhaps of interest to note that the dark­
coloured sorghum grains are considered bird-resistant 
owing to their high tannin contents (Hulse et at., 1980). 

The various roots and tubers contained only 
moderate amounts of phytic acid. In this type of food, 
phytate P accounted for 21-25% of the total P. 
Published information on the phytate contents of roots 
and tubers is limited. The phytate values obtained for 

cassava roots compare closely with that reported by 
Jongbloed and Kemme (1990). However, the values 
determined for potatoes are lower than those obtained 
by Samotus and Schwimmer (1962). These workers 
determined that phytate P accounted for up to 35-40% 
of the total P in mature potato tubers. 

Plantains, breadfruit and jak fruit are popular fruit 
vegetables; widely used for human consumption in 
tropical regions. They contain moderate amounts of 
phytic acid. The high level of phytic acid in jak seeds is 
as expected, since phytate is considered to be the chief 
storage form of P and inositol in seeds (Cosgrove, 
1980). Phytate P constituted 61% of the total Pin the 
jak seed. The two leafy greens analyzed, spinach and 
sweet potato, contained low amounts of phytic acid. 
This is in agreement with the observation of Oberleas 
(1973) that leafy vegetables appear to be essentially 
devoid of phytate. According to Bieleski (1968), over 
70% of the P in plant leaves is found in the form 
of inorganic P with the remainder in the form of 
ribonucleic acids, phospholipids and acid-soluble phos­
phate esters. 

Oilseeds had higher levels of phytic acid (Table 2) 
than cereals. The phytate P content in groundnut and 
gingelly constituted over 80% of the total P. The phytic 
acid concentration in gingelly seeds amounted to 3·8']0/o 
of the dry weight. This value is, however, lower than 
the values of 4·7-5·2% reported for North American 
samples of gingelly by De Boland et al. (1975) and 
Toma eta/. (1979). 

The various grain legumes were found to contain 
0·60-1·03% phytic acid (Table 2) and these values are 

Table 1. Total 81111 pbytate pllospltonB c:ontents of various cereals, root 81111 tubers 8lld fruit veaetaltles of tropical origin (meau ± SE) 

No of Phosphorus (g/100 g OM) Phytate P Phytic acid 
samples - (as% of) (g/100 g 

Total Phytate total OM)" 

Cereals 
Maize (Zea mays) 4 0·26 ± 0·01 0·22 ± 0·02 84·6 0·78 
Rice Oryza sativa), brown unpolished 3 0·38 ± 0·03 0·28 ± 0·02 73·7 0·99 
Rice, polished 2 0·31 ± 0·02 0·17 ± 0·01 54·8 0·60 
Sorghum (Sorghum vulgare), dark-coloured seeds 2 0·41 ± 0·01 0·27 ± 0·01 65·9 0·96 
Sorghum, light-coloured seeds 3 0·36 ± 0·02 0·23 ± 0·02 63·9 0·82 
Foxtail millet (Setaria italica) 4 0·27 ± 0·01 0·19 ± 0·02 70·4 0·67 
Finger millet (Eieusine coracana) 3 0·24 ± 0·01 0·14 ± 0·01 58·3 0·50 
Common millet (Panicum miliaceum) 6 0·26 ± 0·01 0·17± 0·01 65·4 0·60 

Roots and Tubers 
Cassave (Manihot esculenta), roots 2 0·16 ± 0·01 0·04 ± 0·003 25·0 0·14 
Sweet potato (Ipomea batatas), tubers 2 0·21 ± 0·01 0·05 ± 0·004 23·8 0·18 
Taro (Co/ocasia esculenta), corms 2 0·38 ± 0·01 0·09 ± 0·004 23·7 0·32 
Dioscorea (Dioscorea escu/enta), yam 3 0·12 ± 0·01 0·03 ± 0·008 25·0 0·11 
Dioscorea (Dioscorea alata), yam 6 0·17±0·01 0·04 ± 0·01 23·5 0·14 
Potato (Solanum tuberosum), tubers 2 0·24 ± 0·01 0·05 ± 0·002 20·8 0·18 

M isce//aneous 
Plantains (Musa paradisica), cooking type, unripe, peeled 2 0·12 ± 0·01 0·04 ± 0·008 33·3 0·14 
Bread fruit (Artocarpus a/tilts), unripe, peeled I 0·22 0·04 18·2 0·14 
Jak fruit (Artocarpus heterophyllus), unripe, peeled I 0·20 0·04 20·0 0·14 
Jak seeds 3 0·31 ± 0·02 0·19 ± 0·02 61·3 0·67 
Dates (Phoenix dactylifera), fruit, without seeds 2 0·18 ± 0·01 0·04 ± 0·008 22·2 0·14 
Spinach (Basella rubra), leaves 2 0·44 ± 0·04 0·02 ± 0·004 4·5 0·07 
Sweet potato, leaves 2 0·33 ± 0·02 0·02 ±0·002 6·1 0·07 

• Calculated phytic acid content assuming 28·20% phosphorus in the molecule. 
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TUie 2. Total 8lld pllytate .......... COIIteatS of.,_ ollleelll_. ana-- (mean± SE) 

No of Phosphorus (&'100 g DM) Phytate p Phytic acid 
samples (as% of (g/100 g 

Total Phytate total) DM)" 

Oilseeds 
Soya bean (Glycine max) 3 0·60±0·02 0·37 ±0·01 61·7 1·31 
Groundnut (Arachis hypogea) 4 0·49 ±0·02 0·40 ±0·02 81·6 1·42 
Gingelly (Sesamum indicum) 3 1·34 ± 0·04 1·09 ±0·05 81·3 J.87 

Grain legumes 
Chicle peas (Cicer arietinum) 2 0·41 ±0·01 0·21 ± 0·01 51·2 0·74 
Cowpeas (Vigna unguiculata) 4 0·39 ± 0·01 0·28 ± 0·02 71·8 0·99 
Green gram (Vigna radillta) 2 0·38 ± 0·01 0·24 ± 0·01 63·2 0·85 
Black: gram (Vigna mungo) 3 0·39 ± 0·02 0·29 ±0·01 74·4 1·03 
Pigeon peas (Cajanus cajan) 3 0·32 ± 0·02 0·24±0·02 75·0 0·85 
Lentils (Lens culinaris) 2 0·31 ± 0·01 0·20±0·02 64·5 0·71 
Winged bean (Psophocarpus tetragonolobus) 2 0·33 ± 0·02 0·19 ±0·02 57·6 0·67 
Velvet bean (Mucuna deeringillna) 3 0·29 ± 0·02 0·17 ± 0·02 58·6 0·60 

• Calculated phytic acid content assuming 28·20"/o phosphorus in the molecule. 

similar to those determined for cereal grains (Table I). 
In general, phytate P accounted for 60--75% of the total 
P in grain legume seeds. These results are in close 
agreement with those reported by Kumar eta/. (1978) 
and Reddy and Salunkhe (1980). 

The total and phytate P contents of some common 
feedstuffs are presented in Table 3. Rice bran and 
wheat bran contained high amounts of phytic acid and, 
this finding is consistent with the reports that phytic 
acid in rice and wheat is concentrated in bran layers of 
the kernels (De Boland et a/., 1975; Erdman, 1979). 
Phytate P accounted for 77 and 50% of the total P, 
respectively. The relatively lower levels of phytate Pin 
wheat bran were unexpected, but may be due to the 
reported presence of phytase enzyme activity in wheat 
bran (Lim & Tate, 1971). The values obtained for rice 
bran in the present study are similar, whilst those 
obtained for wheat bran are lower than those reported 
by Kirby and Nelson ( 1988). 

The various oilseed meals contained high amounts of 
phytic acid (Table 3). Gingelly meal contained 3·76% 
phytic acid based on the dry weight which is in agree-

ment with earlier reports (Lease et a/., 1960; Cuca & 
Sunde, l%7; Nelson et a/., 1968). In general, about 
60-77% of the total Pin oilseed meals was found to be 
in the form of phytate. The leaf meals analysed had 
low levels of phytate. Similarly, Nelson et a/. (1968) 
determined only traces of phytate in dehydrated alfalfa 
meal. 

The present results indicate that the concentration of 
phytate is dependent on the portion of the plant that is 
consumed. The various types of seeds (cereals, oilseeds 
and grain legumes) contained large amounts of phytate, 
whereas roots, tubers and fruit vegetables had moder­
ate amounts. Low levels of phytate were determined in 
the leafy green materials. 

In developing country situations where cereals and 
other plant-based foods provide a large proportion of 
the food consumption, the dietary P intake as phytate 
will be greater. Although this might theoretically cause 
profoundly adverse effects on the bioavailability of 
phosphorus and cationic minerals, such populations do 
not suffer from nutrient deficiencies as much as would 
be anticipated (Hegsted, 1968; Hazell, 1985). Popula-

Table 3. Total and pllytate phospbons rontents of SOIIle feediaptutrs of tropical origin (mean ± SE) 

No of Phosphorus (g/100 g OM) Phytate P Phytic acid 
samples (as% of (gllOO g 

Total Phytate total) OM)" 

Cereal by-products 
Rice bran 4 1·34 ± 0·03 1·03 ± 0·05 76·9 3·65 
Wheat bran 2 1·15 ± 0·02 0·57 ± 0·03 49·6 2·02 

Oilseed meals 
Soya bean meal, solvent extracted, dehulled 2 0·63 ± 0·02 0·38 ± 0·01 60·3 1·35 
Soya bean meal, expeller extracted, with hulls 3 0·64±0·02 0·39 ± 0·02 60·9 1·38 
Coconut (Cocos nucifera) meal, expeller extracted 5 0·59 ± 0·03 0·33 ± 0·02 55·9 1·17 
Gingelly meal, expeller extracted, with hulls 3 1·37 ± 0·04 1·06 ± 0·04 77·4 3·76 
Rubber (Hevea brasiliensis) seed meal, expeller extracted I 0·58 0·35 60·3 1·24 
Kapok (Ceiba pentandra) seed meal, expeller extracted I 0·93 0·64 68·8 2·27 

M iscel/aneous 
Ipil ipil (Leucaena leucocephala) leaf meal I 0·22 0·02 9·1 0·07 
Cassava leaf meal 2 0·42 ±0·01 0·04 ± 0·007 9·5 0·14 

• Calculated phytic acid content assuming 28·20% phosphorus in the molecule. 
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tions in developing countries are apparently able to 
adapt to high phytate intakes by the secretion of 
phytase enzyme (Lotz et a/., 1968) or phytates are 
likely to be broken down through indigenous food 
preparation methods. While evidence to support the 
earlier suggestion is lacking, it is well known that 
phytic acid contents of foods can be significantly 
reduced by milling, soaking, germination, cooking, 
fermentation and leavening (Reddy eta/., 1982). 

It is, however, relevant to note that the adverse effect 
of phytates on mineral availability may have been 
overemphasised. Most foods that contain phytates are 
also good sources of dietary fibre which are known to 
have a high affinity for minerals (Reinhold eta/., 1975; 
Harland & Morris, 1985). Unless the phytates and fibre 
components can be separated and evaluated separately, 
it may be difficult to attribute the negative effects on 
mineral availability to phytates alone (Torre et a/., 
1991). 
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INTRODUCTION 
In recent )'cars dwe has been a considerable incrcue in the 

scicnti& litaatureQ)ncemingthe nuaitional sipificancc of phytic 
acid (PA) and phytase in human and animal nuuition. The pracnt 
review artide giftS an overview of thee~ of c:lictuy PA on the 
bioavailability ofmincnlsand tnccelcmcnrs. FunhcrtnoR, a major 
focus is a ~ew of experimental results on rhe physiological 
rclcvance of miaobial phywe in the nutrition of monopttic 
animals and humans. Studies over rhe past 15 to 20 ~on rhe 

dfcct of microbial phytase on rhe bioavailability of calcium. 
magnesium, iron, zinc, copper and cadmium arc revicw.:d. 

De&aidon and ocaurenc:e of ph,apaic IIICl taicrobial phywe 
The ddinitions ofphyticacid. phytac and phyta arc pracnu:d 

in Figure 1. In the literature synonyms arc often usc:d fOr some of 
rhe tctms and rhis easily leads to misunderstandings. Phydc acid 
is. as a fiee acid. a baa phosphorus acid ater of the 6-hydroxyl 
group qdicalcobol myo-inositol, which can beqndailcd within 
the animal organism. but has an CSICIUial dtaraaeristic for c:enain 
miaoorpnisms. The cnnect cbcmical term for phytic acid is ID)'O­

inositol 1,2,3,4,5,6 haakis dihydrosen phosphate (IUPACIUB 
1978). The salrs of phytic acid arc dercribed as phytatcs. The 
intcmarional abbreviarion PAstands not only tOr phytic acid. but 
also fOr phytate. More ac.curatdy, phytate is a mixed poaaium, 
magnesium and calcium salt of phydc acid that is pracnt as a 
chelate and storage fOrm for phosphorus in ccn:als, legumes and 
oilsc:eds. 

FIGURE 1. De8a.idau of phytic acid, pJaytue and phytue 

Phyticadd: Myo-inolid 1,2,3.4,5,6, haakiadih,droem pbospb;c 
lncanationalabbmiation:PA "· acid) 

Phytue: Enzyme that catal)'SCS the hydrolytic phosphate 
splitting of phytic (IP6) to loMr in01itol ph01pbate 
esters (IP5-IP1) and inorganic phosphate (PI) 
a) 3-phytUC (E. C. 3.1.3.8) microbial orip 
b) 6-phytase (E. C. 3.1.3.26) plant origin 

Phytic acid phosphorus represents 50-85% of the total 
phosphm-us paent in plant seeds. The localisarion ofphytic acid 
in the seeds varies. In grain, PA is mainly in the bran (aleurone 
layer, tara and pcricarp). In the cue of mailc it is fOund mainly in 
the germ. Wirh legume seeds, PA ac.cumulaus in the cotyledon 
and, in linseed, in the endosperm. Derailed infOrmation on the PA 



content of various foods and fccdatu.fl's can be found in several 
reviews (Obedeas and Harland 198l;lanasch 1990-.Eckhout and 
De Paepe 1994;R.avindnn, et al. 1995;Schrtider, et al. 1996). 

Phytase, on the other hand, is the enzyme which catalyses the 
hydrolytic pho.phatc splitting of phytic acid. The International 
Enzyme Commission's enzyme cock is given in bmck.ets (IUPAC 
IUB <R«ommcndations of the Nomenclature Committee of the 
International UnionofBiochcmistty) 1984). Phytaseofmicmbial 
origin (E. C. 3.1.3.8) splits the phosphate group at theC3 atom of 
the inosit ring, whereas plant-JOUR:C (E.C. 3.1.3.26) ph)'1a5C acts 

at the C6 atom. By the splitting of a phosphate group the lower 
inositol phosphate esters pcnrakis, tctrakis, tris, bis and mono 
phosphate are produced. Figure 2 presents a schematic 
representation of the hydrolytic action of a microbial ph)'1a5C on 
inositol hcxaphosphate. 

FIGURE 2. Hydrolylia ofphytic add (myo-iDOiitoll,2,3,4,5,6 .bealda 
clihydroeen pbolplw.e) by microbial pbytue <E.C.3.t.3.8.) aeneradac 
D-lll)'O-inolitol1,2,4,5,6 pcntaiDadihJdmp pholphatc and ino!plic 
phcNphate (Pi) 

FJgUre 3 the inJluence of graduated PA supplc:mcntations on the 
apparent Zn abeorpUoo of growing miS is danoDIUllllal (Rimbach 
and Pallauf 1992). 

FIGURE 3.1n8aence of the supplementation of pllytic acid (a 
sodium pbytate) on theappanat Zn .a..orp.ioo. of ..,.,a. rau 
fed a lllllli-aynthedc: diet (20 me Zn/fra) on tbe baia of • 
albumen aacl maize atarch (R.imbM:b aod Pallauf1992) 

70 

0 

The animals were fed a semi-synthetic diet bued on eg 
•,. albumin and maize swch aver 21 da71. The Zn concenttation 

in all diets was 20 mg/lrs. The control group (sroup I) n:ccived 
a PA-free diet. By replacing maize starch by 0.5% (group II) 
and 1.0% (group III) PAin the form of sodium phywc, molar 

L-'!!!~~~!..!!!!!!!.!!!.e!!!:J!!I'~I n !!.......!·~ .. ~· ·~·!.!:·'~"!:!:! .. !!!·~!!.!!!!!11~~!!1 PA:Zn radosof25 and 50 respcaivdy"M:~eobrained. ~ - ........ supplementation of 0.5% and 1.0% PA, the apparent 

The pH optimum for plant phytase was determined to be in 
the range of 4.0-6.6. The hydrolysis of phytic acid by phytase 
&omAspa:gillus ficuum shows two distinct pH optima at pH 2.5 
and 5.5, but the enzyme is 40% less active at pH 2.5 than at pH 
5.5 (Gibson and UlJah 1990). 

Andnutritift eBic:a of pbydc acid 
The antinutrit:ift effect of pbytic acid is based on its molc:cular 

structUre. At complece dissociation, the six phosphate groups of 
phytic acid cany twelve nepive cbarges which, in weak acidic ro 
neutral pH con~tions. bind different di- and trivalent cations 
(e.g. Ca. Mg. ~ Zn, Cu, Mn) inro a stable complc:x. Intemaions 
between phytic acid and proa:ins have also been reponed. Under 
acid conditions ,a nepc:ive influence of the phytic acid on the 
solubilicy of proceins can be c:xpecu:d because of the ionic binding 
between the~ phosphate groups of phytic acid and protonilcd 
amino acids (Ly;yl, histidyl and arginyl residue) (De Rham and 
jost l979;Frea.dorff. et al. 1995). 

Zinc appears to be the trace element whose bioavailabilicy is 
most influenced by PA k has been shown in a series ofin vitro and 
in vivo in~rigations that a JUsber molar mtio ofPA ro Zn results 
in a significant reduction in the bioavailabillcy of zinc. A reduaion 
of zinc bioavailabilicy is obserwd with a molar PA:Zn ratio > 10-
15 in the diet (Davies and Olpin 1979;MorrisandEilis 1980). In 

absorprlon of Zn was significandy reduced, with ablorption 
percentaga of29% (group II) and 23% (group Dl) compared to 

52% Zn absorption in the control (&roup 1). Comparable 
antinutritive effects ofPA on Zn utilization of growing mcs were 
found when PA-rich cfiecs based on maize germs (Pallau£, et al. 
1990) and soya proa:in isolate (Rimbach and Pallauf 1993) wen: 
fed. As inwstipbons by Flaaapn (1984) indicate, not only does 
phytic acid depress the bioavailabilicy of dietary zinc, but it also 
subscantially reduces the reabsorpcion of endogenous intatinal 
zinc. In addition, high concentratiom of calciunr increase the 
antinutritive effects of PA on zinc bioavailabilicy due to the 
~mwionofinsolubleCa-Zn-PA-complaa.AmoJarPAxCA/Zn 
mtio > 3.5 is regarded as a critical decerminant ofZn utilization 
(Fordyce, et al. 1987). 

As in the case ofZn, inrmai.ons beawen phyric acid and calcium 
(Taylor and Coleman 1979;Sandberg, et al. 1993), magnesium 
(Brink. et al, 1991;Pallauf, et al. 1992a;Pictseh, et al. 1995), iron 
(Thompson and Erdman 1984;Brune, et al. 1989), copper (Lee, 
et al. 1988) and manganese (Davidsson, et al. 1995) have also 
been described for laboratory animals, monogastric farm livestock 
and for humaJlll. 

As the lower inositol phosphate esterS OP1-IP5) can also be 
present in food and feed containing phytatc (Sudberg and 
Ahderinne 1986;Phillippy and Bland 1988;Xu, et al. 
1992;Harland and Morris 1995), this substance class has been 



the focus of increasing attention in bioawilabiliry stUdies. The 
antinuuitm influence of different lower inositol phosplwe esters 

was studied using rats (Lonnerdal, et al. 1989). Following 
interptric application of equimolar cona:ntrations ofiP6, IP5, 
IP4 and IP3, 5%, 19%, 28% and 29% of the applied "Zn were 
~in the liwr respectively. The olSCaablorption, however, 
wu n:duced only by IP6. Similady, the rateofFe- andZn-aampott 

by the human Caco-2 intestinal cdllinc declined in dim:r 
proportion to the lc:vd of inositol phosphmylation (Han, et al. 
1994). 

Phydcadd.imn~ 
It is wdl ~that in addition to the functionality of the 
en~ the intaaaionofiron in the gut lumen and the c:bemicd 
fOrm in whic:b iron is pramt is a major determinant ofirs protein­
mediated upake by the enterocyte. Non-haetn iron from cereals, 
legumes and ocher plant soun:es is poorly absorbed becat~~e of the 
presence of inhibitors of iron absorption, such as certain fibres, 
polypbenols and phytic acid, which irreversibly bind iron in the 
gastrointestinal lumen, making it unavailable for absorption. 
Indeed such dietary components are thought to be in part 
responsible for the low absorption efficiency and high incidence 
of iron deficiency anaemia evident in most developing countries, 
whem larplywgecarian diersareconsumed. Sewnlstudies indicate 
an inhibition of non-haem iron absorption, at marginal dietary 
iron supply. due to phytic: acid. in humans (Hallberg. et al. 1989) 
and other monopstric species (Thompson and Erdman 1984). 
Phytic: acid and iron form insoluble compba that are not available 
for absorption under the pH conditions of the small intestine. 

A number of recent studies have increased our understanding 
ofiron-phytic acid interac:bons and hAM provided a ralistic means 
of improving mineral availability from traditionally high-phytate 
foods. Mendoza et al. (1998) observed that the absorption of iron 
from a tortilla hued test meal was 49% greater when the tortillas 
were manufiu:tured from genetically modi6ed low phytate (368 
mgper 100 g) maize rdatiw to the nati\le maize (847 mgphytate 
per 1 OOg). Inhibition of iron absorption as a result of dietary 
phytate CU\ also be panially counteraeted by aaiYation of nati\le 
or the addition of exninsic phytue to phytate-rich diets or by 
chcmic:al hydrolytes of the pbytate present (Sandbaget al. 1996; 
Biehl et al. 1997; Pallaufetal. 1999). Various food proc:a.es such 
as malting. .fermenting and soaking result in the h~ of 
phytate (~tol hexaphosphate-IP6} into inrennediate ~ 
inositol phosphates: inositol mono-, bi-, tri-, tetra- and 
pentapbospbates (JPI, IP2, IP3, IP4 and IP5 respca:ively). In a 
study by Sandberg n J. (1996) the absorption of iron from a 
simple breaa roB test meal in the presence or absence of various 
phytate derhes "MS investigated. The authors c:onduded that "' 
5 of the six possible sites on inositol need to be phosphorylated 
before an inhibitO!f effect on iron absorption was obrerved and 
that IP6 is mon: inhibitoty than IP5.lhe addition ofiP3 and IP4 
had little effect on Fe-abeorption when fed individually. Howe¥er 
thc:sc isobms may contribute to the inhibitorydia by inrerac:ting 
with the higher phosphorylated moleaales. Therefore reduction 
of the phytate present in plant producrs of less phosphorylated 

derMtes appears to provide a viable means ofimprovingmineral 
absorption &om pbytate-rich foods. Ho1IRVCI' not all studies ha"Ye 
demonstrated ncpti\le dfccts of phytic acid on iron availability 
(House and Wclcb 1987). Diffi:Rnces in c:xperimentil data may 
be attributed to factors such u body iron statua, the mc:thoclo1ogy 
used to study iron absorption, the chemical form and the 
concentration of iron in the diets, other components of the test 
meal. and spccicscliilen:nces when comparing human and animal 
studies (Schricker, ct al. 1983;Dennan, et al. 1987). Morecm:r 
the source of phytic acid seems to be imponmt. As mentioned 
previously phytate occurs naturally as a mixed potassium, 
magnesium and calcium salt in atrnplex diers (Zhou and Erdman 
1995). It thetefore has probably less potential for binding iron 
compared with added sodium phytatc because the phosphate 
groups may compls other componcnrs in the diet preparation. 
Therefore resulrs obtained with sodium phytate should not be 
reganled u generally transfmble to other phycate-rich matrices 
with a dift"aent source of phytic acid. Howe¥er, ovcmll it appean 
that phytate is a sipi6cant inhibitor of iron ablorption, with the 
higher phosphorylated derivao:s (JP5 and IP6) being more potent 
than the less phosphorylated forms. 

Miaallial Pbytale 
Many bacteria, yasrs and fungi contain the enzyme phyauc. 

Nelson, ct al. (1968) were the finst to study the dFea of a mould 
phytase on the availability of phytate pholphorul from a liquid 
soybean meal in chickens. In a subsequent experiment it could be 
shown thatthedircaaddicionofphytatefrom~jianmt to 

a maize/soya diet produced an increue in percentage bone ub 
indnringhJdrolylisof~ bythecnzyme{Ndton,ctal. (1971). 
Chickens utilized the hydrolylcd phytate pholpborus as well as 
supplcmenalinoapnicpholpboms. lnrm:nt7'=11JONA ..,m. ... ., 
has been1UC0"'6111y~ to pmcluo!higb lew:lsofemacdhlllr 
miaobial A.perJi)lus-phyale fOr poulayand pisdiers (Ravindan 
ct al. 1995). When purified microbial phycuewauddcd to low P­
diers ofbroilersthe availability ofP inaeaaed to over 60% and the 
amount ofP in the droppings decreased by 50% (Simons, et al. 
1990). Inaauiag Ca-amtcnt has resulted in a nc:ptM: inftucnce 
on phytascdliciencywhcn llKions "Mn P-dc&ient, but not in the 
case of nonnal mmmcn:ial poultry llKions (SchDner, et al. 1993). 
The lew~ of 0.9% Ca in broiler rations should not be exceedcct 
From ~on equations it can be c:almlated that 500-1000 U 
micmbial phytase Wl8 equivalent to 1 g P in broilers fed maize. 
soybean meal diers without any negative dFea on performance 
{Schanerctal.l99l; Scbaneretal. 1993; Vogt 1992a; Vogt 1992b; 
Simons and Vcmeesh 1993; Jeroch 1994; Komqpy et al. 1996; 
Yi et al. 1996a; Wmdisch and Kin:hgasner 1996). Chymus 
analya ofbroilen {Uebat et al. 1993) ha"Yesbown that the primary 
sites for added miaobial phytase activity are the crop and the 
stomach. No meuumblc indications ofphyuuc aaivityw= evident 
in the small intestine. 

Role of miaobW phy1.e fOr tbe bioavailability of calcium aod .......... 
Table 1 summarizes the effect: of microbial phytase on Ca 



bioavailability in rats and pigs. Most studies show consistcndy 
that phyaasesupplanentarion signific:andy improw:s boch apparent 
absorption and retention of caJcium when phytate-ric:b diets were 
fed. The improvement of calcium utilization due to microbial 
phywc is also rdlected by a higher bone mincr.alization and bone 
strength in rats (Pom:s ct al. 2006) and pigs (Young. ct al. 1993; 
Schone et al. 1995}. Overall microbial pbyrasc has been shown to 
be~ in rdcasiogpbywe-bound Ca from phytate-ric:b diecs. 

In a study by Porrcs et al. (2006) young albino rats were fed a 
diet based on raw lupin flour with a dietary Mg-contcnt of 713 
mg/kg diet and a miaobial phytue addition of750 phytue units/ 
kg diet (Table 2}. In this study phytase supplementation rcsulred 
in an increased level of magnesium in the femur and sternum. 
Furthermore in a study by Rimbach et al. (1995} with growing 
rats, phywe addition (2000 phytase units/kg diet) to a 
semisynthetic diet based on egg white and cornstarch (750 mg 
Mg per kg diet} significantly improved apparent magnesium 
absorption. An improvement of magnesium bioawilabilkydue to 
microbial phytase was also fOund in several studies in pip where 

1UU! 1. Tile...__,......._.,.,._ • CA W..l'llli.17 (P • ... a •Ill) 
s,-. u.. ..... ~ Diet CA-f/1 'lW .. 

phytate-rich dicts based on maiD:, soybean exa:raa and soybean oil 
(1500 mg Mg; 500 or I 000 phywc units/kg diet) (Pallauf ct al. 
1992a; Rimbach et al. 1997}, fidel beans, wheat, pas and badey 
(1000 mg Mg pet kg diet; 350 or 750 phytase uniu/kg diet) 
(Pallauf ct al. 1994a), maize and soybean meal (1320 mg Mg per 
kg diet; 1500 ph)UIC units/kg diet) (Adeola, et al. 1995), maize 
and soybean meal (2200 mg Mg per kg diet; 400 phytase units/ 
kg diet) (Kemme ct al. 1997b), barley-maize-soybean meal diet 
(1200 or 1500 mg Mg; 800 phytase units/kg diet} (Walz and 
Pallauf 2003}, comswch, barley, soybean meal and sunflower 
seed meal ( 1600 mg Mg pet kg diet; 100, 250, 500, 750, 1500 
or 15,000 phytase units/kg diet} (Kics et al. 2006) supplemented 
with microbial phytase were fed. However, althoup most studies 
report an improved dietary magnesium utilisation, following 
phytase supplementation, in some studies there was no 
improvement in apparent absorption (Pallauf et al. 1994b). 
Differences in the literature rcprding the effect of microbial 
phytase on magnesium bioanilability may be partly rclared to 
diffcrenca in dietary magraium lcYds. 
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Role of microbial phytale for the ~of the CIICDtial 
tncedcmcnu iron, zinc, copper andmanpnae 

Iron 
Thec&c:tofmicrobial phyweoniron abaorpaonand ironSIIIIUSb. 

bec:n evalua=l in scvenl animal swdies llld in a few studit.s with 
humans (Table 3). In an animal experimemfM groupsofwanedmale 
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WJSW rmwa:e &d asemisynthctK: diet colllfX*'d ofCXIIDSCaiCh and 
casein CM.r 4 \WJeb [Pallauf ct al. 1999]. The diea wa:e dcsipd ro 
pnMde 35 mg Fe per kg diet and two levds (7.5g and l5rlkgdict) o( 

phyticammsodium pii}'CR1111Cl.:added. Thesupp1rmentalion~ 
1000ph)Weunisfftm.Aspe1gillusnippcrkgdictpaniyCD!I!IIelllald 
thellltinuuiiM&tof phydcacidonimncfitr'Witymdsisnifiamdy 
impn:M:dsm:ml ~ofuonsauussuchaslwniiiDCritaswdlas 



, · tneal and lalmt iron binding capacity of the plasma. Funhennore the 
tml-'ninSIIUlll!ionand'-marironQ11111Cntwmsigni6candyincR:axl 
in thephytuegroup, U~COdJeQXItrolgroups. 

Jnaaudyby&ahlc:tal. (1999) cheauppliema••irwui'l200pll)'tllle 
uniallcgdictwas..,. iamcl widlimpowd ironaus (a111C1Ued by 
ham•.p,binOJrltOdndiun)inpipWdicabedmmaile.soypoa:in 
cma:nblll:andtoybean(FcCXXIJIIlt 52 or 111 mfl!ldi«). Jnaaudyof 
Walz and Nlauf (2003) .fOur groups of eight finilhing pip wee id. a 
ba.1 diet of~ maize and soybean mtaL The dietary iron CDOimt 

raqpl6un 78 co94 oR diet. In dmuial theaddirionof800phymle 
uniulkgdict had no &x m appan:nt iron dpibilily in pigs. 11ae 
daaaareinllll!lld:Dz:with pmufindirwwhm::the~dalion 
of500and 1000 phyta I.Ulitslkgdictdid. noc:c:hanac iron clip ihility 
in 1¥ (Pdau£ c:t al. 1992a). Kics c:t al. (2005) srudied the c:lia of 
phytase supplauauation (1500 unitt.lllg diet) m iron abaption in 
-pipna:Mngadictbedmmaile..,tanrmaland~bmn (Fe 
<Xm~~U.tJoRcicr).~aaubdinasiglmrv 
incD:ale in~d· tibility. In aoocbuaudybyShdtonc:tal. (2005) pip 
wmid a~ meal diet (Fe COJIImt 27~303 mskgdic:t). 
Phyta supplauauation of 500 unit!lkg diet signifiandy imp«Md 
booeironlewS. 

The dfa:rs on iron absorption of two kinds of phytase, cereal 
phycueand microbial phylate fromAipagillus ·~ewluaard 
by Sandbag et aL (1996) in two smdia with I 0 hcalth.y human 
volunteers each. In study 1 iron absorption was .meaiUied from 
sinF IDCIIIs conainingwbeat rolls supplcmcated with wheat bran 
with or without phytase activity, whereas in apcriment 2 pby1ate­
cleacr:Maeedwbeatbrm withorwitbout addiaoa of miaobill phytase 
was inYatipted. The test meal contained 52 1111 Fe pa- kg and 
100,000 phytaeunia per kg diet were added. Phytase addition co 
the phywe-containing meal just beift consumption was fOund to 

marla:dly incD:alethe iron abeoqxion from 1410 26%. The in&uence 

ofphytic acid dc:gradatio~ on iron absorption hom ceral. porridges 
inhumanswas~~byHum:landc:owodras. 
The dqthytinized a:ral porridges wm: prepared by adding phytue 
to an aqueous shmy adjusted to pH 5.0-5.5, and kept at 4(}0C fur 
approximately 2 bows untiJ all the ph~ was degraded .. The tat 

meals were baed on rice, wheat. maize, oat, srughum and a wheat· 
soy blend. Ironabao!plionfiom the test meal was measured by the 
SIJ'insio.labd ndio-iron tcdmique. ltoould becmvincingl:y shown 
that dephyriniution signiftcandy enhanced iron ab.oqmon from: 
ric:e porrid@lc from 1.7% to 5.3%, oats from 0.3% to 2.8%, maDe 
from 1.8% to 8.9%, wheat from 1% co 11.5%, wheat-soy blend 
without asc.orbic acid from 1.1% co 3.7%, and fiom the wheat-soy 
blend with asc.orbicacidfrom 2.4% co8.5% (Humll, c:ta1.2003). 
The bioavaiJability ofiron in in&nts id in&nt cereals with n:lati¥ely 
low phytic acid content was swdied by Daviduon and ooworkcrs. 
The infant cemal was dcphyrinized by adding commetcial phytase 
during manufacture nsulting in degradation of88% of the native 
phytic acid content. The iron abaorption was simiJar between test 
meals treated with and without microbial phytase. The authors 
concluded that dcphyrinizarion of in&nt cereals containing a 
relatively low DltM phytic acid content is unnecessary to ensure 
adcquare bioawiJabilityofiron (Davidsson, et al. 1997). 

Ovemll cunent daca indicate that mic:robial phyr:ue improved 
iron absorption and iron status in several studies with pigs. rats 

and in a number of human trials. In humans the efFca was 
particubdy evident when the food/diet had a high OUW'Il phytic 
acid content. Howevu, in some: pig stUdies no improvement of 
iron bioavaiJability due to miaobia1 phyl:uc was evident which 
may be related to the rdativdy high diccary iron c::oncmtmions in 
these studies. An i.mprowancnt ofiron bioa'Yailability in humans 
misht be evident in phywe-ric:h diets but not in 
diets with a low content of phytic acid. 
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Zinc,OJPP!l'> am~.........., 
Although rhe effect of dietary phytate and microbial phytase 

on zinc bioavailability has been studied both in rats and pigs 
(fable 4), systematic studies regarding the effect of microbial 
phytase on zinc bioavailability in hwlWlS an: lacking. The addition 
of microbial phytase (1000 phytase units/kg diet) significandy 
improved zinc status (as measured by plasma zinc conczntration, 
plasma alkaline phosphatase activity and femur zinc) in growing 
rats fat phywe-enriched semisynthetic diets based on comstardl 
and casein (20 mg Zn per kg diet) for 3 weeks (Rimbac:h and 
Pallauf 1992). These data are in accordance wirh a study of 
Rimbacb and Pallauf (1993) wheR growing rats were fed diets 
based on soyprotein isolate and comstareh (Zn content 15-16 
mg/lrg diet). Following rhe addition of 1000 phytase uniallrg 
diet of microbial phytase from Aspergillus niger the digestibility of 
zinc (Figwe 4) as well as rhe zinc content in plasma, femur and 
testes significantly increased. 

Fipre4: m&..na:ofmlddilioaofmicrollillp.,-IDa..,_. 
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In two orher experimental trials rhe etTea ofinaeasing levels of 
miaobial phytase on zinc bioawilability wu studied in growing 
rats. The basal diets which consisted of maize, soybean meal, 
cornmn:h~soybean oil were designed to comain 0, 250, 500, 
1000 or 2000 phytase uniullrgdiet and rhe zinc mntentwas set to 

be 24-25 rng/llg diet. Phytase supplcmenwion raultal in a dose 
dcpendan increase in zincdiptibllitywhicb Will accompanied by 
improved zincstanJs (Rimbach, et al. 1997;Rimbadt. et al. 1998). 

Ova- me:- fif=n yean nurnaous studies- JqXftd on the 
dl'ect of dic:cruy mic:robial phytase on zinc bioawilability in pip. In a 
study ofPallauf et al. (lma) P9 wuc "' basal diets cornpcliCd of 
mailc, IO}'bl:anextraet and soybean oj( with 58 mg zinc per lrg of&ed. 
The~ of 500 or 1000 phyraae unialkg diet impnMd Zn­
d .... 'Jit)'I~Znbdsuwdlas thepetcent:~FumanJanMz.inc 
binding capacity. Two c:xperimental trials with weanliDg pip \lUII:R 

condw:ud by Lei et al. (1993b) to deumUne the opcimal dietary 
~tofAtplgillusnitFpb)weaaivityma~ 
mal t.ed diet. In the fiat experiment P9 'Were fed the b.al diet 
conmining 61 mg zinc with or without ph)'QIIIC supplementation of 
750,1050,1250 or 1350pbyrateunialkgdier. This~m~~~~~mt taulr.ed 
in hisfter plasma-ZnCIOIICmtruions in all groups. Similareffiaswae 

fOund in theseoondapcriment (73 mgz.inc perlrgwithan addition of 
1200 phywe units/leg diet). In another studyofl..ei etal. (1993c) the 
addiDon of 1350 phytase unillllrg diet to a maizJe.toybean meal diet 
with a zinc <XHltlmt of 25-32 ~ diet resulted in an improved 
aaMty of the zinc merallormyme alkaline pbollpbalue and higher 
plasma-Zn Jcvda. Pallauf et al. (1994b) swdied the dfea of phyat.te 
supplt.menwion of350 and 700 uniallrgdiet to a~ diet 
basedonfiddbaa, wbea. prasand t.leyiniDIIeCIIIIIlded pWets.AD 
diets mnlllincd 60 mg Zn per kg dier. Zinc dipribility tl:l1d.d to be 
higher in the phyaae groups. and plasma zinc cona:nuarion was also 
sipificandy increaled by the addilion of microbial phycasc. Similar 
dfcaswaebmdwhmdiea based on what. badeyand~mal 
(61-67mgzinc.kgdi«)supplcmcnadwith350or700phytascunia/ 
kg diet were "' to male piglea (Pallauf; et al. 1994b). In a audy by 
Admla et al. (1995) pig diets b.d on maize and ICJ1bean meal wirh 
zinc.bdsof23aad 123D'IIper.kgdi« 'Mftid. Thell.lflPcmen.lllbon 
of m.iaobial phyaae (1500 units per kg diet) sipi6caady incn:axl 
zincdipibililyandzmc taendon as 'Mil as plasmazincbds. Murry 
et al. (1997) eiiiiiDined thediuofcliaary miaobial phytase in gills. 
1M.e levc:k of phytase (0, 700. 1000 phyale uniu per leg diet) wa-c 
added to a soybean meal t.ed diet with a zinc content of98 ~ 
diet. In this study phytue addilion tl:l1d.d to inaatle leND1 Zn 
cwc:euttaion. w.tzandNJ(D»3)ewlu•hhediia:ofmicmbial 
phytasconminemland~elanentctpribilityinpipwith25-100 
leg~weipt. The pipM!'eid.a balll di«CXIqJCIIIld~ IDii.r.c 
and$0}'beanmal~64.68mgzincand800pbymleunicsper 
leg diet. Phytase mpplemenraDon led to sipificlndy inclealed zinc 
cnncmt~Dlnsinbona indicalingm impowdzinc~llilability.ln 
a saady oflfty et al. (2006) ~wa-c id. a maile. soybean meal, 
wheat bran diet with azincconumof33 to 73 nWkgdiet which was 
suppkmmted with 700 phrc-uniallcgdiet. Zinc<XMlCZilaacion in 
P-mandimuras'Milas~aWnepl:-mp • aaiYityu.:.-1 
due to diewy phytase supplcmeruarion Similar fiodiaw hiM: beat 
reponed by Shdton et al. (2004 and 2005) who fOund cnhaoad 
bonezincbdsinpisl~mai~Hoybammealdiets (ZncxmtaJt 
of 158-160 ..... diet) suppkmmted with 500 phytase unial.kg 
diet. HOM:ftr in ocher studies no poliM &t ofdieal:y miaobia1 
phytase on zinc bioawiJbiJity in 1'111 (RimbKb. et al. 1995b) and in 
pip{Shehon,et al. 2005) waaeponcd. 

In a study by Kies et aL (2005) phytase supplanenwion (1500 
phytase unillllkg diet) of a diet based on maize, soybean meal and 
rice bran (Cu commt 187 mef.kgdiet) inaaad. oopperdipibility 
in pigs and was accompanied by an inaealed winary Cu excmion 
(Table 5). In another study by Kies et al. (2006) the elfcct of 
inaeasinglevdsofm.icrobialphytase(O,l00,250, 500,750,1500 
or 15,000 phytase units/leg diet) added to a pig diet composed of. 
maize, barley, soybean meal and sunflower seed mal (Cu content 
113 mgllrg diet) -studied. Phytase supplemenwion wirh 750 
phytase units/leg diet resulted in a dose dependent increase in Cu 
digatibility.lMJcsndes an: in acconlanclewirh other studies where 
an improved dpbility due 10 microbial phytase was shown 
(Pallau£ etal.1992a;Adeola. etal. 1995;Shelton, etal. 2004). 

There are only few stUdies in the lita:anue rc:g;uding thedfca of 
clisaryrnicrobial phytascon manganae bioawilabilityin monoparic 
animals (fable 6). In 10me CllpCriments no posi~dl'a:t of phytase 
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supplemenbltion on the appan:mabscxption of~and the 
IIIIIIIIJilleleSW:US in rus (Rimbach. ec al. 1995b) and pip (PaDauf. ec 
al. l992a;Sbelton, et al. 2004;Adeola, et al. 1995) was evidmL 
HoweYu in astudybyShdton ec al. (2005) pbyalcsupplc:mrmar:io 

Specla u.. .... Diet Zecoaa.tof 
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.....,) (~ 
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R(a•ll) 501 Za ....... IS· US 

c:a-..da 

R(a•6) 471 z. ....... 103 ea-e.da 

R(a•6) 471 Za J!awbiee, 16 Caaulln:h 

Mille, 

R(a•7) 47 1 Za ~ ..... M-15 =-
Mille, 

R(a • 7) 471 Za Sop~aa-a, M-15 eom.a.da, 
~oil 

~. 

p (D • 8) 9-15 .. Za So,IMu 58 --. 
s..-.ail 

p (D. 5) 7 .. Za Male, 61 So,blu-.1 

p (D • 4) 7 .. Za ..... 
s..INM-a 73 

p <•· 4) 71!1 Za ~-- 15;31 

P(a•l) 9-11 ... Za =--== 61;67 

P(a•l) 11-16_ .. Za lWd ...... 60 ....._,r.., 
Bider 
MD, 

p <•· 11) 9-18 .. Za Sopl.ua-.1 13; 113 

p (D • 3) 10-30 .. Za '-I millet, 
98 ........ 
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P(a-~7) 5-111 .. Za ...... 151-UiO s..e-a-.1 
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(500 phytase unitslkgdiet) to a maizc..soybtan meal diet (39-41 mg 
Mn per kg diet) resulted in an increase in bone manganese 
rona:ntration .in p.ip. Furtha-studia aR required to fully~ 
the impact of miaobial phylaseon ~ biom.ilability. 
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P(n•B) 11 .. Cu M-.s.,Mua 187 1500 21 Ca Dipdility f 00. ctlll. 21005) 1--. ....... U£1' 
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Mu..Bulq, 
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500 ....... t, IIIII: P(n•7) 7-28· Ca s.,t.a-a. 113 750 

-63 .............. 00. ct 111.2006) _..___._. 
1500 750) ron.w 

15.000 

D. e. • DD eft'ect OD Ca ~ 

Specie~ u ........ , ...._, Diet Ma-tof Phyalc ...,.._.. Fiadblt R1ft-
(a,_ ..... ) 
R(a•6) -'7a Ma J!awbn.: 

P(n•B) 9-l5ks Ma M~De,s.,t-
-.sGn.aoil 

P (a • 11) 9-18 .. Ma MIDI, s.,a.-... 
P(n•-6) Zl-109 .. Ma MIDe,s.,ileua ... 
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ln....aioaabebv.en phydc.ad. mkrobial phytaaemd cwJmimn 
The &t of dietary microbial phytase on the ac.cumulation of 

cadmium ih growing r.us was evaluated in two diffi:n:nt studies by 
Rimbach ct al. (1995a and b). In the ruststudy albino r.us WCR fed 
phytate-rich diets based on maize. soybean meal, c:omstarch and 
soybean oil. The experimental diets ~re designed to contain 0, 
250, 500, lOOO or 2000 phywe units/kg from Aspergillus niger 
(Table 7). An diets ~re supplemented with 5 mg Cd per kg diet. 
Cadmium concentration, total cadmium conrent and &aaional 
cu:lmium accumulation in liver and kidneys were nor signi6andy 
altered in response to different dietary m:aanents (Rimbach, ct al. 
1998). In thesecondstudyalbino r.uswere fed semisynthetic diets 
coiiiJIOIIIldoftg~andcomstarch enrld.:dwithsodium~ 
and supplemented with 5 mg cadmiuml.kg diet from cadmium 
chloride (~. One diet was supplemented with 2000 phytase 
units of microbial phytase per kg diet. Phytase supplementation 

--· -·;.,-··----

cUct 
(~ 

-66 

21-22 

-66 

37 

39--61 

...... .......... 
(IUnr. diet) (..,.) 

2000 28 D. e. ( ...... ctii.199Sb) 

500 
35 (Pallaaf .... 1992&) 

1000 
a. e. 

1500 21 D. •• (Adeola .... 1995) 

500 26 lileMal 
I.Jiw.Mn.l (Siaclton et Ill. ZOCM) 

500 :Z-6 BileMat (SWroa et ... lOGS) 
a-Mat 

resulted in loweml.liver and kidney cadmium llfaunulation in this 
study (Rimbach, et al. 1995b). Tbc:s.e data are in aax>rdance with 
previous studies with growing r.us (Rimbach, et al. 1995a). The 
efT= of dietary microbial phytase (800 phytase units/kg) on the 
aco•!Dl•larion of cadmium I. also been studied in pip that were fed 
diets bued on barley, maize and cmacted soybean meal. The diewy 
cadmium levels~ between 13 and 21 pg1ks diet. Contruy to 

findings for rats fed semisynthetic diets enriched with hish CdCJ, 
levels, phytase supplementation to the P- and Ca-reduced pig diet 
with a lowCd conc:entratioo significantly enhanced liver and kidney 
cadmium accumulation. D~in dietuyCd.bds, the binding 
form of Cd in the diets and the duration of the experimental trials 
may panially explain the diflmna:s found betw.:en rats and pigs. 
Complex interactions between cadmium and various dements, 
especially calcium, might also have influenced the carry over of 
cadmium in the pigswdy.lnapeaivc of the dietary treatment, liver 



and kidney cadmiwn concentrations in the pigswae cousiderahly 
lower than maximal permitted values (R.imbach, et: al. 1996). In 
the study by Zacheriu et al. (200 1) the addition of 800 phytase 
unicslkg to a barley-soybean meal diet caused an increase of Cd 
retention in kidney and liver of pigs at 30 and SO kg bodyweisbt. 
lntelatingly. this effect was counteraeted by the addition of 
alciwn. 

Davidsson, L., Almpn, A, Juillerat, M.A., Hurldl, R.R (1995) 
Manganese absorption in humans: the dfcct of phytic acid and 
ascorbic acid in soy fOrmula. Ameriatn]tlfll7llll t(Ciinietll Nlllr'ililm 
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~ I 

~-(•per ·-..... ) 
R(a• 6) 47& Cd 

R(a !"' 6) 471 Cd 

R(a • 7) 47& Cd 

PCa•6) 25-180 .. Cd 

P (a • I; 16) 16.7-50 .. Cd 

a. e. • DD e8icc aa Cd .,._ .. !atjge 

II.L•-.-.w 
CONO.USION 

Diet iCd~fll 
diet 

<-.AI> ... -... 5 c..-...n:h ...... 5 c .... 
Maia.Say'-.... s 
s.,beuaail ........... ...... -.~ 21; IS; 13 

a..&.,ls.,t- 0.78 .... 

Due to its chemical suuaure, at weak acidic to neua:al pH 
conditions, phytic acid binds essential minaals and trace dements 
including c:alciwn, mapc:sium. iron. zinc, copper and manpnae 
thereby dc:aeasins their bioavailability to man and monogastric 
animals. Overall miaobial.Aspersillus phywes have the potential 
to incRase mineral and trace element bioavailabillty hom phylate­
rich food. Importantly, the FDA has approved Aspergillus niger 
phytase enzyme preparation as generally recognized as safe 
(Wodzinski and UDah 1996).Hcnmcr, so Ear there have been 
only a few hwnan studies tqptdins microbial phyaleuw:eelemmt 
interaaions. ~ funhcr~matic imatiptions in humans 
regarding the effect of microbial phytase on iron and zinc 
bioavailability are necessary. 

REFERENCES 
.Adeola, 0., Lawrence, B.V., Sutton, AL., Oine, T.R. (1995) 
Phytase-induFed changes in mineral utilization in zinc­
supplemcntedcliecs for pirJ.]tlllnllllt(AniwMJ Sdma73, 3384-91. 

Biehl, R.R., Emmcn,J.L, Belca-, D.H. (1997) Iron bioavailability 
in soybean IJICII( as afTected by supplemmral phytase and 1 alpha­
hydroxychol~ciferol. Pou/ny5cinr«76, 1424-7. 

Brink. E.J.,Dekker,P.R, Van Bc:rcsmjn,E.C., Beynen,AC. (1991) 
Inhibitol}'cffea ofdiewy soybean proldn vs. Clleinon magnesium 
absorption in rats. Thej,,.,./ofMurili8n 121, 1374-81. 

Brune, M., Rossaoder, L., Halberg, L (1989) Iron absorption: no 
inteStinal adaptation to a high-phytate diet. Anlmean ],./of 
Clinielll N111rition 49, 542-5. 

= ...... ...... 
(IUIKf_ 61-) (dap) 

2000 28 l.MrCd! (RimiNidt et ... 1995a) 
KidacTCd! 

2000 28 U..Cd~.J. (ltiiDI.da et ... 199Sit) 

250 
5GO 

1000 28 a. e. (.Riml.cla et ... 1998) 

2000 

100 93-107 U..Cdt (lliBd.da et ... 1996) JCJdaet'C4t - a. a. Cd ...... klhrt 
Cd ............. , (~ et.J.l001) 

of iron fiom infant a:rals: effi:a: of depbytinizarion. ~ 
]t1Urnlll ofC/iniaiiNIIIrililln65, 916-20. 

Davies, N.T., Olpin, S.E. (1979) Studies on the phytate: zinc 
molar contents in diets as a determinant ofZn avaiJabilityto young 
rats. 1M British ]t1Ur7Ull ofNIIIrilitm 41, 590-603. 

De Rham, 0., Jost, T. (1979) Phytate protein interactions in 
soybean extracts and low-phytate soy protein produas. ]otmllllof 
FotH/Seimce44, 596-600. 

Derman, D.P., IWot. D., BodxweO, T.H., MacFadane, B.j., Baynes. 
R.O., MacPhail, AP., ~ M., BochMII, J.E., Bczwoda, W.R., 
Maya, f. (1987) Flams~lheabapionof'IIODiomiO)'Il­
bean pmtein pmduas. 1M Brililh }otlnwlt(Miriitm 57,345-53. 

&:khout, W., De Pupe, M. (1994) Toral phosphorus, phytate­
phosphorus and phywe activity in plant feedstuffs. Anm..l F'«ti 
Stim«anJTHimo/oo47,l9-29. 

Flanar;an. P.R (1984} A mocld to produce pwezincdeficimcy in ms 
and its use toclernon.stnethat dietaryphymte inaaues lheCIICI«ion 
of endogenous zinc. 1M jtnmuJ/ of Marilitm 114,493-502. 

Fordyce, E.J., Forbes, R.M., Robins, KR, En:lman, J.W. (1987) 
Phytate x calcium/zinc molarratios: are they predictive of zinc 
bioavailibility? ]oNmal of FDOtl Scimce 52, 440-444. 

Fretzdorlf. B., Brummer, J.M., Rik:ken, W., Greiner, R., 
Konietzny, U., ]any, KD. (1995) Reduktion des Phyrinsiiure­
Gehaltes bei der Herstellung von Backwaren und 



~:>' 

Gemidenilhrmitteln.A/D-Verbnruchmlimrt40, 12-20. 

Gibson, D.M., UUah, AB.J. (1990) Phywes and theiraaion on 
phytic acid. In: Morw, D. M. (EJ.) IIUJSittJI mltllbolism in p/lmts. 
Wdey-Liss Inc. ,New York, 77-92. 

Hallberg, L, Brune, M., Rossander, L ( 1989) Iron absorption in 
man: ascorbic acid and dose-dependent inhibition by phytate. 
Ameriam fo"""" ofCiitriaJNt#ritum 49, 140-4. 

Han, 0., Failla, M.L, Hill, AD., Morris, E.R., Smith, J.C., Jr. 
(1994) Inositol phosphateS inhibit uptake and tnnsport of iron 
and zinc by a human inteStinal a:Uline. The founuJ q.fNrurititm 
124, 580-7. 

Harland, B.F., Morris, E.R. (1995) Phytate: a good or bad 
component? Ntltrition RN.rrh (Nnu York, N.Y.) 15, 733-754. 

Houle. WA, Wdc:h, R.M. (1987) Bioawilability to raa ofiron in 
six varieties of wheat grain intrinsicall.y labelled with radio iron. 
The ]otmllll ofNutrition 117, 476-80. 

Hurrdl, R.F., ~ MB., Juillemt, MA, Cook. J.D. (2003) 
Ilo!padmlflofpbyacacid incaal panic1p impows imn.a..pcion 
byhurnansubjeca.~./tlrlmttlt{CiittiaiJNutrilitm 77,1213-9. 

IUPAC-IUB. (1978) Nomendawre of phosphort.containing 
compounds of biochemical importance. (Recommendations 
1976).IUPAC-IUB Commiaionon Biochemical Nomendature. 
TheB~fo""""l71,1-19. 

IUPAC-IUB. ((Recommendations of the Nomenclature 
Committee of the International Union of Biochemistry) 1984) 
Enzyme nomenclatw:e. klll!imrk Press In&., OriMulo, Sa Diqp, 
New Yor*, I..otuitm. Ttmn~tlJ, MtPIIITill. ~~ Tok,yo. 

Jeroc:h, H. (1994) 8ilhaise :F..rbnntnissezum Phytauips;nz bcim 
Gdl¥.~~58.1-7. 

Kemme, PA,Jongblocd,A W., Mrm, Z., Beynen,AC. (1997a) 
The efficacy of Aspagillus nip phytase in rendering phyu.te 
phosphorus available for absorption in pigs is Wluenccd by pig 
physiolO!fcal status. ]ourul of AtrimJ Scietra 75, 2129-38. 

Kemme, PA, Radc.liffe,J.S.,Jongblocd,A W.,Mroz, Z. (1997b) 
The dTcas of sow parity on digestibility of proximate components 
and minehls during laaation u influenced by diet and microbial 
phywestipplementation..ftntmJq.fAnm.tdScinf«75,2147-53. 

Kemme, PA, R.addiffe,J .S., Jongbloed, A W., Mroz, Z. (1997c) 
Factors afli:cting phosphorus and aJcium diprlbillty in diea fur 
growing-finishing pigs. ]ourul of AtrimJ Scinta 75, 2139-46. 

Kic:s,AK., Gerrits, W.J., Schrama,J.W., Heerkamp.M.J., vander 
Linden, K.L, Zandstta. T., Versqen, M.W. (2005) Mineral 

absolption and exaetion as affected by microbial phytase. and 
their eKea on energy metabolism in young piglea. The ]tlllt'MI of 
Nutriti4tr 135, 1131-8. 

Kic:s.AK., Kemme, PA,Sebek. LB., vanDiepen,J.T.,Jongbloed. 
A W. (2006) Effi:ct: of graded doses and a high dose of microbial 
phytase on the digestibility of various minerals in weaner pigs. 
}ou1711ll of AtrimJ Scietra 84, 1169-75. 

Kornegay, E.T., Denbow, D.M., Yi, Z., Ravindran, V. (1996) 
Raponse ofbroilen to graded Jevds of microbial phytaae added to 
maize-soyabcan-meal-bueddiecs aJiltainins duce levels of non­
phytate phosphorus. The British ]ormwl ofN.miti4tr 75, 839-52. 

Kornegay, E.T., Qian, H. (1996) Replaument of inorpnic 
phosphorus by microbial phytase fOr young pigs fed on a maize. 
soyabean-meal diet. The British jourul q.fMmitiq, 76, 563-78. 

l..ancDd1.H(l990) u.,.....d..qp.abcr~ 
F.fimdesPhywsbci Monopaiem (Ratte, Sdawan}:. 0/Jmichtm 
Tmmr4/murg 18,839-852. 

Lee, D.Y.,Sduoeder,J.,3RI, Gordon, D.T. (1988)Enhanc::ement 
of Cu bioavailability in the rat by phytic acid. The ]otmllll of 
Nrurititm 118, 712-7. 

lei. X., Ku, P.K., Miller, E.R., ~ D.E., Yokuyama, M T. (1993a) 
Supplemencalmiaobialpbytueimptovabioawilabilityofdietary 
zinc to weanling pigs. The .foum4/ ofNIIIrit»11123, 1117-23. 

Lei, X.G., Ku, P.K., Miller, E.R., Yokoyama, M.T. (1993b) 
Supplementing com-soybean meal diets with microbial phywe 
linearly improves phytate phosphorus utilization byweanlins pip. 
]ourul qf Atrmud Scinta 71, 3359-67. 

Lei, X. G., Ku, P.K., Miller, E.R., Yokoyama. M.T., Ulln:y, D.E. 
(1993c:) Supplementing com-soybean meal diets with miaobial 
phytase maximizes phytate phosphorus utilization by wanling 
pip. ]OU1JMl qf Atrirul Seima 71, 3368-75. 

Liebert, F., Wecke, C., Sc:htiner, F.J. (1993) Phytase activities in 
different gut contents of chickens as dependent ofievel of 
phosphorus and p}qtMe supplementations. In: W&tk, C, 11tietitp; 
M. (EJs.) Etrr.]"'es in Atri11U1/ Nutrition. lnstitut .for 
Nu~httjimETH ZflriJI202-205. 

Liu, J ., Bollinger, D. W., Ledoux. D.R., .El.leniec:k, M.R., Veum, 
T.L (t99n Soaking increases the efficacy of supplemental 
miaobial phytase in a low-phosphorus c:oi'IHO)'bean meal diet for 
growingpigs.]l1mllllofAtrimJScima75, 1292-8. 

Lonnerdal, B., Sandberg. AS., Sandstrom, B., Kunz, C. (1989) 
Inhibitory elfects of phytic acid and other inositol phosphates on 
zincandadciumabaoqxion in adling lllts. Tbe./tNmltlt{Nrllrilitln 
119, 211-4. 



Mendoza, C., Vitcri, F.E., Lonnadal, B., Young, K.A., Raboy, V., 
Brawn, K.H. (1998) Effect of genctically modified.low-phytic 
acid maize on absorption ofiron fiom UXtillas . .Amm:tm]tnmlllltf 
Cliniul Nutrition 68, 1123-7. 

Monis,E.R, Ellis, R. (1980) Effilctofdiewyphywclzincmolar 
ratio on growth and bone zinc response of rats fed semipurified 
dietS. TM]of11111ll t(Nrmitisn llO, 1037-45. 

Mroz, Z., Jongbloed, A. W., Kemme, P.A. (1994) Apparent 
digatibilityand retention of nutrients bound rophyute~ 
as influenced by microbial phytase and ft:eding regimen in pip. 
]our7UIItf.Anim4/Scim«72, 1~32. 

Murry, A.C., Lewis, RD., Amos, H.E. (1997) The effect of 
microbial phytase in a pearl millet-soybean meal diet on apparent 
digestibility and retention of nutrients, serum mineral 
concentration, and bone minenl density of nursery pigs. ]our7141 
tf .Animlll ScinJa 7S, 1284-91. 

Nelson, T.S .• Shieh, T.R. Wocbinski, Rj., Ware,j.H. (1968) The 
availability of phytate phosphonu in soybean mea) bdOrc and 
afiernatmentwitb a mold phytase.l+nJtry&ima47,1842-8. 

Ndlon, T.S.,Shic:h. T.R., Wodzinski, R.J., Wale,j.H. (1971) FJiec:t 
of supplemental phytue on the utilization of phytate phosphorus 
by chides. The]our7141 ofMmitilm 101, 1289-93. 

Nyanno.-. E.K., Williams, P., Bcdbd, M.R.,Adcola. 0. (2007) Com 
expaainsanEm:ridliacolkleriwdpbylllepc aproof=«-<X~nCept 
nutritional study in pip.]tnmlllltf AnmMI&ima8S, 1946-52. 

O'Quinn, P.R. Knabe, D.A., Greg, E.j. (1997) Efficacy of 
Naruphos in sorghum-hued diets of finishing swine. ]our7141 tf 
.An;,./ &im« 75, 1299-307. 

Obedeas, D., Harland, B.F. (1981) ~mntcntoftoods: 6:a 
on diecary zim: bioavailability. ]tJ1D"NNi tf tiM .Ammaln Din$c 

Ass«iinitm 79, 433-6. 

Pallauf, J., Hohler, D., Rimbach., G. (1992a) Effi:kt einer Zulage 
an ~Phywe zueiner Mais-Soja-Dilitaufdiescheinbcue 
Aheorpcion vo$ Mg, Fe, Cu. Mn und Zn sowie aufPuameterda 
Zinbtatus beim mkd. ]ounuJ tf Ani,/ Physiq/8o 111111.Animlll 
Nulrilitm. 68. '1-9. 

Pdauf,J., Hohler, D., Rimbach, G., Neuser, H. (1992b) EinfluB 
einer Zulage &Q mikrobieller Phytue zu einer Mais-Soja-Diiit auf 
die scheinbare Absorption von Phosphor und Calcium beim 
Ferkd. ]Ofmllll tf animlll physioltJo IIIUianimlll nulrilitm. 67, 30-
40. 

Pallauf,j., Kramer, K.,Markwitan,A.,Ebei,D. (1990) {Thedrec:t 
of a supplement of citric acid on the bioavailability of zinc from 
oomgerm].zmscbriftfiir~29. 27-38. 

I ····ill 

Pallauf.J., Pippig, S., Most. E., Rimbach. G. (1999) Supplcmenral 
sodium phytatc and microbial phytue inlluena: iron awilability 
in growingrats.flnmw/o.f'Tnra Elmrmts in MalieineiUIIJ lJiJoo 
13, 13440. 

Pallauf, j., Rimbach, G., Pippig, S., Schindler, B., Hohler, D., 
Most, E. (1994a) Dietary dfect of phytogenic phytase and an 
addition of microbial phywe to a diet baed on field beans, wheat, 
peas and barley on the utilization of phosphorus, calcium, 
magnesium, zinc and protein in piglets. Ztitschrift for 
£~33,128-35. 

Pallauf,j., Rimbacb, G., Pippi& S., Schindler, B., Most, E. (1994b) 
Effect ofPhywe Supplementation to a Phytate-Ric:h Diet Based 
on Wheat, Barley and Soya on the Bioavailability of Dietary 
Phosphorus, Calcium, Magnesium, Zinc and Protein in Piglets. 
.Agribi~Rewtn:h47. 39-48. 

~ B.Q., Bland,J.M. (1988) Gradient ionchromauJgaphy 
ofinositol phosphates. Aul]tiad Bi«htmimy 17S, 162-6. 

Pieuch, M., Rimbach., G., Pallauf, J. (1995) Zur Auswirkung 
einer abgestuften alimentliren Phytinslurezufuhr auf den 
Mapsiumstarus wachsender Ratten. l+«mJilrtstfthe~of 
Nutrititm ~ 3, 93. 

Poms, j.M., Aranda, P., lopez-jurado, M., llrb.no, G. (2006) 
Nutritional ewluation of protein, phosphorus, calcium and 
magnesium bioavailability from lupin (Lupinus albus var. 
multolupa)-bac:d diets in growing rm: e6ct ofalpha-paaoside 
oligosaccharide extraCtion and phyrue supplementation. Tht 
British ]our7141 •f N"tritiMI 95, 1102-11. 

Radcliffe,j.S., Pleasant, R.S., Kornepy. E.T. (2006) Estimating 
equivalency w1ua of miaobial ph}'lllle for amino acids in growing 
and finishing .. fitted with steen:d ileo-cecal valve cannulas. 
]our7UIItf.A,;m111ScinJ«84, 1119-29. 

Raidifi,JS,ZJrm& Z.. Kornqpy. E. T. (1998) Thedlimofm&:robial 
phymte.ciaicacid, andtbeirimaaaion ina~meal-b.d 
diet forwamling f¥-]llllmlll tf.Anim.JSI:ima 76, 188().0. 

Ravindran, V., Bryden, W.W., Kornegay. E. T. (199S) Phytates: 
occurrence, bioavailability, and implication in poultry nutrition. 
Poultry llllt/ .AWan Bio/8o RnMws 6, 125-143. 

Revy, P.S., jondreville, C., Dourmad, ].Y., Nys, Y. (2006) 
Assessment of dietary zinc requimnent of waned piglets fed diets 
with or without microbial phytase. ]our7141 of Ani,/ PhysitJ/ogy 
anJAnim4l MurititJn 90, 50.9. 

Rimbach, G., Brandt, K., Most, E., Pallauf, j. (1995a) 
Supplemental phytic acid and microbial phytase change zinc 
bioavailability and cadmium accwnularlon in growins .rm.]otmlllll 
ofTmaE/nnmtsinMttikituiiiUIBioltJo9,l17-22. 



Rimbach, G., Pallauf, J. (1992) (The efftct of a supplement of 
microbial phytase on zinc availability]. Ztitschrift for 
£~31,269-n. 

Rimbach, G., Pallauf, J. (1993) Enhancement of zinc utilization 
from phytate-rich Wf protein .isolare by microbial phytase. 2'.ntstlmfi 
.fiJr Emilhru"f"'JJWmschaft 32, 308-15. 

Rimbach, G., Pallauf,J., Brandt, K., Most, E. (1995b) Effect of 
phyric acid and microbial phytase on Cd aa:wnulation, Zn swus. 
and appuatt absorption of Ca. P, Mg. Fe, Zn, Cu, and Mn in 
growing rats. AmuJs ofNIIIrition anti M~ 39, 361-70. 

Rimbach, G., Pallauf,J., Walz, O.P. (1996) Effi:ct ofmiaobial 
phytase on cadmium aa::umulation in PW·.Anh;,fiir T~ 
49,279-86. 

Rimbach, G., Walter, A., Most, E., Pallauf, J. (1997) Effi:ct of 
supplementary microbial phytase to a maize-soya-diet on the 
availability of calcium, phosphorus, magncsi••m and zinc: in viuo 
dialysability in comparison with appuent absorption in growing 
rats.,/tnmull ofAnilul~antiAnm.J~n n. 1-9. 

Ri.mbad1, G., \Val= A., Molt, E., Palau£}. (1998) FJiaofmicmbial 
phycuc on zinc bioawilabilltyandcadmium and lead .a:umuladon 
in growiograts.IWtllllfiiChmriat/T~36. 7-12. 

.Rodehutscord, M., Faust, M., Hof, C. (1997) Digc:stibiJ.ity of 
phosphorus in protein-rich ingredients fOr pig diets. Archiv ftlr 
Trnmrilhnmt50. 201-11. 

Rodehutscord, M., Krause, G., Pfdfer, E. (1999) Effi:ctofbody 
weight on phosphorus digestibility and efficacy of a microbial 
phywe in young pi~. Archi11 fib' T~tlf52, 139-53. 

Sandberg. A.S., Ahderinne, R. (I 986) HPLC Method for 
determination of inositol tri-, terta-, penta, and hc:xaphospbaacs in 
foods and inteStinal contents .. Tht]f1117'1111iofMIIrition 51,547-
550. 

Sandbag. AS., Hulthcn. LR., Twk. M. (1996) Diecary Alpersillus 
nip ph,. increuesiton absorption in humans. Tht.formuU of 
NumtUm l26, 476-80. 

Sandberg. AS., Larsen, T., Sandstrom, B. (1993) High dietary 
calcium lev,d decreases colonic phytate degradation in pigs fed a 
rapeseed d~. Tht ]oumtJ ofNumtitm 123, 559-66. 

Schone, E, Ludke, H., Kirchheim, U. (1995) [Evaluation of 
Aspergillus niger phytase and phosphate in weanecl piglcu. 2. 
Content and gain of fat. energy, uh, Ca and P in the animal 
body).An-Jn,ftir Ttn'm141mmt47, 219-28. 

Sch6ner, EJ., Hoppe, P.P., Schwuz, G. (1991) Vergkicbder Effdae 
von mikrobidler Phytase und anorganischem Phosphat auf die 

l.eistung und die Reb:nrion von Phosphor, Calcium und Rohaxbe 
bei MasthUhnerkiiken in der Anfanpmast. ]ou,.j of Aninllll 
Physiofoty tmtJ Anirlflli Nuwition 66, 248-255. 

Schaner, F.J., Hoppe. P.P., Schwarz, G., Wlache, H. (1993) 
Vergleich von miluobidler Phytu: unci anorpnischen Phosphat 
bei Mastbahnenldlken: Wllkung auf die Masdeitung und die 
M~tion bei variienrrc.kiumvenorgung.]f~Mm41 of 
Anim4l Pbpio~Dgy anti Aninllll N.trili01f 69, 235-244. 

Schriclu:r, B.R., Miller, D.O., Van Campen, D. (1983) Effects of 
iron status and soy protein on iron absorption by rats. The }otmud 
ofNIIIritilm 113, 996-1001. 

Schroder, B., Breves, G., Rodehutscord, M. (1996) 
Mechanisms of intestinal phosphorus abeorption and availability 
ofdicwyphosphorusin pip. Delltdt Tlrilaw W~ 
103, 209·214. 

Shelton, J L,l.eMi.cux. F.M., Southcm, LL., Bidner, T.D. (2005) 
EfFect of microbial phytase addition with or without the trace 

mineral ptemix in~~ and finiahiaspisdiea../tlrmW 
of Aninllll Sdma 83, 376-85. 

Shelton, J.L., Southern, L.L, LeMieux, F.M., Bidner, T.D., 
Page, T.G. (2004) Effects of microbial phytase, low calcium 
and phosphorus, and removing the dietaty ttace mineral premix 
on carcass traits, pork quality, plasma metabolites, and tissue 
mineral content in growing-finishing pigs. ]tnmud of AniWIIII 
Scinu-t82, 2630-9. 

Simons, P.C., Versreep, H.A., Jongbloed, A.W., Kemme, P.A., 
Slump, P., Bos, K.D., Wolters, M.G., Beudeker, R.E, Verschoor, 
G.J. (1990) Improvement of phosphorus availability by 
microbial phytase in broilers and pigs. Tht British ]oum11/ of 
Nutriti01f 64, 525-40. 

Simons, P.C., Versteegh, H.A.J. (1993) Role of Phytase in 
poultry nutrition. In: Wtd, C .. &mi,., M. (&Is.) Euynrn 
;, AnimtJ Nutrition. lnstilul ftlr Nut#imuilsmschlljim ETH 
Zllrkh 181-186. 

Stahl. C.H., Han, Y.M., Roneker, K.R., House, W.A., Lei, 
X.G. (1999) Phytase improves iron bioavailability for 
hemoglobin synthesis in young pigs. journal of Animal 
Scitnct 77, 2135-42. 

Taylor, T.G., Coleman, J.W. (l979)Acomparat:i~utudyofthe 
absorption of calcium and the availability of phyca.te-phosphorus 
in the golden hamster (Mesocricetus auratus) and the laboratmy 
rat. ThtBritish]ou171111t.rfNutritifm42, 113-9. 

Tho.rnpson, D.B., Erdman,] .W., Jr. (1984) The c&d: of Wf promo 
isolate in the diet on retention by the rat ofiron from radiolabded 
teSt meals. Tht ]tnmllll ofN.trilio11 114, 307-11. 



Traylor, S.L, Cromwdl, G.L, Lindemann, M.D •• Knabe, D.A. 
(2001) Effuu oflevd of supplemenal phytase on ilal digatibility 
of amino acids, calcium, and phosphorus in dehul.led soybean 
meal for growing pigs. journal of Altimal Sdnu:t 79, 2634-42. 

Vogt, H. {1992a) Einsatz von Phywe im Broilermastfutter 
mit unterschiedlichem Phosphatgehalt. Arcbw Gefliitrlhntle 
56, 93-98. 

Vogt, H. (1992b) Eina.tz von Phytase im Broilermastfutter mit 
unterschiedlichem Phosphorgehalt: 2. Versuch. Ar~hiv 
Gtfliitt/Jn,M 56, 222-226. 

Walz. O.P., Pallauf, J. {2003) The dfa:t of the combination of 
microbial phywe and amino acid supplementation of diets for 
finishing pigs on P and N c:xcretion and carcass quality. Anhitl jilr 
Tln'ml4/mmg57, 413-28. 

Windisch, W., Kirchgessner, M. {I 996) Zum EinflUJS von 
mikrobidla- Phytase aufMatdcistung und den ScoftWecbsd '\1011 

Phosphor. Calcium und Scic:btoff bci abgestufter Calcium­
Vmorgung in der Broilennast.A,Jm, ~l/nmM60, 42-47. 

Xu. P., PrKz, J., AFt. P.J. {1992) Recent advanczs in mahodoiosY 
for analysis of phywe and inositol phosphates in foods. Prrpst;, 
Foot/ 6 N•ll'ilitm Seimtr 16. 245-62. 

Yt, Z., Korncpy, E.T., Ravindnn. V., Denbow. D.M (1996a) 
Improvingphylate phosphorus availability inaxnandaoybcan meal 
for broilers using microbial ph)'lllle and aalaMriM of ph011phonu 
cquiwlencyvaluesforphywe..AitcbryStimet75,240-9. 

Yi, Z., Komcpy, E. T., Ravindmo, V., Undanano, M.D., Wdlon, 
J.H. {1996b) Effectiwnas ofNatupbos phyase in improving 
the bioavailabiliaies of phosphorus and «her nutrients in soybean 
meal-based semipurified diets for young pip. journal of Atti,./ 
Sdnlet74. 1601-ll. 

I 
Young, LG., Uunissen, M., Atkinson, J.L (1993) Addition of 
microbial phytasetodi.c:tsofyoungpigs.joumalofA,;,./Sdmce 
71, 2147-50. 

Zacharias, B.,ljantzleb, H.J., Drodmer, W. (200l)Tb.ein8uena: 
of dietary microbial phytase and calcium on the accumulation of 
cadmium in di&tcnt organs of pip. journal o{TWIU ~in 
MtdidnttmJBUJIIJo IS, 109-14. 

Zhou, J.R., Etdman, J.W., Jr. (1995) Phytic acid in health 
and disease. Criti~al Rtvitws in Footi Scitnet anJ Nutrition 
35, 495-508. 



I +·•·<1f•,,.J1 ,, ..... , 



Appl Microbial Biotechnol (2002) 59:426-435 
DOl 10.1007/s00253-002-l032-6 

E. Schuster· N. Dunn-Coleman· J. C. Frisvad 
P. W. M. van Dijck 

On the safety of Aspergillus niger- a review 

Received: 6 March 2002 I Revised: 17 April2002/ Accepted: 19 April2002/ Published online: 25 June 2002 
© Springer-Verlag 2002 

Abstract Aspergillus niger is one of the most important 
microorganisms used in biotechnology. It bas been in use 
already for many decades to produce extracellular (food) 
enzymes and citric acid. In fact, citric acid and many A. 
niger enzymes are considered GRAS by the United 
States Food and Drug Administration. In addition, A. ni­
ger is used for biotransformations and waste treatment. 
In the last two decades, A. niger has been developed as 
an important transformation host to over-express food 
enzymes. Being pre-dated by older names, the name 
A. niger bas been conserved for economical and infor­
mation retrieval reasons and there is a taxonomical con­
sensus based on molecular data that the only other com­
mon species closely related to A. niger in the Aspergillus 
series Nigri is A. tubingensis. A. niger, like other fila­
mentous fungi, should be treated carefully to avoid the 
formation of spore dust. However, compared with other 
filamentous fungi, it does not stand out as a particular 
problem concerning allergy or mycopathology. A few 
medical cases, e.g. lung infections, have been reported, 
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but always in severely immunocompromised patients. In 
tropical areas, ear infections (otomycosis) do occur due 
to A. niger invasion of the outer ear canal but this may 
be caused by mechanical damage of the skin barrier. 
A. niger strains produce a series of secondary metabo­
lites, but it is only ochratoxin A that can be regarded as a 
mycotoxin in the strict sense of the word. Only 3-1 00/o 
of the strains examined for ochratoxin A production have 
tested positive under favourable conditions. New and un­
known isolates should be checked for ochratoxin A pro­
duction before they are developed as production organ­
isms. It is concluded, with these restrictions, that A. ni­
ger is a safe production organism. 

Aspergillus niger has been the subject of research and in­
dustrial use for several decades. It first acquired practical 
importance in 1919, when its ability to produce citric ac­
id was industrially exploited. Gluconic and fumaric acids 
have been produced with A. niger, although they are of 
less economic importance. However, since the 1960s, 
A. niger has become a source of a variety of enzymes 
that are well established as technical aids in fruit pro­
cessing, baking, and in the starch and food industries. 
Gene technology has been successfully applied to im­
prove production processes and to make use of A. niger 
as an expression system for foreign proteins. The intense 
research over the past decade bas resulted in a range of 
new processes and products. 

Many black Aspergilli have been isolated from all over 
the world. A. niger is a filamentous fungus growing aer­
obically on organic matter. In nature, it is found in soil 
and litter, in compost and on decaying plant material. 
Reiss (1986) collected data on the influence of tempera­
ture, water activity and pH on the growth of various 



Aspergilli. A. niger is able to grow in the wide tempera­
ture range of 6-4 7°C with a relatively high temperature 
optimum at 35-37°C. The water activity limit for growth 
is 0.88, which is relatively high compared with other 
Aspergillus species. A. niger is able to grow over an ex­
tremely wide pH range: 1.4-9.8. These abilities and the 
profuse production of conidiospores, which are distribut­
ed via the air, secure the ubiquitous occurrence of the 
species, with a higher frequency in warm and humid 
places (Rippel-Baldes 1955). 

TaxOIIOIIIJ 

Raper and Fennel (1965) divided the genus Aspergillus 
into groups according to the colour of the conidiospores. 
Aspergilli with brown to black-shaded spores constitute 
the A. niger group. Although the members of this group 
vary considerably, only a few differ so clearly from the 
majority that they can easily be classified as separate 
species (e.g. A. carbonarius, A. japonicus, A. e/lipticus, 
A. heteromorphus and A. aculeatus). Most of the brown 
to black Aspergilli belong to the other group of species, 
which are difficult to distinguish: A. ficuum, A. phoeni­
cis, A. niger and A. awamori being the most prominent. 
In practice, this group of species is often together called 
A. niger van Tieghem. 

The apparently insignificant differences between mem­
bers of the A. niger group were the decisive reasons for 
Al-Musallam (1980) to classify some species as varieties 
of A. niger, while Raper and Fennell considered them to 
be separate species. 

Introducing restriction fragment length polymorphism 
(RFLP) analysis to Aspergillus taxonomy, Kusters-van 
Someren et al. (1990, 1991) analysed the ribosomal 
banding patterns and the hybridisation patterns of ge­
nomic digests from strains in the A. niger group, using 
pectin lyase genes as probes for hybridisation. They pro­
posed a different, but in their opinion more reliable, clas­
sification of the A. niger group, reducing the number of 
species from 13 (Raper and Fennel 1965) to 6: A. car­
bonarius, A. japonicus, A. ellipticus, A. heteromorphus, 
A. niger and A. tubingensis, the latter of which consists 
of strains formerly called A. niger. The difference be­
tween A. niger and A. tubingensis has been repeatedly 
confirmed in further studies using RFLP of mitochondri­
al DNAs and ribosomal repeat units (Varga et al. 1993, 
1994; Parenicova et al. 1997), but also in studies using 
randomly amplified polymorphic DNA (Megnegneau et 
al. 1993); internal transcribed spacer sequence data 
(Accensi et al. 1999; Parenicova et al. 2001), and nuc­
lear genes encoding polygalacturonases, arabinoxylan­
arabinofuranohydrolase and xylanases (Bussink et al. 
1991; de Graaf et al. 1994; Gielkens et al. 1997). Despite 
this agreement on the molecular separation of A. niger 
and A. tubingensis, no phenotypic differences have yet 
been found between the two species (Varga et al. 2000; 
Parenicova et al. 2000). This may be the reason that 
A. tubingensis is not yet listed among species of Asper-
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gillus in current use (Pitt and Samson 2000; Pitt et al. 
2000). 

The name A. niger is predated by the names 
A. phoenicis and A. ficuum and, provided it is accepted 
that these three taxa are all conspecific, as implied by 
most molecular studies (Parenicova et al. 2000; Varga et 
al. 2000), the latter two taxa would have nomenclatural 
priority. Since these latter two names are nowadays rare­
ly used, it was proposed at the Second International 
Workshop on Penicillium and Aspergillus that the 
name A. niger was to be conserved and A. phoenicis 
and A. ficuum to be rejected (Frisvad et al. 1990; 
Kozakiewicz et al. 1992). A. niger is a species of major 
economic importance and the name is now conserved for 
practical, information retrieval and economical reasons, 
and in the interest of continuity in legal affairs and ap­
proval procedures. Despite this, A. phoenicis, A. awa­
mori and A. foetidus are still mentioned in the list of 
types of species in current use (Pitt and Samson 2000), 
whereas the species A. tubingensis, A. acidus, and 
A. citricus are not listed (Kozakiewicz 1989). A case can 
be made for keeping the name A. awamori for the do­
mesticated form of A. niger in parallel with keeping the 
name A. oryzae for the domesticated form of A. flavus, 
A. sojae for the domesticated form of A. parasiticus, and 
Penicillium camemberti for the domesticated form of 
P. commune (Pitt et al. 2000). The appearance on this list 
of A. phoenicis and A. foetidus is dubious, however. 

Today's practice, that the designation A. niger van 
Tieghem includes strains which could be named A. awa­
mori, A. ficuum, A. foetidus, A. phoenicis, A. pulverulen­
tus, A. tubingensis, A. inuii and A. usamii should be con­
tinued. If, however, phenotypic differences are found be­
tween A. niger and A. tubingensis this may lead to accep­
tance of the latter taxon. Some molecular data have also 
indicated that A. foetidus (Parenicova et al. 2000) and a 
nomen nudum A. brasiliensis (Varga et al. 2000) are dis­
tinct species, but phenotypic data backing this up are 
meagre at best. The species currently acceptable in sec­
tion Nigri are listed in Table 1. 

The most recent supraspecific scheme for the genus 
Aspergillus was suggested by Gams et al. (1985), placing 
all species with dark brown to black-shaded conidia into 
the section Nigri of a proposed subgenus Circumdati. 
Their proposal has been accepted by the International 
Commission on Penicillium and Aspergillus (Samson 
1992). 

lndusbtal use 

A. niger became an industrially used organism when 
citric acid was first produced by fermentation in 1919. 
Citric acid is widely used in a variety of industries and, 
by sales volume, greatly exceeds other metabolites such 
as gluconic acid (Roukas 2000). Citric acid is the prima­
ry acidulant in the food and beverage industries. It is 
used in foods such as soft drinks, fruit juices, desserts, 
jams, jellies, candy and wine. In the pharmaceutical in-



428 

Table 1 Cmrently accepted 
species in Aspergillus subgenus 
Circumdati section Nigri 
(Kusters-van Someren et al. 
1991; Parenicova et al. 2000, 
2001) 

Species generally accepted 

A. niger 
A. carbonarius 
A. ellipticus 
A. heteromorphus 
A. aculeatus 
A. japonicus 

Ochratoxin A production potential 

+ (low frequency) 
++(high frequency) 

Species distinguishable with molecular data only: 
A. tubingensis (=A. acidus =A. acidus var. pallidus) 

Species accepted by some authors (but= A. niger based on molecular data) 
A.foetidus 
A. citricus ++(high frequency) 

dustry, iron citrate is used as a source of iron and citric 
acid as a preservative for stored blood; in the cosmetics 
and toiletries industries it is used as a buffer, for pH ad­
justment and as an anti-oxidant. It is also used in indus­
trial applications including detergents, leather tanning, in 
electroplating and other applications where sequestering 
agent activity in the neutral to low pH range is required. 
Citric acid is produced almost exclusively by fermenta­
tion of A. niger and A. wentii because yields of these 
organisms are economic and formation of undesired 
side products is minimal. The Food and Drug Adminis­
tration (FDA) has listed A. niger as a source of citric 
acid (21 Code ofFederal Regulations §173.280). 

In addition to citric acid, A. niger is a rich source of 
enzymes. Pectinase, protease and amyloglucosidase were 
the first to be exploited, and were originally produced in 
surface culture (Frost and Moss 1987). Although it had 
been shown by K.luyver's group in Delft as early as 1932 
that it was possible to cultivate a ftlamentous fungus like 
A. niger in submerged culture (Kluyver and Perquin 
1932), the technology was first applied to the production 
process of penicillin G by Penicillium chrysogenum in 
1942. After 1950, production technology for fungal 
products gradually changed from surface culture to 
stirred-tank processes, but up until the mid 1960s com­
panies used surface culture processes (Barbesgaard et at. 
1992). Several additional enzymes like cellulase and 
hemicellulase were manufactured using black Aspergil­
lus strains in stirred tank processes. 

For the manufacture of many products, starch - one 
of the most abundant carbohydrates - must be hydro­
lyzed to syrups, which contain glucose, maltose and low 
molecular weight dextrins. Amyloglucosidase, also re­
ferred to as glucoamylase, is an exo-amylase catalysing 
the release of successive glucose units from the non­
reducing ends of starch by hydrolysing a-1 ,4-n-glucosi­
dic linkages. The glucose syrup and the alcohol indus­
tries are the principal users of amylog1ucosidase pro­
duced by A. niger. 

Pectin, a heteropolysaccharide, is a principal compo­
nent in commercially important fruits and vegetables. Sev­
eral enzymes, including pectin esterases, endo- and exo­
polygalacturonidases and pectin lyases, produced from 

A. niger degrade pectin; they are used in wine and fruit 
juice production to reduce juice viscosity before pressing 
and improve clarification (Grassin and Fauguenbergue 
1999). 

It is established practice to improve the baking pro­
cess by adding hemicellulases from A. niger when mix­
ing the dough. The enzymes modify the rheological 
properties of the dough and give higher loaf volume and 
better crumb structure of bread and pastry. 

A. niger glucose oxidase and catalase are used for de­
termination of glucose mainly in diagnostic enzyme kits, 
for the removal of either glucose or oxygen from foods 
and beverages and for the production of gluconic acid 
from glucose (Berka et al. 1992). 

FAOIWHO experts have repeatedly reviewed and 
accepted enzyme preparations from A. niger including 
the organism itself(FAO/WHO 1972, 1978, 1981, 1987, 
1990), listing them with an Acceptable Daily Intake of 
'not specified'. The FDA in the United States has accept­
ed numerous enzymes for food use: in the early 1960s 
the FDA issued opinion letters recognizing that a-amy­
lase, cellulase, amyloglucosidase, catalase, glucose oxi­
dase, lipase and pectinase from A. niger can be 'general­
ly regarded as safe' (GRAS) under the condition that 
non-pathogenic and non-toxigenic strains and current 
good manufacturing practices be used in production. In 
addition to these enzymes, Godfrey and Reichelt (1983) 
claimed GRAS status for P-galactosidase and protease 
from A. niger. Carbohydrase and cellulase from A. niger 
are also approved as a secondary direct food additive 
by the FDA as an aid in clam and shrimp processing 
(21 Code of Federal Regulations § 173.120). 

Until the 1980s, A. niger industrial production strains 
were isolated through the use of classical mutagenesis 
followed by screening and/or selection. Parasexual 
crossing has also been used in strain improvement efforts 
in Aspergilli, which lack a sexual cycle. For example, 
Das and Roy (1978) have reported improved production 
of citric acid by a diploid strain of A. niger generated by 
parasexual crossing. 

With the development of DNA-mediated transforma­
tion of Aspergilli, initially in A. nidulans (Ballance et al. 
1983; Tilburn et al. 1983}, and subsequently in A. niger 
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(Buxton et al. 1985; Kelly and Hynes 1985; Van 
Hartingsveldt et al. 1987; Ward et al. 1988; Campbell et 
al. 1989), this very useful technology was applied to 
using A. niger as a host for gene expression. For exam­
ple, the production of native A. niger catalase has been 
increased using recombinant techniques (Berka et al. 
l994a, b), whereas a 1,000-fold improvement in the ex­
pression level for A. niger phytase was achieved by 
using recombinant technology (Van Gorcom et al. 1991; 
Van Hartingsveldt et al. 1993; Selten 1994). 

The long history of safe use on an industrial scale makes 
A. niger exceptionally well suited to be used as a host for 
heterologous expression. A number of genes of commercial 
importance and their regulatory sequences that could be 
used as components in industrial expression systems have 
been cloned (Nunberg et al. 1983, 1984; Bussink et al. 
1990; Hannsen et al. 1990; Nguyen et al. 1991 ). 

The strategy of employing the promoter of a highly 
expressed fungal gene for the expression of a heterolo­
gous gene (Cullen et al. 1987) proved successful when 
Dunn-Coleman et al. (1991) obtained expression by 
A. niger var. awamori of commercially viable levels of 
calf chymosin under the control of the glucoamylase 
promoter. This enzyme has been accorded GRAS status 
by the FDA (Federal Register 1993). 

After the cloning of the phytase gene (Mullaney et al. 
1991; Van Gorcom et al. 1991; Van Hartingsveldt et al. 
1993; Piddington et al. 1993) the gene cloned from an 
A. niger strain was inserted in an expression cassette un­
der the control of the strong glucoamylase promoter. 
This expression cassette was randomly integrated in 
multiple copies in the genome of an industrial A. niger 
glucoamylase production strain (Selten 1994; Van Dijck 
1999). One of the reasons for the high production level 
of glucoamylase in this particular strain is the multiplica­
tion of a region in the DNA containing, among other 
things, the promoter and coding sequence of the gluco­
amylase gene, the glaA-locus. Using advanced propri­
etary genetic modification techniques (Selten et al. 1995, 
1998), this locus was "emptied" and subsequently 
"filled" with "genes of interest" in expression cassettes 
under the control of the host gia-promoter. Compared to 
the original glucoamylase overproducing strain they are 
completely identical except for the fact that the "gene of 
interest" replaces the glucoamylase gene (Groot et al. 
2000). This has several advantages. New production 
strains can now be designed and built in a predictable 
manner. In addition, and this is important from a regula­
tory point of view, this technique of targeted integration 
by definition cannot cause any pleiotropic efforts by per­
turbing the rest of the genome. This is often raised as a 
(hypothetical) possibility by regulatory bodies in case of 
product approvals where the production strain was ob­
tained by random integration of genes. 

To date, many enzyme products are available on the 
market from recombinant strains of A. niger. In a recent 
listing prepared by the Enzyme Technical Association, 
the enzymes a-amylase, arabinofuranosidase, catalase, 
chymosin, glucoamylase, glucose oxidase, pectin ester-
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ase, phospholipase A2, phytase, and xylanase are 
mentioned as being produced by recombinant strains of 
A. niger (Pariza and Johnson 200 I). 

A. niger is generally regarded as a safe organism. This is 
documented in lists of the organisations responsible for 
occupational health and safety (e.g. Berufsgenossen­
schaft der Chemischen Industrie (1998)]. In rare cases 
when persons are exposed to intense spore dust, hyper­
sensitivity reactions have been observed. 

Pathogenicity 

A. niger is generally regarded as a non-pathogenic fun­
gus widely distributed in nature. Humans are exposed to 
its spores every day without disease becoming apparent. 
Only in few cases has A. niger been able to colonise the 
human body as an opportunistic invader and in almost all 
these cases the patients have a history of severe illness or 
immunosuppressive treatment. 

Animal studies 

Several experimental studies to demonstrate the patho­
genic potential of A. niger have come to the conclusion 
that neither ingestion of large doses of spores (Nyiredy 
et al. 1975) nor inhalation of spores (Bhatia and 
Mohapatra 1969) induces mycosis in experimental ani­
mals. One day after ingestion, A. niger was no longer de­
tected in the digestive tract, although ingested A. nidu­
lans was isolated from the intestine of the animals. In 
contrast to A. fomigatus, which is known to be patho­
genic, A. niger showed no significant effect on the ani­
mals in the inhalation study. 

Compromising the immune system by steroid hormones 
seems to promote the spreading of the fungus in the body 
after an infection. Jacob et al. (1984) conducted a study 
with mice infected intravenously with high doses of A. ni­
ger isolated from sputum. They found evidence of patho­
genic action only in groups that had been treated with a hy­
drocortisone drug. Addition of Decadron, a steroid hor­
mone, to the culture medium of A. niger induced more vig­
orous corneal ulceration in rabbit eyes infected with spores 
compared to animals inoculated with spores from medium 
without the steroid (Hasany et al. 1973). The authors con­
clude that exposure of the ordinarily harmless fungus to the 
steroid made them behave like a pathogen. 

Medical case reports 

Washburn et al. (1986) found in their immunological 
study using human sera that A. fomigatus produces sub­
stances inhibiting complement, which induces phagocy-
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tosis of fungal cells by leukocytes. This defence mecha­
nism against infection was not impaired by liquid from 
an A. niger culture. 

Few cases of primary cutaneous aspergillosis caused 
by A. niger are given in the literature. Cahill et al. ( 1967) 
reported a severe infection, which had long been wrong­
ly been diagnosed as leprosy, and its successful treat­
ment with nystatin. 

Mycosis of the ear is one of the frequent health prob­
lems in the tropics. A. niger has been isolated from 5% of 
cases of chronic otitis media in Nigeria (Ibekwe and 
Okafor 1983). However, the authors consider the fungus 
to be a secondary invader rather than the causative organ­
ism because in most cases the patients had been treated 
with antibiotics before A. niger was isolated from their 
ears. Paldrok (1965) identified 61 fungal isolates from ear 
lesions in Sweden, 22 of which were of the A. niger 
group. The high incidence of A. niger in the outer ear, they 
speculate, could possibly be due to the fact that Aspergilli 
are resistant to the fungistatic action of ear wax (cerumen). 

These ear infections, called otomycosis, cause local 
inflammation and mycelial growth on cerumen on the 
skin of the external ear canal. Whilst relatively common 
in the tropics, this is not a serious condition and can 
be treated easily with topical antifungal ointment 
(Mugliston and O'Donoghue 1985; Paulose et al. 1989). 
Lob et al. (1998) point to self-cleaning of the ears, lead­
ing to mechanical damage of the skin barrier, as an im­
portant factor in the occurrence of otomycosis. 

A. niger can cause pulmonary infection (Binder et al. 
1982; Denning 1998). In rare cases it will invade exist­
ing pulmonary cavities and create a ball of matted hy­
phae known as aspergilloma. This aspergilloma may be 
present for years and may produce oxalic acid in situ, 
which may lead to renal problems caused by oxalosis 
(Nime and Hutchins 1973; Severo et al. 1997). 

A number of reports on secondary aspergillosis (re­
viewed in Abramson et al. 1986; Rippon 1982; Saravia­
Gomez 1979), caused by often unidentified Aspergilli, 
describe infection in patients suffering from diabetes, 
drug abuse, alcoholism, severe diseases such as pneumo­
nia, tuberculosis, enterocolitis or patients receiving anti­
biotic, steroid, cytotoxin or radiation therapy. These 
groups of debilitated patients, whose immune systems 
are in many cases weakened, are characterised by an in­
creased susceptibility to opportunistic micro-organisms 
that do not pose any risk to healthy people. 

While abnormal ports of entry like wounds, burns and 
lesions of the mucosa can facilitate infection in patients, 
the only entrances in the healthy person are the digestive 
and respiratory tracts. Thus, reports on health problems 
of people extensively exposed to Aspergillus spores are 
of special relevance for risk assessment. 

Hypersensitivity 

Tomsikova et al. (1981) investigated the hypersensitivity 
pneumonitis of workers in a citric acid plant. They were 

exposed to spore dust from the production organism 
A. niger and from contaminating fungi. Although both 
Aspergillus and Penicillium have been isolated from the 
respiratory tracts of this group, the concentration of anti­
bodies against Penicillium was significantly higher and 
more frequent than that against Aspergillus. This led the 
authors to the conclusion that hypersensitivity pneumo­
nitis has developed mainly as a result of inhaled Penicil­
lium spores and not Aspergillus spores. 

In another citric acid plant, Topping et al. ( 1985) 
showed that only one-half of the workers suffering from 
bronchospasm were sensitive to A. niger spores, while 
the other half was sensitive neither to spores nor to other 
substances collected by filtration from the air inside the 
plant. Now that the spores have been recognised as the 
most frequent source of hypersensitivity, their dispersal 
is minimised by technical means and by turning from 
surface culture methods to submerged production pro­
cesses which reduce sporulation of A. niger. In an 8-year 
follow-up study, Seaton and Wales (1994) conclude that 
A. niger is a weak antigen and that simple hygiene mea­
sures effectively protect the workforce. If such measures 
are taken, exclusion of recruits with positive skin tests is 
then not necessary. 

Toxins 

Despite the long history and intensive nature of Aspergil­
lus research, only few cases of toxin formation by A. ni­
ger have been reported. However, in no case has A. niger 
been proven to produce aflatoxins or trichotecenes. 

Two reports (Kulik and Holaday 1966; Hanssen 1969) 
that A. niger cultures produced aflatoxin B I have 
been disproved. The evidence was mainly based on an 
assay by thin layer chromatography. Chances are that 
fluorescing substances with similar mobilities (Murakami 
et al. 1967) have been erroneously interpreted as aflatoxin 
B 1. Later on, more detailed studies (Parrish et al. 1966), 
including those strains which Kulik and Holaday classi­
fied as positive (Mislivec et al. 1968; Wilson et al. 
1968), clearly showed that none of the A. niger strains 
produced any aflatoxin. Bullerman and Ayres (1968) 
were also unable to demonstrate aflatoxin production in 
A. niger they had isolated from cured meats. From the 
numerous investigations it becomes very clear that A. ni­
ger does not have the ability to produce aflatoxins. 

Several more incidental findings indicate that metabol­
ic products may be toxic (Moreau 1979; Cole and Cox 
1981; Reiss 1981). Reports on poisoning of animals after 
they were fed mouldy feed (Moreau 1979, page 178) are 
difficult to interpret because toxin formation took place 
under uncontrolled conditions in storage where various 
contaminating organisms grow as a mixture. The author 
suspects oxalic acid, a metabolite of A. niger, to be the 
compound responsible for the toxic effect. Jahn (1977) 
presents results showing coincidence of the toxic effect of 
fodder and the presence of an A. niger strain producing 
unusually high amounts of oxalic acid. 
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The nephrotoxic and carcinogenic mycotoxin ochra­
toxin A was first reported for the black Aspergillus spe­
cies by Ueno et al. (1991) in the species A.foetidus. This 
was later confirmed by Teren et al. (1996) for another 
isolate of A. foetidus. Abarca et al. (1994) first reported 
ochratoxin A production in A. niger (var. niger) and this 
was later confirmed by Teren et al. (1996), Nakajima et 
al. (1997), Teren et al. (1997), Heenan et al. (1998) and 
Taniwaki et al. (1999). Teren et al. (1996) also reported 
that A. awamori produced ochratoxin A, and 1 year pre­
viously Ono et al. ( 1995) reported ochratoxin A produc­
tion in A. awamori var. fumeus, A. amamori var. mini­
mus, A. usamii and A. usamii mut. shiro-usamii. As all 
these names are synonyms of A. niger, it seems to be 
confirmed by several authors that some isolates of A. ni­
ger produces ochratoxin A. However, as mentioned by 
Varga et al. (2000) only about 6% (1.7% to 18.5% as list­
ed by Abarca et al. 2001) of A. niger isolates appear to 
produce ochratoxin A. More research is needed in order 
to fmd out which conditions are optimal for ochratoxin 
A production by A. niger (Frisvad and Samson 2000). 

Strain CBS 618.78, listed as A.foetidus, when studied 
under optimal laboratory conditions, has the potential to 
produce ochratoxin A. CBS 618.78 was regarded as an 
A. niger by Kusters-van Someren et al. (1991). From 
comparing the several isolates in the culture collections 
it appears that CBS 618.78 is related to strain CBS 
126.48, listed by CBS as A. niger, available also 
as ATCC 10254, NRRL 337, lMI 015954, DSM 734, 
and IFO 6428. When checked, both strains A. niger 
CBS 126.48 and A. foetidus IMI 041871 -identical to 
A. foetidus CBS 618.78- also produce large amounts of 
ochratoxin A and B when studied under optimal myco­
toxin-inducing conditions. On the other hand, A. niger 
IMI 015954 produced rather small amounts of ochra­
toxin A. Strain NRRL 337 has been used extensively for 
production of enzymes (Le Mense et al. 1947; Elmayergi 
and Scharer 1973; Iwai et al. 1983; Okomura et al. 1983) 
and organic acids (Shu and Johnson 1947; Bercovitz et 
al. 1990), and for treatment of baked bean processing 
wastewater (Hang and Woodams 1979), alcoholic fer­
mentation from alkaline potato peel waste (Bloch et al. 
1973 ), utilisation of brewery spent grain (Hang et al. 
1975, 1977) and fungal treatment of beet waste (Hang 
1976). In the latter paper the fungus (NRRL 337) is 
called a "food fungus" and named A. niger. 

This should be taken as a warning that all A. niger van 
Tieghem isolates, either from nature or obtained from a 
culture collection should be carefully checked for their 
potential to produce ochratoxin A at the start of the devel­
opment of a production process for an enzyme used in the 
food industry. If a strain exhibits the potential to produce 
this compound, a control system should be in place to as­
sure that it does not end up in the product at levels that 
induce a toxic effect. When above-threshold levels are 
found in a product, the use of the strain in the process 
should be discontinued (Pariza and Johnson 200 l ). 

A. carbonarius is a more efficient producer of ochra­
toxin A and a much higher percentage of the isolates 
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tested have been found positive (Horie 1995; Teren et al. 
1996; Wicklow et al. 1996; Heenan et al. 1998; Varga et 
al. 2000). No other species in Aspergillus section Nigri 
has been reported to produce ochratoxin A (Varga et al. 
2000). 

A summary of the ochratoxin A production potential 
of the species in the Aspergillus subgenus Circumdati 
section Nigri is given in Table 1. 

Kojic acid, though mentioned by Wilson (1971) to be 
a metabolite of A. awamori, is not produced by the A. ni­
ger strains, as Parrish et al. (1966) clearly stated. This is 
confirmed by the industrial experience that, under the 
conditions of enzyme production using A. niger, kojic 
acid has not been demonstrated in the culture liquid. 

In a comprehensive screening for toxins from Asper­
gilli, Semeniuk et al. ( 1971) did not detect any markedly 
toxigenic strain in the A. niger group after they had culti­
vated 392 Aspergillus strains on wheat and soybean feed 
and fed it to chickens or mice. The authors classified 15 
strains of the A. niger group (of 34 in the test) as moder­
ately to mildly toxigenic. In A. awamori, A. el/ipticus, 
A. heteromorphus and A. pulverulentus they did not fmd 
any toxigenicity at all. Unfortunately, the study did not 
include known toxic substances as controls, which would 
have been helpful in judging the significance of the re­
sults. 

In a few cases only, suspected toxins have been puri­
fied from cultures and tested in animal studies. Nigra­
gillin has been isolated from cultures of A. niger and 
A. phoenicis (Caesar et al. 1969; Cole and Cox 1981, 
p. 798). The LD50 was found to be approximately 
250 mglkg bodyweight when fed to 1-day-old cockerels. 
Malformins, a group of closely related cyclic peptides, 
generate deformations in plants and have been isolated 
from cultures of A. niger, A. ficuum, A. awamori and 
A. phoenicis (Steyn 1977). Two malformins were 
checked for toxic action on rodents: malformin AI 
showed an LD50 of 3.1 mglkg when applied intraperito­
neally but there was no evidence of acute toxicity when 
up to 50 mglkg were given orally to male mice 
(Yoshizawa et al. 1975). Anderegg et al. (1976) found 
the LD50 for malformin C in both newborn and 28-day­
old rats to be 0.9 mglkg when it was given intraperitone­
ally. 

A series of naphto-y-pyrones, produced by some strains 
of A. niger, have been reported to be vertebrate central 
nervous system toxins (Ghosal et al. 1979; DeLucca et al. 
1983; Ehrlich et al. 1984). However, these secondary me­
tabolites cannot be regarded as mycotoxins (Bennett 
1989), as they were not shown to be toxic when adminis­
tered by a natural route but rather after intraperitoneal in­
jection. Furthermore, they accumulate only in the myceli­
um (Ehrlich et al. 1984). Thus these naphto-y-pyrones do 
not appear to be a cause for concern in biotechnological 
products. 

The whole body of knowledge from the literature is 
carefully taken into consideration when testing industrial 
strains for any possible risk during the development of a 
fermentation process. Whenever possible the production 
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organism is chosen from strains that have been in use for 
many years and that are examined for their ability to pro­
duce known toxins under the fermentation conditions 
used. Finally, the products are regularly checked to en­
sure that they meet the requirements of the health author­
ities as given in the Food Chemical Codex (1996) or in 
the FAO specifications (FAO/WHO 1992). 

Summary 

The A. niger group is composed of black-spored Asper­
gillus species, several of which have a long history of 
safe use in the fermentation industry. These species have 
never been identified to be the primary cause of any dis­
ease in man. The risk of allergic hypersensitivity to in­
haled spores can be handled in an industrial environment 
by minimising the exposure of the workers to spore dust. 
Sporadic toxin formation under undefmed conditions has 
not been observed under controlled fermentation condi­
tions. Thus it is concluded that A. niger is a safe produc­
tion organism for industrial use provided the rules of 
good manufacturing practice are observed. The relatively 
new discovery that a low percentage of A. niger strains 
have the potential to produce ochratoxin A under optimal 
laboratory conditions requires, however, that all A. niger 
isolates, (over )expressing a specific gene of interest, be 
evaluated for their potential to produce ochratoxin prior 
to being further developed into a new accepted produc­
tion strain. The use of strains of established and proven 
safe industrial strain lineages as hosts to over-express 
these genes of interest is a good and fast alternative to 
avoid this. 
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During the past decade, the inclusion of microbial phytase in poultry diets has increased remark­
ably, mainly in response to heightened concerns over phosphorus (P) pollution of the environment. 
The capacity of this feed enzyme to release phytate-bound P and reduce P excretion is now well 
documented. Effectively, phytase is an alternative, economical P source and, as global phosphate 
reserves are not renewable, this is beneficial to their preservation. Based on limited studies, it appears 
that exogenous phytase hydrolyses less than 0.35 of dietary phytate in broilers at the ileal level. If 
so, there is considerable scope to enhance phytate degradation by the introduction of more effective 
phytate-degrading enzymes or enzyme combinations, and facilitative nutritional and management 
strategies. Alternatively, dietary phytate concentrations may be reduced by the inclusion of selected, 
low-phytate feedstuffs or dephytinised feed ingredients. There is a distinct possibility that phytate 
negatively influences protein and energy utilisation in poultry and, as these influences would be 
ameliorated by phytase, there are substantial, practical implications. Nevertheless, there is still no 
consensus as to the extent that phytase enhances protein and energy utilisation. Responses in amino 
acid digestibilities following phytase supplementation are variable and the underlying mechanisms 
have not been completely understood; consequently, these two aspects are considered in detail in 
this review. The impact of phytase on protein and energy utilisation may be more positive than gen­
erally realised, but this should become increasingly evident if greater phytate degradation rates can 
be achieved. The experimental use of dephytinised feed ingredients may define the negative impact 
of phytate on protein and energy utilisation and facilitate the identification of the contributing fac­
tors, particularly in relation to energy utilisation. Some recent studies suggest that phytate increases, 
and phytase decreases, endogenous sodium losses. Although the basis for this phytate-induced shift 
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of sodium into the gut lumen is not clear, it may have implications for acid-base homeostasis and 
intestinal uptakes of glucose and amino acids. If the momentum in the practical acceptance of micro­
bial phytase in poultry diets continues, it is likely that phytase feed enzymes will re-define nutrient 
requirements, particularly in relation to P and calcium, and increasingly contribute to ecologically 
sustainable poultry production in the future. This would be facilitated by a more fundamental research 
focus, which, arguably, has been lacking in the past. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

The inclusion of feed enzymes in poultry diets to enhance nutrient utilisation and 
performance by counteracting the negative influence of targeted substrates has become 
commonplace within the last two decades. Exogenous enzymes capable of degrading non­
starch polysaccharides (NSP) in broiler diets based on 'viscous' grains, including wheat 
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and barley (Campbell and Bedford, 1992; Bedford and Schulze, 1998), initiated this prac­
tice. However, phytate and phytate-bound phosphorus (P) is present in all poultry diets and 
the partial availability of phytate-P has long been recognised (Lowe et al., 1939). Possi­
bly, Warden and Schaible (1962) were the first to show that exogenous phytase enhances 
phytate-P utilisation and bone mineralisation in broiler chicks. Nevertheless, three decades 
elapsed before an Aspergillus niger-derived phytase feed enzyme, with the capacity to lib­
erate phytate-bound P and reduce P excretion, was commercially introduced in 1991. It 
was then considered that the use of microbial phytases would be confined to areas where 
financial penalties are imposed on excessive P levels in effluent from intensive pig and poul­
try units (Chesson, 1993). Contrary to this forecast, the inclusion of phytase feed enzymes 
in monogastric diets has been far more widely accepted and now exceeds that of NSF­
degrading enzymes (Bedford, 2003). Phytase feed enzymes have more general application 
as their substrate is invariably present in pig and poultry diets and their dietary inclusion 
economically generates bioavailable P and reduces the P load on the environment. The 
prohibition of protein meals of animal origin, which also provide P, has accelerated the 
acceptance of phytase feed enzymes in certain countries. Also, in recognition of the so­
called 'extra-phosphoric effects' of phytase, some nutritionists elect to place matrix values 
on phytase feed enzymes for protein/amino acids and energy, in addition to calcium (Ca) 
and P (Shelton et al., 2004) as this approach facilitates their incorporation into least-cost 
formulations. 

Because of its multi-faceted properties, phytate is also a topic of great interest in human 
nutrition, medical science, food and feed technology, plant physiology and plant breeding 
(Feil, 2001). This has been fortuitous for poultry researchers, as this interest has gener­
ated a wealth of relevant information. In particular, the negative influence of phytate on 
the availability of Ca and trace minerals, particularly zinc, in human foodstuffs has been 
extensively investigated. However, the presence of phytate in human diets is also claimed to 
have potential benefits, including anti-carcinogenic properties, as reviewed by Harland and 
Morris (1995). Animal nutritionists have long regarded phytate as both indigestible and an 
anti-nutritional factor for non-ruminant animals (Swick and Ivey, 1992). Phytate is ubiqui­
tous in plant-sourced feed ingredients as it serves asaP reservoir during seed germination. 
Because poultry possess insufficient inherent phytase activity, phytate-P is only partially 
available, and this availability is also variable. Phytate is a polyanionic molecule with the 
potential to chelate positively charged nutrients, which is almost certainly fundamental to 
the anti-nutritive properties of phytate. These anti-nutritive properties require further inves­
tigation, but phytate probably compromises the utilisation of protein/amino acids, energy, 
calcium and trace minerals. Phytase, which occurs widely throughout nature, is the requisite 
enzyme to degrade phytate and notionally, phytase has the capacity to hydrolyse phytate 
and release inorganic P. The implications of phytates in poultry nutrition were considered 
by Ravindran et al. ( 1995a), which provides background to the present review. 

During the last 10 years there has been an escalating usage of microbial phytase in pig 
and poultry diets, cascades of scientific publications, increasing field experience, and the 
introduction of new phytase feed enzymes. Nevertheless, many fundamental issues relating 
to phytate and phytase remain to be elucidated. This reflects both the inherent complexity 
of the subject, coupled with the development and evaluation of exogenous phytases that has 
not always been well directed. The main focus herein is to review the available literature 
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on the use of microbial phytase in poultry nutrition in relation to P utilisation and the extra­
phosphoric effects of phytase, with an emphasis on broiler chickens. The specific objective 
of the current review is to clarify the current understanding to the extent possible and, 
identify gaps in our knowledge and topics for more instructive research. 

2. The substrate: phytate 

Three terminologies, namely phytate, phytin and phytic acid, are used in the literature 
to describe the substrate for phytase enzymes. The most commonly used term, phytate, 
refers to the mixed salt of phytic acid (myo-inositol hexaphosphate; IP6). The term, phytin, 
specifically refers to the deposited complex ofiP6 with potassium, magnesium and calcium 
as it occurs in plants, whereas phytic acid is the free form of IP6. 

Phytate was first identified more than a century ago (Hartig, 1855). The partial avail­
ability of the P component (282 g kg- 1) of phytate to simple-stomached species assumes 
importance as the world's rock phosphate reserves are not renewable, which could lead to 
a P supply crisis in the future (Abelson, 1999; Mullaney et al., 2000). The global harvest 
of crop seeds and fruits contains an estimated 14.4 million tonnes of phytate-P, which is 
equivalent to 65% of annual sales of P as fertilisers (Lott et al., 2000). Typically, poultry 
diets contain from 2.5 to 4.0 g kg- 1 phytate-P (Ravindran, 1995) and, in 2002, global feed 
consumption by broilers and layers was estimated to be approximately 321 million tonnes 
(Farrell, 1997); therefore, poultry consume in the order of one million tonnes of phytate-P 
annually. Clearly, preservation of global Preserves would be facilitated by more efficient 
phytate-P utilisation by poultry. 

Initially, Averill and King (1926) recorded phytate concentrations in human foods but a 
number of surveys of total P and phytate-P concentrations in feedstuffs are now available 
(Nelson et al., 1968a; Kirby and Nelson, 1988; Eeckhout and de Paepe, 1994; Ravindran 
et al., 1994; Viveros et al., 2000; Selle et al., 2003d; Godoy et al., 2005). A summary of 
these surveys for major feed ingredients is shown in Table 1, where phytate determinations 
were based on variants of the 'ferric chloride-precipitation' method (discussed below). 
The tabulated values indicate that a typical maize-soy broiler diet contains in the order of 
2.5 gkg-1 phytate-P (or 8.9 gkg-1 phytic acid); but, clearly, this concentration may vary. 
In plant-sourced feed ingredients the majority of total Pis present as phytate-P and the 
proportion is reasonably constant. Therefore, it is possible to calculate broad estimates of 
phytate-P from total P concentrations from linear regression equations derived for given 
feedstuffs (Viveros et al., 2000). In feed ingredients it is likely that IP6 exists as mineral­
bound complexes involving magnesium, calcium and potassium (Reddy et al., 1982), known 
as phytin. As reported by Kasim and Edwards (1998), the IP6 ester is the dominant form 
ofphytate in maize (0.972), rice bran (0.878), sorghum (0.972), soybean meal (0.844) and 
wheat (1.00). 

Logically, dietary concentrations of phytate are crucial to its anti-nutritive properties 
and its negative impact on P availability. For example, the addition of 15 gkg-1 sodium 
phytate into aquacultural diets has been shown to cause substantial reductions in weight gain, 
feed efficiency, and protein efficiency ratios in Hamilton fry (Usmani and Jafri, 2003). In 
broilers, the addition of sodium phytate to glucose-based diets has been shown to increase 
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Table I 
Weighted mean (and range) of total P and phytate-P concentrations, and proportion of phytate-P of total P, in key 
poultry feed ingredients 

Feed ingredient Number of Total P (g kg- 1) Phytate-P (gkg-1) Proportion(%) 
data-sets/samples 

Cereals 
Barley 4/41 3.21 (2.73-3.70)8 1.% (1.86-2.20)8 61.0 (59-68)8 

Maize 7/45 2.62 (2.30-2.90) 1.88 (I. 70-2.20) 71.6 (66-85) 
Sorghum 5/41 3.01 (2.60-3.09) 2.18 (1.70-2.46) 72.6 (65-83) 
Wheat 6/97 3.07 (2.90-4.09) 2.19 (1.80-2.89) 71.6 (55-79) 

Oilseed meals 
Canolameal 4/28 9.72 (8.79-11.50) 6.45 (4.00-7.78) 66.4 (36-76) 
Cottonseed meal 3/21 10.02 (6.40-11.36) 7.72(4.9-9.11) 77.1 (70-80) 
Soyabean meal 6/89 6.49 (5.70-6.94) 3.88 (3.54-4.53) 59.9 (53-68) 

By-products 
Rice bran 6/37 17.82 (13.40-27.19) 14.17 (7.90-24.20) 79.5 (42-90) 
Wheat bran 6125 10.96 (8.02-13.71) 8.36 (7.00-9.60) 76.3 (50-87) 

Derived from studies by Nelson et al. (l968a), Kirby and Nelson (1988), Eeckhout and de Paepe (1994 ), Ravindran 
et al. (1994 ), Viveros et al. (2000), Selle et al. (2003d) and Godoy et al. (2005). 

• Range of values. 

endogenous losses of amino acids and minerals (Cowieson et al., 2004). It follows that 
responses to phytase will be more pronounced with increasing dietary phytate levels and 
indications of this have been recorded in poultry (Cabahug et al., 1999; Ravindran et al., 
2000, 2006) and pigs (Selle et al., 2003a). Therefore, the capacity to analyse total P and 
phytate-P in complete diets rapidly and accurately would be very beneficial in practice, 
from both nutritional and ecological standpoints. However, as discussed below, this is not 
yet feasible, although near-infrared reflectance spectroscopy (NIR) determinations may 
hold promise. 

2.1. Analytical methods to determine phytate concentrations 

Because phytate does not have a characteristic absorption spectrum nor a specific 
identifying reagent, phytate analyses are 'fraught with difficulties' (Lasztity and Lasztity, 
1990). Undoubtedly, problems associated with the determination of phytate concentrations 
in feed ingredients, complete diets, ileal digesta and excreta have impeded research and 
the practical application of phytase. Standard analytical methods are based on the principle 
that phytate and ferric chloride will form insoluble Fe3+ -phytate precipitates at acidic 
pH (Heubner and Stadler, 1914). Various methods of phytate determination, based on 
the 'ferric chloride-precipitation' principle, have been described (Wheeler and Ferrel, 
1971; Milleret al., 1980; Haug and Lantzsch, 1983). Standard ferric chloride-precipitation 
methods are suitable to assay the majority of feed ingredients, but on an individual basis. 
Importantly, ferric chloride-precipitation methods appear unsuitable for more complex 
samples, including complete diets (Selle et al., 2003d). Exaggerated phytate-P readings 
with the ferric chloride-precipitation method in feed samples containing meat-and-bone 
meal, fishmeal and dicalcium phosphate have been recorded, presumably because P from 
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these ingredients co-precipitates with Fe3+ -phytate complexes (Ellis et al., 1977) and, pos­
sibly, other contaminants. Frolich et al. (1986) determined phytate concentrations in wheat 
flour by both a ferric chloride-precipitation method and 31P nuclear magnetic resonance 
(NMR) spectroscopy and concluded that co-precipitation with ferric chloride-precipitation 
methods overestimates phytate contents. 

However, Harland and Oberleas (1977) eliminated ferric chloride-precipitation by 
directly extracting phytate with hydrochloric acid and separating inorganic P via elution 
through an ion-exchange resin. The eluted phytate was then digested with nitric and sul­
phuric acids and liberated P measured colourimetrically. This approach was subsequently 
modified by Latta and Eskin ( 1980), and their method has been used in several recent poultry 
experiments. 

An important scientific limitation is that these methods determine phytate-P but they 
do not have the capacity to identify the various myo-inositol phosphate esters of phytate. 
However, it is possible to differentiate phytate esters with high performance liquid chro­
matography (Rounds and Nielsen, 1993) and anion exchange chromatography (Phillippy 
and Johnston, 1985). Skoglund et al. (1997a,b, 1998) have documented refinements to these 
analytical methods, although they may be expensive and time-consuming (Kwanyuen and 
Burton, 2005). 

Additional approaches include NIR analyses of total P and phytate-P in feed ingredients 
and complete diets, which has been considered by de Boever et al. (1994). More recently, 
however, Smith et al. (2001) used NIR to determine total P and phytate-P in broiler excreta, 
which suggests this approach holds promise. Also, methods based on phytase incubation, 
where the quantity of P liberated by exogenous phytase is used to assess phytate concen­
trations are alternatives (Shen et al., 2005). 

3. The enzyme: phytase 

Although phytase activity was first detected in rice bran nearly a century ago (Suzuki 
et al., 1907), attempts to develop a phytase feed enzyme did not commence until 1962 
in North America (Wodzinski and Ullah, 1996). This interest is reflected in contemporary 
publications by Nelson ( 1967) and Nelson et al. ( 1968a,b,c, 1971 ), who were concerned with 
the negative effects of phytate on both Ca and P availability in broiler chicks. Nevertheless, 
it was not until 1991 that the first phytase feed enzyme became commercially available, 
which was largely in response to legislation designed to limit P pollution of the environment 
in the Netherlands. The complex identification, production and characteristics of phytate­
degrading enzymes or phytases (myo-inositol hexaphosphate phosphohydrolases) has been 
the subject of several review papers, including Wodzinski and Ullah ( 1996), Mullaney et al. 
(2000), Konietzny and Greiner (2002), Simon and Igbasan (2002), Vohra and Satanarayana 
(2003) and Haefner et al. (2005). 

An international standard unit does not exist for the measurement of phytase activity, 
which has created considerable confusion in the commercial feed industry and in efficacy 
comparisons of different phytase sources. The defined measurement unit of phytase activity 
depends on assay conditions including concentration of substrate (sodium phytate) used, 
assay temperature and pH. In the A. niger phytase introduced in 1991, phytase activity 
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is defined as fytase units (FfU), where one FfU is the amount of enzyme that liberates 
l!J.mol inorganic orthophosphate/min from 0.0051 molL -l sodium phytate at pH 5.5 and 
a temperature of 37 oc (Engelen et al., 1994). This definition provides a useful measure of 
quantity of phytase activity and represents a simple bench mark measurement under well­
defined assay conditions. Several other abbreviations, including FYT, U and PU, have been 
used to denote phytase activity of different commercial microbial phytases, although these 
activities appear to be determined under reasonably similar in vitro conditions. It must be 
cautioned, however, that the efficacy of utilisation of a given quantity of enzyme will vary 
with assay conditions such as pH, temperature, duration, mineral content, agitation, etc. 
Also it is likely that 'natural' phytate may not be as readily hydrolysed as sodium phytate. 
For example, calcium phytate is not utilised as well as sodium phytate in vivo, which 
indicates that it is more resistant to degradation (Maddaiah et al., 1963). The acceptance of 
a standard assay, possibly based on a substrate other than sodium phytate, would therefore 
be beneficial. 

Phytase feed enzymes fall into two categories depending on the site where the hydroly­
sis of the phytate molecule is initiated. 3-Phytase (EC 3.1.3.8) preferentially liberates the 
P moiety at position C3, whereas 6-phytase (EC 3.1.3.26) commences at position 4; of 
the myo-inositol hexaphosphate ring. In theory, enzymic hydrolysis of phytate generates a 
series of lower myo-inositol phosphates esters (IP6 ==>IPs==> IP4 ==> IP3 ==> IP2 ==> IPI), via 
a progression of step-wise dephosphorylation reactions, to yield inositol and six inorganic 
P moieties. It is important to note, however, that the axial P residue at the C2 position is rel­
atively refractory to hydrolysis (Wodzinski and Ullah, 1996). Consequently, hydrolysis of 
phytate by phytase is more likely to yield myo-inositol monophosphate (IPl) and five inor­
ganic P moieties. However, as discussed below, hydrolysis of dietary phytate by exogenous 
phytase in broilers does not usually progress to this extent. 

Several distinct microbial phytase products are now commercially available. The three 
commonly used phytase feed enzymes are derived from A. niger, which is a 3-phytase and 
Peniophora lycii and Escherichia coli, which are 6-phytases. Phytase feed enzymes may 
be included in poultry rations as granulates or as liquids, via post-pelleting application 
systems, to avoid thermostability problems at high pelleting temperatures (>80°C}. There 
are, however, perceived advantages in inherently heat stable phytase feed enzymes that can 
withstand steam-pelleting, as illustrated by the investigations of Wyss et al. (1998) and 
Garrett et al. (2004). 

The site of phytase activity in the gastrointestinal tract of poultry has received little 
attention. However, it is likely that phytate hydrolysis mainly takes place in the fore-stomach 
(crop, proventriculus, gizzard) where the pH is more conducive to phytase activity. The crop 
is probably the primary site of phytate degradation by exogenous phytase (Liebert et al., 
1993; Takemasa et al., 1996; Kerr et al., 2000). However, there is evidence that E. coli­
derived phytase is more active in the small intestine than phytase derived from P. lycii 
(Onyango et al., 2005b ), which may be attributable to the greater resistance of E. coli­
derived phytase to endogenous, proteolytic enzymes (lgbasan et al., 2000). 

The presence of phytase activity at various segments of the gastrointestinal tract is 
not necessarily indicative of potential hydrolysis of the substrate, which is facilitated by 
relatively low gut pH at which phytate is more soluble (Campbell and Bedford, 1992). 
Few credible studies have determined phytate degradation in poultry either at the level 
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of the ileum or on the basis of total tract assessments. However, phytate hydrolysis by 
500 FfU kg-1 A. niger phytase at the ileal level was determined in two separate studies in 
which broilers were offered maize-soy diets containing 2.8 g kg-1 phytate-P. Camden et 
al. (2001) found that phytase degraded 0.293 and Tarnim et al. (2004) reported that 0.335 
of dietary phytate was degraded. Thus, these two studies suggest that microbial phytase 
degrades less than 0.35 of dietary phytate at the ileal level in broilers at recommended 
inclusion rates. 

Phytase derived from caecal microflora will influence total tract assessments of phytate 
degradation (Ravindran et al., 1995a). Nevertheless, Leske and Coon (1999) determined the 
extent of phytate hydrolysis in a range of individual feed ingredients induced by A. niger 
phytase on the basis of total tract assessments. In broilers, 600 FfU kg -I phytase degraded, 
on average, 0.254 of phytate in seven feed ingredients and, in layers, 300 FfU kg- 1 

degraded 0.377 phytate in three feed ingredients. Shirley and Edwards (2003) supplemented 
maize-soy diets with up to 12,000FfUkg-1 A. niger phytase. However, at 750FfUkg-1, 

phytase degraded 0.181 of dietary phytate on the basis of total tract disappearance. Clearly, 
the ileal and total tract assessments indicate that degradation of phytate is incomplete in 
poultry, particularly in broiler chicks, following phytase supplementation at standard inclu­
sion rates. Therefore, the form in which the residual phytate is present in the gut is of 
interest. From data generated in vitro (Frolich etal., 1986) and in pigs (Rapp et al., 2001), it 
appears that residual phytate remains largely intact, as myo-inositol hexapahosphate (IP6), 
with relatively small amounts of lower myo-inositol phosphate esters. This is important 
because the chelating capacity of lower phytate esters is disproportionately less than lP6, as 
demonstrated by their impact on zinc absorption in rats (Lonnerdal et al., 1989). It has been 
shown in vitro that, in relation to zinc and copper, the binding strengths of IP 4 and IP3 are 
less than IP6 and IPs (Persson et al., 1998). Also, the in vitro capacity ofphytate to inhibit 
pepsin digestion of casein and bovine serum albumen is most pronounced for IPs and IP6, 

whereas IP, and IPz did not inhibit pepsin activity (Knuckles et al., 1989). 

3.1. Plant, mucosal and microftoral phytases 

In poultry, in addition to phytase feed enzymes, phytate degradation may be influenced 
by plant phytase derived from certain feed ingredients, and phytases generated by the small 
intestinal mucosa (Maenz and Classen. 1998) and gut microflora (Kerr et al., 2000). Plant 
phytase activity is negligible in the majority of feed ingredients, but significant activity is 
known to be present in barley, rye, triticale, wheat and wheat by-products (Weremko et 
al., 1997) and some feed ingredients also possess acid phosphatase activity (Viveros et al., 
2000). However, intact plant phytase activity is less effective than microbial phytase in the 
gut because of a narrower pH spectrum of activity (Eeckhout and de Paepe. 1991). Also, 
very low pH may destroy wheat phytase and it is more susceptible to proteolytic digestion 
than A. niger phytase (Phillippy, 1999). Nevertheless, wheat phytase has been shown to 
enhance P utilisation in broilers and layers (Olaffs et al .• 2000). Importantly, however, plant 
phytase is more heat labile and its activity is reduced or even eliminated in steam-pelleted 
diets (Jongbloed and Kemme, 1990). 

Mucosal phytase (and phosphatase) activity in the digestive tract of poultry is often 
dismissed as having little importance. Nevertheless, mucosal phytase has the capacity to 
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hydrolyse phytate as Tamim et al. (2004) found that mucosal phytase activity degraded 
69.2% of phytate at the ileal level in maize-soy broiler diets containing 2 g kg-1 Ca. How­
ever, the dietary addition of 5 g kg-1 Ca, as limestone, reduced phytate degradation to 0.254. 
These findings are consistent with an earlier study (Tamim and Angel, 2003) and illustrate 
the importance of Ca on phytate degradation at intestinal pH; presumably, this is largely a 
consequence of insoluble Ca-phytate complex formation (Wise, 1983). Also, when offered 
P inadequate diets, broilers have the adaptive capacity to increase intestinal phytase and 
phosphatase activities (McCuaig et al., 1972; McCuaig and Motzok, 1972). For example, 
reducing non-phytate-P in broiler diets from 6.0 to 1.2 g kg- 1 increased total tract phytate 
hydrolysis from 0.098 to 0.245 (Ballam et al., 1985). Interestingly, the capacity of chicks 
to degrade phytate is reported to be inheritable, which raises the possibility of selecting 
broilers for this trait to enhance phytate-P utilisation (Aggrey et al., 2002; Zhang et al., 
2003, 2005). 

Very few studies have considered the influence of phytase generated by gut microftora 
in poultry. However, Kerr et al. (2000) concluded that microftoral phytase has an important 
role on phytate degradation. These workers found very low levels of IP 6 and lower phytate 
esters in the caeca, and suggested that this was consistent with near complete IP6 hydrolysis 
by phytase derived from hindgut fermentation. However, Ballam et al. (1985) found that 
total tract degradation of phytate by mucosal and microftoral phytases ranged from 0.06 to 
0.57, depending on dietary levels of Ca and non-phytate-P. 

4. Phosphorus, phytase and the environment 

The inclusion of microbial phytases in pig and poultry diets was prompted by the need 
to reduce P excretion and its loss into the environment, where P pollution is a hazard to 
water quality. Excessive P concentrations are the most common cause of eutrophication of 
rivers, lakes and reservoirs (Correll, 1999). Surface runoff from soils with accumulated P 
accelerates eutrophication, which may result in toxic algal blooms and fish kills (Sharpley, 
1999). Consequently any reduction in P excreted by (pigs and) poultry is of benefit to both 
the environment and sustainable production. 

In the most frequently cited paper on microbial phytase research, Simons et al. (1990) 
demonstrated the potential of microbial phytase to reduce P excretion. These work­
ers found that 1500FTUkg-1 phytase activity, coupled with reductions in dietary P 
(7 .5-4.5 g kg- 1) and Ca (9 .0-6.0 g kg-1 ), reduced P excretion by an average of 61% in two 
broiler experiments. More recently, Zyla et al. (2001) totally eliminated dicalcium phos­
phate from wheat-soy broiler diets, which reduced non-phytate-P ( 4.1-1.7 g kg-1) and Ca 
(9.8-5.9 g kg-1) levels. A combination of phytase and acid phosphatase was included in 
this modified diet. In a 43-day feeding study, this regime generated a 45% reduction of 
Pin litter (14.8 glbird versus 26.8 glbird). Additionally, exogenous enzymes significantly 
enhanced toe ash (164 g kg-1 versus 150 g kg-1), carcass yield (71.3% versus 69.1 %) and 
feed efficiency (1.86 versus 1.97), although there was a numerical reduction in weight gain 
(2124 glbird versus 2215 glbird). 

In a more straightforward assessment, Paik (2003) reduced non-phytate-P levels in starter 
(4.5-3.5 g kg- 1) and finisher broiler diets (3.5-2.5 gkg- 1) without, and with, the addition 
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of 500 FfU kg-1 phytase. Decreasing non-phytate-P reduced P excretion by 14.8%, but the 
weight gain was depressed. Phytase inclusion further increased the reduction in P excretion 
by 29.6% but, in contrast, growth performance was not compromised. 

The impact of phytase on P excretion was based on total P assessments in the above 
studies. From a limited number of investigations, the phytate-P proportion of total P excreted 
by poultry offered non-supplemented diets is probably less than anticipated. This proportion 
ranged from 0.28 to 0.38 in excreta from maize, wheat, triticale and barley-based broiler 
diets (Pintar et al., 2005) and, in turkeys, a range from 0.16 to 0.32 has been reported (Toor 
et al., 2005). However, using NIR, Smith et al. (2001) found phytate-P represented 0.56 
of total Pin excreta from broilers offered maize-soy diets containing 2.6 g kg-1 phytate-P. 
Using NMR, McGrath et al. (2005) reported that phytate-P represented 0.57 of total Pin the 
excreta of broilers fed non-supplemented diets and 0.50 in those fed phytase-supplemented 
diets. These relative levels of phytate-P excretion may be indicative of excessive dietary P 
levels, undigested inorganic P, endogenous P losses and inherent phytase activity in the gut. 

Of ecological concern is the possibility that phytase supplementation may increase P sol­
ubility in excreta and litter as soluble Pin run-off is more likely to exacerbate eutrophication. 
For example, Miles et al. (2003) reported that while phytase supplementation of maize-soy 
diets reduced total Pin broiler litter, levels of soluble P were increased (2.85 gkg-I versus 
2.17 g kg-1 ). In contrast, however, Applegate et al. (2003b) compared standard maize-soy 
broiler diet with three different phytase-supplemented diets. Overall, phytase reduced total 
P in fresh litter by 32.2% (7 .55 g kg- 1 DM versus 11.14 g kg- I DM) and soluble P by 
43.1% (1.23 gkg-1 versus 2.16gkg-1 ). It is noteworthy that dietary total P concentrations 
were lower in the study of Applegate et al. (2003b). The ecological benefits of phytase­
supplemented broiler diets, formulated to reduced non-phytate-P specifications, coupled 
with minimal increases in litter moisture during storage were emphasised by McGrath et 
al. (2005). 

4.1. Phosphorus requirements for poultry 

Because P is crucial for skeletal integrity and growth performance, nutritionists tend to 
incorporate moderately excessive P levels into poultry diets to guarantee a safety margin 
(Waldroup, 1999). However, as excreted Pis a function of total P, current poultry diets should 
contain the minimum amount of P that will properly sustain production, in recognition of 
ecological issues. Consequently, the validity of standard recommendations for dietary P 
levels has become the subject of scrutiny. For example, NRC ( 1994) requirements for non­
phytate-P range from 4.5 g kg- 1 (0--3 weeks), 3.5 g kg- 1 (3--6 weeks) to 3.0 g kg-1 (6-8 
weeks) in broiler diets. 

From a detailed study with starter broilers (0--21 days), Waldroup et al. (2000) contend 
that, on the basis of tibia ash, the non-phytate-P requirement is 3.9 g kg- I for diets based on 
normal maize, which is reduced to 2.9 gkg-I by 800FfUkg-1 phytase supplementation. 
For diets based on high available phosphate maize the corresponding requirements are 3.7 
and 3.2g non-phytate-Pkg- 1. Moreover, these recommendations, in comparison to 4.5 g 
non-phytate-Pkg-1 in a non-phytate-P diet, reduced total P excretion by 9.9% (without) 
and 28.1% (with phytase) in diets based on normal maize and, correspondingly, by 35.5 
and 47.1% in diets based on high available phosphate maize. 
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The accurate definition of P requirements in poultry is inherently difficult and has only 
been complicated by the introduction of microbial phytases. Instructively, Angel et al. (2005) 
evaluated phytase supplementation of diets with reduced P specifications in a four-phase 
feeding program in three floor pen experiments. Growth performance of broilers was not 
compromised following 600FfUkg-1 phytase addition to starter (1-18), grower (18-32), 
finisher (32-42) and withdrawal (42-49 days of age) diets with non-phytate-P levels of 
3.9, 2.5, 1.7 and 1.2gkg-1, respectively. Also, the researchers contend that University of 
Maryland recommendations for non-phytate-P levels for these age groups (4.5, 3.1, 2.3 and 
1.8 gkg-1, respectively) were validated in the study of Angel et al. (2005). 

4.2. Phosphorus equivalency of microbial phytase in poultry 

The capacity of phytase to increase total P digestibility in broilers has frequently been 
demonstrated. For example, Ravindran et al. (2000) found that phytase increased ileal P 
digestibility by 14.7% (0.506 versus 0.441) in broiler diets containing 4.5gkg-1 non­
phytate-P. Interestingly, a greater increase in P digestibility of 65.2% (0.664 versus 0.402) 
was recorded in 2.3 gkg-1 non-phytate-P diets. The essential difference was that the 
4.5 g kg -I non-phytate-P diet contained additional dicalcium phosphate ( 12 g kg-1 ), which 
implies P and/or Ca exerted a negative effect on phytase efficacy. However, such studies do 
not define the increase in phytate-P digestibility or the quantity of P effectively generated 
by phytase supplementation. 

Studies designed to establish the P equivalency or replacement value of microbial phy­
tases in poultry diets are summarised in Table 2. Graded amounts of an inorganic P source or 
graded phytase inclusion levels are incorporated into P-deficient basal diets and P replace­
ment values are calculated from regression equations best describing responses of selected 
parameters. Frequently, the parameters monitored are body weight gain and percentage toe 
ash, as both are considered to be sensitive indicators of P availability (Potter, 1988). The 
basal diets in the broiler studies were based on maize and soyabean meal (Schoner et al., 
1991, 1993; Kornegay et al., 1996; Yi et al., 1996b; Yonemochi et al., 2000; Augspurger et 
al., 2003; Adedokun et al., 2004) or soyabean meal per se (Denbow et al., 1995; Yi et al., 
1996b). The diets contained, on average, 4.37 gkg-1 total P and 2.37 gkg-1 phyate-P with 
a Ca:P ratio of 1.84. Collectively, these studies indicate that 805 FfUkg-1 phytase activity 
is equivalent to 1.050 g kg- 1 inorganic P, which corresponds to an approximate release of 
phytate-bound P of 0.452. Additionally, three studies in turkeys (Ravindran et al., 1995b; 
Applegate et al., 2003c; Esteve-Garcia et al., 2005) and one in ducks (Orban et al., 1999) 
are tabulated. 

The collective P equivalency value of phytase (840 FfU kg- 1 = 1.0 g kg- 1 P) is some­
what lower than is suggested in practice. Also, these studies indicate that phytase hydrolyses 
in the order of 0.45 of phytate present in broiler diets, which is probably an over-estimate. 
The likely reasons for this inflated value are that phytase is exerting a positive influence on 
weight gain that is unrelated to the liberation of phytate-bound P (Wu et al., 2005), also 
phytase may be correcting Ca:P imbalances (Driver et al., 2005a) and/or the models used 
to calculate equivalency values are inappropriate (Rosen, 2003). Phosphorus equivalence 
values determined in the linear, or near-linear, segment of the P dose-response function may 
not be suitable quantitatively for use in more practical situations (Angel et al., 2002; Rosen, 



Table 2 
...... 

"' 
Summary of microbial phytase phosphorus equivalency studies in poultry 

Reference Basal diet Inorganic Response criteria P equivalence Phytate-P Phytase 

Type Total P Phytate-P Ca:P 
P source (FfU=g P) released (%) source 

(gkg-1) (gkg-1) ratio :'ll 
;:t: 

Broilers ~ 
Schoner et al. Maize-soy 4.5 2.3 1.33 MCP Pretention 700=1.000 43.5 A. niger -l\' 

(1991) :0::: 

Schoner et al. Maize-soy 3.5 2.3 1.71 MCP Weight gain, P 850= 1.000 43.5 A. niger ~ 
(1993) retention 

s. 

Denbow et al. Soybean meal 3.8 1.8 2.00 DFP Weight gain, toe ash 821 = 1.000 55.6 A. niger t 
(1995) ..... 

Kornegay et al Maize-soy 4.4 2.4 2.00 DFP Weight gain, toe ash 939= 1.000 41.7 A. niger 
;... 

(1996) l 
Yi et al. (l996b ), Soybean meal 4.5 1.8 2.00 DFP Weight gain, toe ash 1146= 1.000 55.6 A. niger ~ 

Expt.l l 
;I Yi et al. (l996b), Maize-soy 5.1 2.4 2.00 DFP Weight gain, toe ash 785= 1.000 41.7 A. niger r Expt. 2 

Yonernochi et al. Maize-soy 6.0 3.0 1.50 DFP Gain, intake, tibia ash 500= 1.172 39.1 A. niger 
(2000) and P, plasma P § 

I:>. 
Augspurger et al. Maize-soy 3.6 2.6 2.08 KH2P04 Weight gain, tibia ash 500= 1.250 48.1 E. coli ~ 

(2003) r Adedokun et al. Maize-soy 3.9 2.7 1.95 MSP Gain, feed intake, toe 1000= 1.031 38.2 E. coli S' 
(2004) and tibia ash, ~ 

Turkeys 
.... 
~ 

Ravindran et al. Soybean meal 4.9 2.2 2.00 DFP Weight gain, toe ash 652= 1.000 45.5 A. niger ~ 
(1995b) 8 

Applegate et al. Maize-soy 7.2 2.5 1.85 MCP Weight gain, toe ash 500=2.125 85.0 E. coli ~ .... 
(2003a,b,c) .l.. 

Esteve-Garcia et al. Maize-soy 6.1 3.6 1.97 DCP Weight, toe and tibia 413 = 1.000 27.8 H. 
.... 

(2005) ash polymorpha 

Ducks 
Orban et al. (1999) Maize-soy 4.8 3.0 1.75 MSP Weight gain, plasma P 750=0.600 20.0 E. coli 
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2003). Thus, there is the contention that it is not feasible to place a single P equivalence 
value on phytase feed enzymes in broiler diets (Driver et al., 2005a). In a given situation, 
dietary concentrations of phytate-P, in particular, Ca and non-phytate-P and phytase inclu­
sion levels will influence P equivalency and, consequently, these factors should be taken 
into consideration. 

5. Impact of exogenous phytase on growth perfonnance 

Since the report of Simons et al. (1990), several hundred investigations into the effects 
of various microbial phytases on growth performance of poultry have been completed, 
which precludes their individual consideration. Predictably, the addition of phytase to P­
inadequate diets has been consistently shown to enhance growth performance. In the study 
of Simons et al. (1990), phytase addition (1500 FfU kg- 1) to diets containing 4.5 g kg- 1 

total P increased weight gain (733 g versus 338 g) and feed efficiency (1.50 versus 1.85) of 
broilers from 0 to 24 days of age. Subsequently, Cabahug et al. (1999) reported that phytase 
addition (400 and 800FI'Ukg-1) to 2.3 gkg-1 non-phytate-P diets increased weight gain 
(18.8%), feed intake (9.0%) and feed efficiency (7.9%) of broiler chicks from 7 to 25 days 
of age. However, responses to phytase by broilers offered 4.5 gkg-1 non-phytate-P diets 
were more modest (respective increases of 5.0, 5.0 and 0%), with a significant interaction 
between non-phytate-P level and phytase addition for weight gain. Generally, responses to 
phytase in feed intake and weight gain are more robust and consistent than feed efficiency 
responses. Rosen (2003), from multi-factorial analyses of phytase feeding trials, argues that 
feed efficiency responses to phytase have been declining with time, which he attributes to 
concurrent improvements in broiler strains, feeds and management techniques. 

Phytase supplementation of P-adequate broiler diets has been shown to generate equiv­
ocal growth performance responses, which may be mediated by dietary nutrient specifi­
cations. For example, in a study reported by Selle et al. (1999), standard and modified 
sorghum-based diets were offered to broilers from 7 to 25 days of age, without and with 
600FTUkg-1 phytase. The modified diets contained reduced specifications in P, Ca, pro­
tein/amino acids and energy density. Phytase did not influence growth performance of 
broilers on standard diets but significantly increased weight gain (7 .6%) and feed efficiency 
(4.7%) in modified diets. Moreover, there was a significant interaction between diet type 
and phytase addition for feed efficiency. Treatments had no effect on toe ash contents, which 
indicates that dietary P levels were not limiting. 

It appears that nutrient specification levels, phytate concentrations and phytase inclusion 
rates in broiler diets are critical, interactive variables. It is likely that high nutrient specifica­
tion levels may accommodate the anti-nutritive properties of dietary phytate concentrations 
and negate responses to phytase supplementation. Consequently, one approach is to decrease 
nutrient specifications appropriately and counter potential reductions in growth performance 
with phytase supplementation, which has been shown to be economically viable (Selle et al., 
2003b). Further studies, to define optimal reductions in nutrient specifications are justified. 
Also, depending on nutrient specification levels, it may be that dietary phytate assumes 
more importance when it exceeds a threshold concentration in broiler diets. If so, it may be 
speculated that this occurs when dietary phytate levels approach 3.0 g kg- 1 phytate-P. 
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Logically, the magnitude of responses to phytase will be more pronounced with increas­
ing inclusion rates of the feed enzyme and, presumably, greater degradation of phytate. 
Shirley and Edwards (2003) investigated phytase supplementation of maize-soy broiler 
diets ( 4.60 g total P kg- 1 ; 2.72 g phytate-P kg- 1 ); responses in selected parameters to graded 
phytase inclusion levels to a maximum of 12,000FTUkg-1 and the results are shown in 
Table 3. From the tabulated data it is evident that increasing phytase inclusions are asso­
ciated with substantial increases in total tract phytate degradation ranging from 0.403 to 
0.948. Moreover, phytate degradation was correlated with large increases in Pretention, tibia 
ash, weight gain, feed intake, nitrogen (N) retention, feed efficiency, apparent metabolis­
able energy (AME) and Ca retention (ranked in descending order of significance) and 
these increases are numerically most pronounced at the highest phytase inclusion rate of 
12,000FTUkg-1. At such extreme inclusion rates, however, the possibility arises that any 
minor enzymic side-activities that may be present in the phytase preparation may become 
significant, impacting independently on nutrient utilisation. 

It is noteworthy that total P levels were low and non-phytate-P levels deficient 
(1.88 g kg- 1) in the above study. In diets with higher P levels, increasing phytase inclu­
sion rates do not necessarily generate more pronounced responses in broilers. For example, 
there were remarkably little differences in responses to 400 or 800FTUkg-1 phytase over 
a wide range of parameters in broilers as reported by Cabahug et al. ( 1999) and Ravindran 
et al. (2000). Moreover, the addition of seven levels of phytase activity (0-1 000 FTU kg-1) 

to broiler diets containing 7.5 and 3.0g total Pkg-1 were investigated by Ravindran et 
al. (2001). While increasing phytase from 750 to 1000FTUkg-1 slightly benefited amino 
acid digestibility; in contrast, weight gain, feed efficiency and AME responses to phytase 
reached a plateau at 750FTUkg-1, which is quite different to the observations reported by 
Shirley and Edwards (2003). 

Simplistically, these data suggest that increasing dietary P levels impede responses to 
increasing phytase inclusion levels for which there are two straightforward explanations. 
One is that inorganic P, the end-product of phytate hydrolysis, strongly inhibits the catalytic 
activity of phytase (Greiner et al., 1993; Lei and Stahl, 2000). The other is that increased 
liberation of P, induced by phytase, may prompt Ca and P imbalances in the gastroin­
testinal tract. While speculative, a third possibility, which is discussed later, is that high 
phytase inclusions may alter the effective dietary electrolyte balance (DEB) because phy­
tate and phytase influence the secretion of sodium into the gut lumen (Cowieson et al., 2004; 
Ravindran et al., 2006). Higher than standard phytase inclusion rates should be beneficial 
in conventional broiler diets but it may be necessary to modify dietary P, Ca, DEB, and 
possibly other factors, to realise this advantage. 

6. Impact of phytase on protein/amino acid availability 

The extent to which phytase generates improvements in protein/amino acid digestibil­
ity in poultry is variable and the topic remains controversial. The observed variability 
appears to arise from a number of factors including: (i) the choice of inert marker used 
in digestibility assays, (ii) differences between ingredient types, (iii) dietary levels of Ca 
and non-phytate-P and some evidence suggests that (iv) dietary electrolyte balance may be 
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"" Table 3 
The effect of phytase supplementation (0--12,000 FrU kg-1) on growth performance, nutrient utilisation, bone mineralisation, energy utilisation and total tract phytate-P 
degradation in broilers (adapted from Shirley and Edwards, 2003) 

... 
[ 
§ 
...... 
~ 

Phytase Growth performance Coefficient of Tibia AMEn Phytate-P disappearance 
(FfUkg-1) nutrient retention ash (g) (MJkg-1) (coefficient) 

:::0 

[ 
Weight gain Feed intake FCR(gg-1) Ca p N 
(g/bird) (glbird) 

~ 
!t 
go 

0 287 381 1.32 0.456 0.510 0.584 26.0 13.46 0.403 §' 
" 375 399 490 1.23 0.423 0.538 0.689 28.9 13.97 0.495 

750 424 505 1.19 0.441 0.608 0.721 29.7 14.13 0.584 
"' l 

1500 459 548 1.19 0.423 0.654 0.745 34.3 14.20 0.652 ~ 
6000 494 580 1.17 0.495 0.777 0.769 38.6 14.28 0.849 

12000 515 595 1.15 0.534 0.797 0.777 40.7 14.29 0.948 
[ 
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involved; these four factors are examined below in detail. Additional contributing factors 
probably include: age of birds, the inherent digestibility of dietary amino acids, the sources 
and concentrations of phytate in the diet, the amino acid specifications of the test diets and the 
inclusion level and type of added phytase. Studies are warranted to define the effects of these 
aspects. 

At present, the mechanisms underlying the protein-associated responses to added phy­
tase remain largely speculative. It has been suggested that the de novo formation of binary 
protein-phytate complexes in the gastrointestinal tract, which are refractory to pepsin activ­
ity, may be the key mechanism whereby phytate depresses the digestibility of dietary amino 
acids (Selle et al., 2000). The other possible mode of action is that phytate may induce 
increases in endogenous amino acid flows (Ravindran et al., 1999a; Cowieson et al., 2004). 
Both mechanisms would depress apparent ileal digestibility of amino acids in poultry diets, 
which should be countered, at least in part, by phytase supplementation. 

Negatively charged phytate interacts with basic amino acids (lysine, histidine, arginine) 
to form binary protein-phytate complexes when gut pH is less than the isoelectric point of 
proteins (Cosgrove, 1966). Complex formation between sesame seed a-globulin and sodium 
phytate has been described as a hi-phasic reaction (Rajendran and Prakash, 1993). In anini­
tial rapid step, phytate binds protein via strong electrostatic attractions; this is followed by 
slower protein-protein interactions culminating in precipitation when the protein-phytate 
complex exceeds a critical size. In poultry, the de novo formation of binary protein-phytate 
complexes is most likely to occur in the acidic conditions of the proventriculus. As exoge­
nous phytase is mainly active in the crop, it follows that phytase partially prevents the 
formation of protein-phytate complexes by the prior hydrolysis of phytate. Importantly, as 
discussed by Selle et al. (2000), several reports have shown that phytate-bound protein is 
refractory to digestion by pepsin. Vaintraub and Bulmaga (1991) attributed this to reduced 
solubility and structural changes to protein following aggregation with phytate. Recently, 
Cowieson et al. (2004) reported that phytate significantly increased the excretion of total 
endogenous amino acids in broilers (112 mg/bird/48 h versus 87 mg/bird/48 h), which was 
ameliorated by phytase. The increased losses of amino acids were attributed to phytate stim­
ulating secretion of gastrointestinal mucoproteins. Following gastric instillation, pepsin has 
been shown to increase mucin secretions in rats (Munster et al., 1987); this may be relevant 
as phytate renders protein refractory to pepsin activity, which could lead to an excess of 
'free' pepsin in the proventriculus. 

It appears likely the protein effect of phytase largely stems from phytate interfering with 
the dual role of pepsin in initiating and regulating the protein digestive process (Khrehbiel 
and Matthews, 2003). This interference with pepsin may also, indirectly, contribute to 
increased flows of endogenous amino acids. The possible involvement of other mechanisms 
should not be excluded, which, as discussed later, may include the influence of phytate and 
phytase on acid-base homeostasis and intestinal uptake of amino acids (Selle et al., 2005). 

6.1. Microbial phytase supplementation of complete broiler diets and ileal digestibility 
of amino acids 

A number of studies have reported improvements, although to varying extents, in 
the coefficient of apparent ileal digestibility (CAID) of amino acids following phytase 
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Table4 
Comparative sununary of the effects of phytase on coefficient of apparent ileal digestibility (CAID) of essential 
amino acids depending on inert dietary markers 

Amino acid Acid insoluble ash or titanium oxide Chromic oxide 

CAID Response(%) Number of CAID Response (%) Number of 
studies studies 

Arginine 0.846 3.48 5 0.904 1.03 8 
Histidine 0.784 4.64 5 0.856 1.63 8 
Isoleucine 0.786 4.28 5 0.836 2.55 8 
Leucine 0.786 4.77 5 0.867 1.44 8 
Lysine 0.825 3.96 5 0.878 1.08 8 
Methionine 0.899 1.75 3 0.907 0.55 8 
Phenylalanine 0.798 4.62 5 0.865 1.22 8 
Threonine 0.738 6.55 5 0.784 2.29 8 
Tryptophan 0.783 4.57 4 0.838 0.59 3 
Valine 0.775 4.97 5 0.834 1.99 8 

Mean 0.802 4.36 0.857 1.44 

addition to practical broiler diets. A total of 13 published studies have been identified 
(Table 4) where the effect of phytase on digestibility of amino acids has been deter­
mined. In these studies the inert markers selected include chromic oxide (Kornegay, 1996; 
Sebastian et al., 1997; Kornegay et al., 1999; Namkung and Leeson, 1999; Zhang et al., 
1999; Camden et al., 2001; Dilger et al., 2004; Onyango et al., 2005a), acid insoluble 
ash (Ravindran et al., 2000, 2001; Selle et al., 2003c) and titanium oxide (Rutherford 
et al., 2004; Ravindran et al., 2006). The phytase responses on the CAID of essen­
tial amino acids in these 13 studies is summarised in Table 4, where it is evident that 
the effects are of a numerically greater magnitude when acid insoluble ash or titanium 
oxide were used as dietary markers in comparison to chromic oxide. It can be seen 
that, when averaged across studies, added phytase increased the mean digestibility coef­
ficient of essential amino acids 4.4% in the acid insoluble ash and titanium oxide assays, 
whereas in the chromic oxide assays, the mean digestibility coefficient was increased by 
1.4%. 

6.2. Choice of dietary inert markers 

Given this discrepancy, the recommendation by Jagger et al. (1992) that titanium 
oxide should be preferred to chromic oxide as a marker in nutrient digestibility stud­
ies assumes importance. Chromic oxide may lack uniform distribution in digesta dur­
ing transit along the gastrointestinal tract (Sooncharernying and Edwards, 1993) and 
chromium chloride transcends the gut at a faster rate than other dietary constituents 
because of its association with the aqueous, as opposed to the solid phase, of digesta 
(Oberleas et al., 1990). Thus, it is possible that any phytase induced increases in feed 
intake may influence the passage of chromic oxide in the gut and compromise amino 
acid digestibility responses. Some support for this suggestion is provided in a study with 
turkey poults by Yi et al. (1996a) where responses in amino acid digestibility to phytase 
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appeared to be more pronounced in dietary treatments where phytase did not alter feed 
intake. 

In addition, analytical methods to determine chromic oxide lack consistency (Sales and 
Janssens, 2003; Kozloski et al., 1998). Moreover, low recoveries and variable results with 
chromic oxide have been attributed to analytical problems caused by the presence of P and 
other minerals in digesta samples (Saba and Gilbreath, 1991; Yin et al., 2000). If so, it is 
possible that the release of phytate-bound P and other minerals by phytase is a confounding 
factor in amino acid digestibility assays involving microbial phytase and chromic oxide 
markers. Thus, it is tempting to speculate that the use of chromic oxide as the dietary marker 
in the majority of phytase amino acid digestibility assays may have generated misleading 
results. Based on studies using titanium oxide and acid insoluble ash assays (Table 4), 
it would appear that the capacity of phytase feed enzymes to enhance ileal amino acid 
digestibility in broilers is greater than generally appreciated. 

6.3. Differences in ingredients: wheat versus maize 

The magnitude of amino acid responses with supplemental phytase appears to be depen­
dent on the ingredient used. This may be related to the concentration, structure and storage 
site of phytate in a particular ingredient and the examples of wheat and maize are dis­
cussed below. AB shown in Table 5, both Ravindran et al. (1999a) and Rutherfurd et al. 
(2002) found that phytase increased the ileal digestibility of essential amino acids in wheat 
(9.2 and 13.4%) to a considerably greater extent than in maize (3.3 and 3.9%). Also, in 
another study, phytase increased the average digestibility of 14 amino acids by 5.1% (0.839 
versus 0.800) in diets based on wheat (800gkg-1) and casein (Ravindran et al., 1999b). 
The interesting discrepancy between wheat and maize may be related to the propensity 
of proteins to be bound by phytate, which is thought to be variable (Champagne, 1988), 
and to the storage site of phytate in the grains (Ravindran et al., 1999b). It is possible 
that phytate is more likely to complex wheat protein than maize protein and, as dis­
cussed by Selle et al. (2000), there is supportive in vitro data for this proposition. This 
could explain the reported differences between the two grains following phytase supple­
mentation and it may be that the configuration of maize protein denies phytate access 
to basic amino acid residues and, therefore, the initiation of protein-phytate complex 
formation. 

6.4. Phytase and protein utilisation 

Phytase has been shown to increase the CAID (Ravindran et al., 1999a) and true ileal 
digestibility (CTID) (Rutherfurd et al., 2002) of amino acids of individual feed ingredients 
in broilers to quite marked extents. Paradoxically, in several studies using purified diets, phy­
tase was found to have no effect on protein utilisation (Peter et al., 2000; Peter and Baker, 
2001; Boling-Frankenbach et al., 200la; Augspurger and Baker, 2004). In digestibility 
assays, methionine is usually the least responsive amino acid to phytase supplementation 
and, because methionine is frequently limiting, this may negate the benefits of more pro­
nounced increases in digestibility of the balance of amino acids in growth performance 
and protein efficiency ratio assessments. Also, phytase is probably less likely to generate 



:-tl 
?: 
fi: ~ 

TableS ·"" 
Comparative effects of phytase on the coefficient of apparent ileal digestibility (CAID) and coefficient of true ileal digestibility (CTID) of amino acids of wheat and 

:c:: 
::.;, 

maize in broilers s::> 
s. 

Amino acid Wheat Maize t 
Ravindran eta!. (1999a) Rutherfurd et a!. (2002) Ravindran et al. (1999a) Rutherfurd et al. (2002) ' S" 
Inherent Response Inherent Response Inherent Response Inherent Response 
CAID (%) CTID (%) CAID (%) CTID (%) 

[ 
~ 

Arginine 0.76 9.3 0.79 12.7 0.82 3.7 0.88 2.3 
Histidine 0.78 9.5 0.80 15.0 0.82 2.9 0.84 6.0 
Isoleucine 0.82 6.6 0.79 15.2 0.78 2.7 0.87 4.6 

~ 
~ 
§' 
" 

Leucine 0.83 6.4 0.84 9.5 0.88 l.O 0.89 3.4 
Lysine 0.72 10.9 0.74 17.6 0.73 3.4 0.87 2.3 
Methionine 0.83 10.8 0.90 2.2 
Phenylalanine 0.84 6.3 0.85 9.4 0.83 2.1 0.90 2.2 

"' 
~ 
;;! 

[ 
Threonine 0.66 15.7 0.77 16.9 0.66 6.7 0.82 7.3 i 
Valine 0.78 8.8 0.79 13.9 0.76 4.1 0.86 4.7 ~ .... 
Mean 0.774 9.2 0.800 13.4 0.785 3.3 0.870 3.9 ~ 

~ 
~ .... 
.1.. .... 

\0 
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responses in atypical diets with low ( <2.0 g kg-1) phytate concentrations, such as those 
used in these studies. 

7. Impact of phytase on energy utilisation 

The possibility that supplementary phytase has a positive effect on energy utilisation in 
poultry has considerable practical implications. Early studies involving dephytinised feed 
ingredients suggested that phytate negatively influences energy utilisation in broilers (Rojas 
and Scott, 1969; Miles and Nelson, 1974). Very few studies have been completed in layers; 
however, Scottet al. (2001) found that phytase increased AME in both maize (13.84 MJ kg- 1 

DM versus 13.36 MJ kg-1 DM) and wheat (14.57 MJ kg-1 DM versus 14.04 MJ kg- 1 DM) 
based layer diets. Alternatively, Liebert et al. (2005) reported that phytase supplementation 
of maize-soy diets did not enhance N-corrected AME in layers. Thus, this discussion is 
confined to broilers and exogenous phytase has quite consistently increased AME of broiler 
diets based on wheat and/or sorghum in studies completed at The University of Sydney 
(Ravindran et al., 1999b, 2000, 2001; Selle et al., 1999, 2001, 2003c, 2005). 

These studies and several other investigations (Driver et al., 2006; Farrell et al., 1993; 
Kocher et al., 2003; Namkung and Leeson, 1999; Shirley and Edwards, 2003) are sum­
marised in Table 6. Overall, phytase supplementation increased AME by an average of 
0.36 MJ kg- 1 DM (or 2.8%) over the non-supplemented controls. The percentage responses 
in AME following phytase supplementation are negatively correlated (r= -0.562; P<0.02) 
to the energy density of the control diets. While the data indicate that phytase positively 
influences energy utilisation in broilers, the lack of a convincing rationale detracts from the 
credibility of this proposition. 

In phytase experiments, wheat may be pre-pelleted separately to eliminate intrinsic phy­
tase activity as it might compromise responses to microbial phytase. This approach was 
adopted in one study (Selle et al., 2001), in which phytase did not enhance energy util­
isation. Interestingly, there are indications that extrusion of wheat reduces solubility of 
protein and phytate (Ummadi et al., 1995a,b), which may render phytate less susceptible 
to hydrolysis. Interestingly, Park et al. (2000) have shown that heat-treatment of rapeseed 
meal reduces phytate degradation by ruminal fermentation in sheep. It seems possible, 
therefore, that the prior steam-pelleting of wheat per se may have contributed to the lack 
of a response to phytase. However, Edwards et al. (1999) found that extruding maize-soy 
broiler diets reduced phytate-P retention by 13.1%, whereas steam-pelleting diets did not 
influence phytate-P retention. 

Instructively, Camden et al. (200 1) evaluated two phytase feed enzymes (Bacillus subtilis 
at 250, 500, 1 000; A. niger at 500 FTU kg- 1) in broilers offered maize-soy diets. Overall, 
phytase increased ileal digestibility coefficients of fat by 3.5% (0.954 versus 0.921), pro­
tein by 2.6% (0.866 versus 0.844) and starch by 1.4% (0.978 versus 0.964). This was 
associated with phytase-induced increases in AME of 0.17 MJ (15.29 MJ kg-1 DM versus 
15.12MJ kg-1 DM) and apparent ileal digestibility of energy of 0.26MJ (16.34MJkg- 1 

DM versus 16.08 MJ kg-1 ). Thus, this study indicates, as suggested earlier by Baker (1998), 
that the positive impact of phytase on energy utilisation stems from an accumulation of 
increases in fat, protein and starch digestibilities. 



Table6 
Effects of phytase supplementation on energy utilisation (AME or AMEn) in broiler chickens 

Reference Diet type AME (MJ kg-1 DM) Response Phytase (FfUkg-1) :-a 
;:t: 

Control Phytase MJkg-1 DM %• 
..., 
~ 

Driver et a!. (2006) Maize-soy (AMEn) 12.49 12.62 0.13 1.0 24,000, Apergillus niger 
.!'> 
:0:: 

Above plus peanut meal 12.13 12.83 0.70 5.8 24,000, Apergillus niger ~ 
1:1 

Farrell et a!. (1993) Sorghum (AMEn) 12.80 13.10 0.30 2.3 750, Apergillus niger 
;!;. 

~ 
Kocher et al. (2003) Wheat 14.88 14.96 0.08 0.5 Mean of two phytases ;o 

' Sorghum 16.15 16.18 0.03 0.2 Mean of two phytases ;:... 

Namkung and Leeson (1999) Maize-soy (AMEn) 11.89 12.16 0.27 2.3 1200, Apergillus niger [ 
Ravindran eta!. (l999b) Wheatperse 11.07 11.65 0.58 5.2 600, Apergillus niger :il 

~ Wheatperse 13.55 14.17 0.62 4.6 600, Apergillus niger 
~ Barley per se 12.36 12.69 0.33 2.7 600, Apergillus niger §" 

Wheat-sorghum 2.3 g kg-lb " Ravindran et a!. (2000) 13.33 13.52 0.19 1.4 400 + 800, A. niger " 1:1 
Wheat-sorghum 4.5 g kg- 1 b 12.67 13.38 0.71 4.6 400 + 800, A. niger 5. 

Ravindran et a!. (200 I) Wheat-sorghum blend 14.22 14.55 0.33 2.3 500, Apergillus niger 
i;l 

Selle et a!. (1999) Sorghum 12.46 12.87 0.41 3.3 600, Apergillus niger ~ 
Selle eta!. (2001) Wheat (pre-pelleted) 14.2 14.1 -0.1 -0.7 600, Apergillus niger i 
Selle et a!. (2003c) Wheat-sorghum blend 13.79 14.38 0.59 4.3 600, Apergillus niger 

~ .... 
Selle eta!. (2005) Wheat-sorghum blend 14.22 14.56 0.34 2.4 600, Apergillus niger b: 
Shirley and Edwards (2003) Maize-soy (AMEn) 13.46 14.13 0.67 5.0 750, Apergillus niger ~ 
Mean 13.27 13.64 0.36 2.8 662FfUkg-lc ~ .... 

• Percentage improvements over non-supplemented controls. .!.. .... 
b Non-phytate-P. 
c Excluding Driver et a!. (2006) and Kocher et a!. (2003 ). 

~ 

~ 

' 
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7.1. Phytase and energy derived from fat, protein and starch 

As discussed by Cosgrove (1966), there is evidence of phytate interactions with lipid in 
maize and it was suggested that these 'lipophytins' are a complex of Ca/Mg-phytate, lipids 
and peptides. It seems possible therefore, that Ca-phytate and lipids may be involved in 
the formation of metallic soaps in the gut lumen of poultry, which are major constraints on 
utilisation of energy derived from lipid, particularly saturated fats (Leeson, 1993; Atteh and 
Leeson, 1984). Interestingly, Matyka et al. (1990) found that beef tallow reduced phytate-P 
utilisation in young chicks and increased the percentage of fat excreted as soap fatty acids. 
Ravindran et al. (2000) reported more pronounced AME responses to phytase in diets with 
higher Ca levels, which is consistent with the involvement of Ca-phytate complexes in the 
formation of insoluble metallic soaps. If Ca-phytate is a component of metallic soaps in 
broilers it follows that phytase would partially prevent their formation by prior hydrolysis of 
phytate in more proximal parts of the gut. Thus, this is one possible mechanism underlying 
the increased ileal digestibility of fat, reported by Camden et al. (200 I), following phytase 
supplementation. Enhanced digestibility of amino acids would increase the utilisation of 
energy derived from protein, and, in this connection, the roles of phytate and phytase have 
been discussed in the previous section. 

It has been suggested that phytate may bind with starch either directly, via hydrogen 
bonds, or indirectly, via proteins associated with starch (Thompson, 1988; Rickard and 
Thompson, 1997). This would provide a rationale for phytase increasing energy utilisation 
from this source; however, as discussed by Selle et al. (2000), there is a paucity of in 
vitro evidence to support the existence of starch-phytate complexes. Alternatively, phytate 
is a potent inhibitor of a-amylase activity. This was first demonstrated by Cawley and 
Mitchell (1968) and has been frequently confirmed in subsequent studies, as reviewed by 
Selle et al. (2000). Indeed, Desphande and Cheryan (1984) proposed that phytate inhibition 
of a-amylase might play a physiological role in relation to starch reserves during seed 
germination. While Martin et al. (1998) reported that phytase supplementation reduced 
amylase activity in the small intestine of ducks, it is not clear if phytate inhibition of a­
amylase in the gastrointestinal tract of poultry limits starch digestion. However, responses to 
a-amylase supplementation have been reported in broilers (Gracia et al., 2003) and turkeys 
(Ritz et al., 1995). It seems possible that phytate inhibition of a-amylase may impede starch 
digestion, which would be countered by phytase, but it is possible that this effect is marginal. 

7.2. Phytate, phytase and sodium: possible consequences 

Sodium phytate and exogenous phytase have been shown to have pronounced effects on 
Na excretion rates in broilers offered atypical diets (Cowieson et al., 2004); phytate increased 
Na excretion by a four-fold factor, which phytase reduced by 44%. Importantly, similar, 
significant effects have also been reported in broilers offered conventional diets (Ravindran 
et al., 2006). Phytate, derived from rice bran, increased Na losses at the ileal level by 
60% and phytase reduced these losses by 66%. Cowieson et al. (2004) suggested that the 
phytate-induced movement ofNa into the gut lumen was to buffer this polyanionic molecule; 
however, in conventional diets it is conceivable that there are alternative explanations as 
phytate probably would bind Ca more readily than Na. Nevertheless, on the basis of these 
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two recent studies, phytate and phytase influence the Na status of broiler chicks. It is 
possible, therefore, that phytate and phytase influence acid-base homeostasis and may also 
compromise Na-dependant co-transport mechanisms involved in the intestinal uptake of 
glucose and certain amino acids in broilers (Garriga et al., 2000; Sklan and Noy, 2000; 
Gal-Garber et al., 2003). 

Exogenous phytase has been shown to increase blood glucose concentrations in pigs 
(Johnston et al., 2004; Kies et al., 2005) and it is likely that phytate impedes glucose 
uptake in humans. For example, there were marked increases in glycaemic indices of human 
patients following dephytinisation of navy bean flour (Thompson et al., 1987). However, 
the addition of 8 g phytate kg-1 to a test meal of 50 g glucose significantly reduced blood 
glucose responses in humans (Demjen and Thompson, 1991). Ali discussed by Rickard and 
Thompson (1997), this suggests that phytate-induced reductions in glucose absorption may 
not involve alterations to starch digestion. Interestingly, phytate has been shown to reduce 
fat and protein digestibility, but not that of starch, in balance experiments with rats (Nyman 
and Bjork, 1989). 

Phytase supplementation oflysine-deficient broiler diets increased amino acid digestibil­
ity but, surprisingly, addition of lysine monohydrochloride also increased digestibility of 
certain amino acids (Selle et al., 2005). Moreover, significant treatment interactions for 
nine amino acids (including arginine, lysine, phenylalanine, threonine and tryptophan) were 
observed as responses to phytase were more pronounced in lysine-deficient diets. Lysine, 
a basic amino acid, may contribute to the regulation of acid-base homeostasis (Austic and 
Calvert. 1981) and it is likely that the balance of monovalent electrolytes influences the 
intestinal absorption of lysine in chicks (Riley and Austic, 1989). Conceivably, the impact 
of phytate and phytase on Na movements into the gut may also influence acid-base home­
ostasis. The estimated dietary electrolyte balance (DEB) in the Selle et al. (2005) study 
was 155 meq kg-1, which is less than the recommended DEB level of 250-300 meq kg- 1 

(Johnson and .Karunajeewa, 1985). Interestingly, increasing DEB by 450 meq kg- 1 has been 
shown to increase amino acid digestibility in pigs (Haydon and West, 1990). These authors 
suggested that the increased DEB may have modified the intestinal uptake of amino acids 
via Na+ -dependent transport systems. 

It is noteworthy that phytase has been anecdotally linked to increased moisture in broiler 
excreta and poor litter quality in the field {Debicki-Garnier and Hruby, 2003; Pos et al., 
2003), which could reflect changes in acid-base homeostasis. Therefore, mechanisms under­
lying the effects of phytate and phytase on movements of Na into the gut lumen demand 
further investigation. Finally, it seems possible that alterations to acid-base homeostasis 
and/or Na-dependent transport systems, induced by phytate and phytase, may influence 
intestinal uptakes of glucose and certain amino acids. 

8. Manipulating phytase responses in poultry 

It is probable that a number of factors could be manipulated to enhance phytase efficacy 
and responses in poultry. In broilers, intermittent lighting regimes may increase digesta 
retention in the crop (Hooppaw and Goodman, 1976); logically, given that the crop is 
probably the major site of activity, this simple procedure could facilitate phytate hydrolysis 
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by phytase. Recommended inclusion rates of contemporary phytase feed enzymes may be 
conservative but, as discussed, appropriate dietary formulations may be needed to realise 
benefits from higher additions. It remains possible that inherently more effective phytase 
feed enzymes, with the capacity to degrade the majority of phytate in broiler diets, will be 
developed. 

Alternatively, the simultaneous inclusion of phytase with other exogenous enzymes may 
be beneficial, particularly if substrate access is enhanced. The combination of phytase and 
xylanase in wheat-based diets (Ravindran et al., 1999b; Zyla et al., 1999a,b) appears to be 
advantageous and it is possible that xylanase facilitates substrate access and the absorption 
of nutrients liberated by phytase. Combinations of different phytases and acid phosphatases 
have been evaluated (Zyla et al., 2004) and it may be that acid phosphatase accelerates 
phytase-induced dephosphorylation of phytate. The simultaneous inclusion of phytase with 
a-galactosidae, f3-glucanase and xylanase has been investigated in maize, barley and wheat­
based diets, respectively, by Juanpere et al. (2005) and Cowieson and Adeola (2005). The 
data suggest that phytase in combination with carbohydrase and protease has additive effects 
in nutritionally marginal broiler diets. Thus, further research into enzyme 'cocktails' is 
justified. 

8.1. The influence of calcium on phytase efficacy 

Importantly, Ballam et al. (1985) considered that Ca is the most underestimated factor 
contributing to phytate-P availability and, as reviewed by Angel et al. (2002), dietary levels 
of Ca (and Ca:P ratios) are crucial to phytase efficacy. Nevertheless, appropriate dietary 
calcium levels, and Ca:P ratios, in phytase-supplemented broiler diets still require proper 
definition; although, there is consensus that 'narrow' Ca:P ratios should be adopted. Ca:P 
ratios in the range of 1.1 to 1.4:1 have been recommended for turkeys (Qian et al., 1996b) 
and broilers (Qian et al., 1997). However, because increasing dietary Ca levels per se can 
generate negative effects, defining the impact of Ca on phytase is not straightforward. 
Qian et al. (1997) found that increasing Ca (5.61-10.20 gkg-1) and Ca:P ratios (l.l-2.0:1) 
depressed weight gain (420 glbird versus 553 glbird) of broilers to 21 days of age. However, 
900FfUkg-1 phytase enhanced weight gain in diets with both narrow (615 glbird versus 
553 glbird) and wide (541 glbird versus 420 glbird) Ca:P ratios. 

Limestone is known to have a high acid-binding capacity (Lawlor et al., 2005) and, as 
a result, binds more acid and increases digesta pH in the proximal gut. The addition of 
Ca, as limestone, to broiler diets has been shown to increase crop pH (Shafey et al., 1991), 
which is the main site of phytate degradation by phytase feed enzymes. Depending on 
their spectrum of activity, variations in crop pH could directly influence phytase efficacy. It 
is noteworthy that phytase generated enhanced bone mineralisation in broilers following a 
reduction in crop pH (5.4 versus 6.4), induced by glutamic acid (Murai et al., 2001). Perhaps 
more importantly, elevations in crop pH may increase mineral-phytate complex formation, 
including Ca-phytate that reduces the susceptibility of phytate to hydrolysis (Wise, 1983; 
Maenz et al., 1999). Another possibility is that Ca is an inhibitor of phytase activity (Qian et 
al., 1996a), but the data on this aspect are conflicting (Mahajan and Dua, 1997). However, it 
is noteworthy that dietary Ca (9.0 g kg- 1) has been shown to reduce both mucosal phytase 
activity and ileal phytate degradation (Applegate et al., 2003a). 
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8.2. Differences in phytate hydrolysis between feed ingredients 

It is likely that the susceptibility of phytate to phytase hydrolysis may vary between feed 
ingredients, but this possibility has received very little attention. Leske and Coon (1999) 
investigated the effects of 600 FfU kg-1 phytase activity on phytate (1P6) degradation in a 
total tract assessment in broilers. Increased phytate hydrolysis (values in parentheses) varied 
amongst seven feed ingredients: canola meal (6.3%), rice bran (11.0%), wheat middlings 
(11.5%), barley (15.2% ), wheat(17.8%), maize (28.2%) and soyabeanmeal (37.5%). Intrin­
sic phytase activity in wheat, wheat middlings and barley may have been a confounding 
factor. However, it would appear that phytase more readily hydrolyses phytate in soyabean 
meal and maize than in canola meal and rice bran, although the two latter feed ingredi­
ents contained higher levels of phytate. Further studies similar to this, preferably based on 
ileal degradation rates and taking phytate concentrations into consideration, should prove 
instructive. 

8.3. The influence of feed additives on phytase efficacy 

Various feed additives may complement the efficacy of phytase in broilers where Vita­
min D3 (cholecalciferol), hydroxylated D3 compounds and citric acid have probably 
received the most attention. Edwards (1993) demonstrated that the inclusion of 1,25-
dihyroxycholecalciferol in broiler diets enhanced phytate-P utilisation, which has been 
confirmed in subsequent studies (Biehl and Baker, 1997; Mitchell and Edwards, 1996; 
Driver et al., 2005b). Citric acid was shown to prevent rickets in rats (Shohl, 1937) and, 
more recently, to enhance phytate-P utilisation in broiler chicks (Rafacz-Livingston et al., 
2005) but not layer hens (Boling et al., 2000b). Boling-Frankenbach et al. (2001b) con­
cluded that 40--60 g citric acid kg - 1 in maize-soy broiler diets decreased P requirements by 
l.Ogkg-1• 

Instructively, Snow et al. (2004) evaluated combinations of 1o:-hydroxycholecalciferol 
(up to 15 tLgkg-1), citric acid (up to 40gkg-1) and A. niger phytase (300FfUkg-1) in 
low P diets (1.3 g non-phytate-Pkg-1, 2.6 g phytate-Pkg-1) offered to broiler chicks from 
8 to 21 days. Based on responses in growth performance and tibia ash, all three feed 
additives increased phytate-P utilisation and their positive effects were generally additive. 
In contrast, it has been shown that other feed additives may have deleterious effects on 
phytase efficacy. For example, high levels of zinc (Augspurger et al., 2004) and copper 
(Banks et al., 2004) in broiler diets have been shown to have negative influences in this 
context. 

The incorporation of mineral chelating agents into poultry diets has the potential to 
enhance phytate degradation by microbial phytase. From in vitro investigations by Maenz 
et al. ( 1999), numerous cations (Zn2+, Fe2+, Mn2+, Fe3+, Ca2+, Mg2+) have the potential to 
form mineral-phytate complexes, which are resistant to phytate hydrolysis at neutral pH. 
However, acidification of the media to pH 4 decreased the inhibitory potency of divalent 
cations. Moreover, chelating agents, including EDTA, citric acid and phthalic acid, have the 
capacity to render phytate more susceptible to phytase hydrolysis. Further investigations 
into the combined use of phytase and mineral chelating agents in poultry diets are merited, 
although the inclusion cost of chelating agents is clearly a critical consideration. 
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8.4. Feed ingredients with reduced phytate-P contents 

Supplementation of poultry diets with phytase is one approach to reduce the negative 
impact of phytate; another, is the formulation of diets containing reduced levels of phytate. 
Particular interest, as initially reported by Huff et al. (1998), has been expressed in high 
available phosphorus maize, which has been the subject of several, subsequent evaluations 
(Douglas et al., 2000; Li et al., 2000; Waldroup et al., 2000; Yan et al., 2000). An alternative 
approach is to pre-treat feed ingredients with phytase to reduce phytate concentrations 
(dephytinisation) and several aquacultural experiments with dephytinised feed ingredients 
have been reported. Newkirk and Classen (1998, 2001) have evaluated dephytinisation 
procedures and the inclusion of dephytinised canola meal in broiler diets. Both approaches 
hold promise but their practical adoption will depend on the global acceptance of genetically 
modified crops in the first instance and, in the second, the costs and benefits of dephytinised 
feedstuffs for pigs and poultry. 

From a scientific standpoint, dephytinised feedstuffs could prove to be a valuable means 
to define the anti-nutritive properties of phytate. It is noteworthy that Newkirk and Classen 
(2001) found higher CAID for amino acids in maize-soy broiler diets containing 300 g 
dephytinised canola meal kg-1 in comparison to placebo-treated canola meal. This substi­
tution with dephytinised canola meal increased the mean CAID coefficient of 17 amino 
acids by 17.4% (0.752 versus 0.648). 

9. Phytase supplementation oflayer diets 

Compared to broiler chicks, phytase inclusion in diets for laying hens has been the 
subject of less research. The underlying reason may be that the P requirement for layers has 
not been established and it is likely that the NRC ( 1994) recommendation of 250 mg non­
phytate-Pihenlday is excessive (Keshavarz, 2000). This may be complicated by the failure 
to recognise the contribution of digestible phytate-P in layers (Boorman and Gunaratne, 
2001). Fundamentally, it is probable that layers are better equipped to accommodate the 
nutritional insults of phytate than broilers. 

Liebert et al. (2005) contend that the benefits of phytase supplementation of layer diets 
are 'still under discussion'. However, van der Klis et al. ( 1997) demonstrated the efficacy of 
phytase in layers in a study in which an HPLC method was used to determine phytate. These 
researchers reported that in maize-soy diets, containing 2.4g phytate-Pkg-1, 500FfU 
phytase activity kg- 1 substantially increased ileal degradation of phytate (0.661 versus 
0.081 ). Thus, phytase degraded 0.58 of dietary phytate {IP6) and increased ileal P absorption 
(0.545 versus 0.262); in contrast, Ca absorption (0.706 versus 0.720) was not influenced. It 
is likely, therefore, that, with judicious application, phytase inclusion in layer diets will be 
of benefit. 

Anecdotally, the substitution of tricalcium phosphate (TCP} with microbial phytase in 
layer diets in Asia was the first time acceptance of this feed enzyme extended beyond the 
Netherlands to any real extent. Of relevance is that TCP is an inorganic P source, thought to 
be contaminated with fluoride, which has adverse effects on egg production. For example, 
Urn and Paik ( 1999) reduced TCP in maize-soy layer diets from 14.0 to 7.0 and 0 g kg- 1, 
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which were supplemented with 500 FTU kg-1 phytase. Phytase significantly increased egg 
production (86.3% versus 84.5%) in the high P diet and egg production in the lower P, 
supplemented diets was not compromised. There were no differences in eggshell strength 
and Haugh units, only subtle differences in specific gravity and eggshell thickness, and 
phytase reduced P excretion by up to 41% in this study. In another study involving TCP, 
Lim et al. (2003) concluded that phytase supplementation improved egg production and 
reduced percentages of broken and soft eggs and P excretion. However, it was concluded 
that dietary levels of Ca and non-phytate-P could significantly influence the effects of 
phytase supplementation. 

A number of evaluations of phytase supplementation of layer diets have been com­
pleted with more conventional inorganic P supplements than TCP. These include studies 
by Gordon and Roland (1997, 1998), Carlos and Edwards (1998), Scott et al. (1999, 2000, 
2001), Boling et al. (2000a), Keshavarz (2000, 2003), Sohail and Roland (2000), Jalal and 
Scheideler (2001), Ceylan et al. (2003), Francesch et al. (2005) and Panda et al. (2005). 
These 14 studies are summarised in Table 7 and the thrust of these studies, in which diets 
were based mainly on maize and soyabean meal, is that phytase supplementation of layer 
diets permits reductions in non-phytate-P for layers, and consequently P excretion, without 
compromising performance and egg quality. It is noteworthy that phytase inclusion levels 
(250-300FTUkg-1) in layer diets are generally lower than for broilers and this may be 
related to the longer retention of feed in the crop, which facilitates phytate degradation. It 
is possible that phytase enhances Ca availability (Sohail and Roland, 2000) and Ca influ­
ences phytase efficacy (Scott et al., 1999). It may be instructive to focus attention on the 
effects of dietary Ca levels when evaluating phytase supplementation of layer diets. Also, 
it may be possible to reduce additional nutrient specifications in association with phytase 
supplementation (Scott et al., 2001), which would be economically advantageous. 

The effects of phytase on protein digestibility have received little attention in 
layers. However, van der Klis and Versteegh (1991) reported that the addition of 
250-300FTUphytasekg-1 to layer diets resulted in small, but significant, improvements 
in apparent ileal absorption of nitrogen. Snow et al. (2003) investigated the inclusion of 
300FTU phytasekg-1 on amino acid digestibility in moulted layers using acid insoluble 
ash (15 g kg- 1) as the marker. The results are curious, as phytase tended to depress the 
average digestibility of 17 amino acids by 2.3% (0.848 versus 0.868) in a maize-soy diet. 
However, with the addition of either meat-and-bone meal (75 g kg- 1) or wheat middlings 
(1 00 g kg-1) to the basal diet, phytase numerically increased average amino acid digestibil­
ities by 3.1% (0.852 versus 0.826) and 3. 7% (0.898 versus 0.866), respectively. There is 
no obvious explanation for this apparent dichotomy and significant diet type x phytase 
interactions for alanine, glycine, leucine and methionine were observed. In an earlier study 
(Jalal et al., 1999), phytase enhanced the digestibility of alanine, cystine, glutamic acid and 
methionine, but not other amino acids, in maize-soy layer diets. 

10. Future directions and implications 

The present usage of phytase feed enzymes by poultry producers is substantially greater 
than anticipated when they were first introduced. Increasing ecological concerns in relation 
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00 

Summary of phytase supplementation of diets for laying hens 

Reference Phytase Non-phytate-P p Ca Comments 
(FfUkg-1) (gkg-1) source (gkg-1) 

Gordon and Roland 300 1.0-5.0 DCP 40.0 Phytase supplementation of 1.0 g kg-1 npP corrected adverse effects. Phytase did not :'1:1 
(1997) improve performance in diets with higher npP levels ;:t: 

Gordon and Roland 300 1.0 and 3.0 DCP 25.0-31.0 Phytase x npP interactions observed for eggshell quality, feed consumption and egg [{' -(1998) production. Phytase compensated/reduced adverse effects of low dietary npP and Ca ]\" 

Carlos and Edwards 600 3.3 tP Nil 30.0 Phytase and 5 fL8 kg-1 1,25-(0H)zDJ and phytase assessed in two experiments. ~ 
~ 

(1998) Phytase had positive effects on bodyweight, plasma P, tibia ash and phytate-P retention 1:> 

" Scott et a!. (1999) 250,500 2.0 and 4.0, l.l MIDCP 37 and 40 From 55 to 67 weeks, 500FfUkg-1 phytase in 2.2gkg-1 npP diets depressed body i and2.2 wt., egg wt. and FCR. Ca:available P impacted on shell quality. Ca impacted on 
phytase ..... 

;... 
Scott et a!. (2000) 250,500, 2.0 and 4.0, l.l MIDCP 37 and 40 Wheat-based diets, average 629 g kg-1. Phytase had little effect, which was attributed ;:, 

250,500 and2.2 to plant phytase activity in wheat (~821) or mean of 516FrUkg-1 in complete diets [ 
Scott eta!. (2001) 300 2.0-4.2 MIDCP ~37.5 Standard and modified (matrix values) maize or wheat-based diets. From SO to 62 ~ 

weeks. Phytase accommodated reductions to energy, CP, P and Ca with maize (not it 
wheat) f Boling et a!. (2000a) 300 1.0-4.5 NA• 38.0 Diets containing 1.5 or 1.0 g kg-1 available P plus 300 FfU kg-1 supported optimal 
egg production and the latter reduced P excretion by ~50% vs. 4.5 gkg-1 avail P diets 

Keshavan (2000) 300 1.0-4.0 MIDCP 38.0 From 30 to 66 weeks layers on the lowest P regimen+ phytase performed as well as { 
controls. Phytase increased Pretention by 15% and reduced P excretion by 34-47% ~ 

" Keshavarz (2003) 300 1.0-4.0 MIDCP 38.0 Phytase supplementation completely addressed the adverse effects of2.0gkg-1 npP; [ 
at 1.0 and 1.5 gkg-1 effects were partially addressed. P excretion was 21-43% less g 

Sohail and Roland 300 3.0 DCP 31.0-37.0 Study designed to determine phytase effect on Ca. Phytase improved Ca availability, 
(2000) and eggshell quality at 34 gkg-1 Ca; as indicated by improved egg specific gravity 

...... 
t;: 

Jalal and Scheideler A250,B 1.0-3.5 DCP 38.5 Phytase improved feed intake, conversion, egg mass in normal diets and shell quality 
~ (2001) 300 and egg components at 1.0 g kg-1 npP. A vs. B: differences inCa and P digestibility 

Ceylan eta!. (2003) 300 2.0-4.0 DCP 38.0 HAP and standard maize. Phytase supplementation of2.0gkg-1 npP diet did not ~ 
...... 

improve egg production parameters. HAP maize permits reductions in DCP levels .!.. 
Francesch et a!. 150-450 1.1-3.2 DCP 36.0 Experimental phytase, barley and maize-based diets. Phytase compensated for lower 

...... 

(2005) npP levels and reduced P excretion by 49%. Phytase linearly increased P absorption 
Panda et a!. (2005) 500 1.2-3.0 DCP 34.8 There was no advantage in increasing npP above 1.8 g kg-1 or adding phytase. 

Phytase permits 1.2 g kg- 1 npP diets, eliminates added iP and reduces P excretion 

a Not available. 
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to P pollution, a better appreciation of the application of microbial phytases, and their 
decreasing inclusion costs, has contributed to this increasing acceptance. During the past 
15 years, research on the evaluation of microbial phytases in diets for simple-stomached 
species has rapidly expanded, but much of the focus of this research has been on the 
evaluation of various phytases from different sources rather than the investigation of the 
underlying factors causing variability in phytase responses. Fundamental information in 
respect of phytate and phytase is lacking in many aspects, which needs to be generated and 
integrated for a more complete understanding of this subject. 

Clearly there is an urgent need to clarify and define the P requirements of poultry accu­
rately and to develop appropriate terminology to express these requirements uniformly 
(Angel et al., 2002). Ironically, this objective is being complicated by the introduction of 
'low-phytate' feed ingredients and the acceptance of phytase feed enzymes. Existing rec­
ommended requirements for both P and Ca may have to be re-defined in relation to these 
developments. As noted previously, there is a need to develop more relevant and standard 
definitions of phytase activity and, also, for rapid and sensitive assays to determine the 
substrate, phytate. Accurate determinations of phytate concentrations in complete diets, 
ileal digesta and excreta are not straightforward and, arguably, this has limited progress in 
research into, and practical application of, microbial phytases. Also, phytate itself requires 
further study, particularly from a structural point of view in different feed ingredients and 
its susceptibility to hydrolysis by phytase activity. 

Dietary manipulations to facilitate the activity of exogenous phytases should be con­
sidered and applied appropriately. Low dietary levels of Ca and P and narrow Ca:P appear 
advantageous. The simultaneous inclusion of phytase and xylanase in wheat-based diets has 
been shown to generate synergistic increases in digestibility of some amino acids (Ravindran 
et al., 1999b; Selle et al., 2003c). Phytate is concentrated in the aleurone layer of wheat 
(Ravindran et al., 1995a) and it may be that xylanase facilitates access of phytase to its sub­
strate in the aleurone, which is the case for proteolytic enzymes (Parkkonen et al., 1997). 
The simultaneous use of 3-phytase, 6-phytase and acid phosphatase in broilers, as inves­
tigated by Zyla et al. (2004), may also increase phytate degradation rates in poultry. It is 
possible that combinations of phytase and various enzymes may be similarly advantageous 
for other feed ingredients (Cowieson and Adeola, 2005). It is also possible that chelating 
agents may facilitate phytate degradation with economic viability and this option needs to 
be further explored. It is generally assumed that the 'nutrient release or equivalency' values 
for phytase is valid independent of the raw material used. Clearly this is not the case and it 
is known that responses to phytase addition vary in different raw materials. Most nutrient 
release values have been generated from studies with broiler starters. But the efficacy of 
microbial phytase may vary with the age of birds, though this has not been considered in 
practical context, perhaps for reasons of simplicity. The possible influence of gender on 
phytase responses has also not been studied. 

The original phytase feed enzymes were produced mainly from fungi. But recent devel­
opments in the production and/or expression of enzymes in other forms of microorganisms, 
such as bacteria and yeast, have resulted in new exogenous phytases. There is suggestive 
evidence that such bacterial phytases may be more efficacious in broiler chickens. For 
example, Augspurger et al. (2003) reported that a bacterial phytase derived from E. coli 
liberated more P in broilers than two recombinant fungal phytases, based on increases in 
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tibia ash relative to inorganic P supplementation. It has been reported that the E. coli phytase 
is more resistant to pepsin activity than fungal phytases (Rodriguez et al., 1999; lgbasan et 
al., 2000}, which may explain the increased liberation of phytate-bound P. Nevertheless, it 
remains possible that 'second-generation' phytase feed enzymes with an inherently greater 
capacity to hydrolyse dietary phytate, which would further reduce P excretion and generate 
greater amino acid and energy responses, will be developed in the foreseeable future. The 
ideal enzyme would have high specific catalytic activity (per unit of protein), good ther­
mostability during feed processing, high activity under wide ranges of gut pH, resistance 
to proteolysis and good stability under ambient temperatures. 

Finally, it is important to recognise that the transit time and pH limitations within the 
digestive tract of poultry do not permit complete dephosphorylation of phytic acid to myo­
inosotol and inorganic P moieties. Exogenous phytase probably hydrolyses less than 0.35 of 
dietary phytate in broilers and clearly there is considerable scope to develop strategies that 
will increase phytate-P degradation in poultry. Thus, it appears that considerable advantage 
remains to be realised from further reductions of phytate concentrations either inherently in 
feed ingredients and/or in the gastrointestinal tract by enzymatic hydrolysis or other means. 
Dephytinisation, or pre-treatment of feed ingredients with phytase, could become a practical 
alternative, particularly with oilseed meals. The use of low-phytate feed ingredients would 
also reduce dietary phytate contents. Presently, there is considerable interest in low-phytate 
maize, which has been developed following the identification of mutant genes that suppress 
phytate synthesis in the kernel without affecting total P concentrations (Raboy et al., 1990). 
Future developments in molecular biology may increase phytase efficacy, reduce phytate 
accumulation in plants or increase endogenous phytase synthesis in both plants and animals. 
Further research into dephytinisation of ingredients is justified, as it is likely that the negative 
influence of phytate, particularly on protein and energy utilisation, is of a greater magnitude 
than presently appreciated. 
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Abstract Pulque is made by fermenting the agave sap or 
aguamiel of Agave atrovirens with a whole array of 
microorganisms present in the environment including 
several lactic acid bacteria and yeasts such as Saccharomy­
ces cerevisiae. Ascorbic acid was determined in pulque and 
aguamiel, respectively. Phytase activity in lees, liquid and 
freeze-dried pulque was assayed by measuring the appear­
ance of phosphate from phytate by a colorimetric method 
likewise phosphate from phytate present in fresh com 
tortilla was measured after in vitro incubation with pulque. 
Iron, zinc, calcium, magnesium and selenium contents were 
measured in pulque and com tortilla as well as in 
nixtamalized com flour (NCF), the latter is used to make 
instant tortilla. since com provides most of the energy as 
well as most of the phytate in the Mexican rural diet. 
Pulque showed phytase activity but much less ascorbic acid 
and iron than previously reported; additionally, phytase in 
pulque hydrolyzed most of phytate's com tortilla. Lees, 
which is mostly made of pulque s microbiota, significantly 
accumulated iron and zinc but no selenium. NCF was 
fortified with iron by the manufacturers but poorly blended. 
There were significant differences on selenium content 
between tortillas samples, apparently some soils in central 
Mexico are selenium deficient. Moderate pulque intake 
appears to increase the bioavailability of iron and zinc 
bound by phytate in com. 
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Introduction 

Pulque is a beverage brewed mainly from the agave sap of 
Agave atrovirens and Agave salmiana. There are reports 
that it has been made since 990 C.E. [1], it is made and 
consumed mostly by the rural population of central Mexico. 
The agave juice called aguamiel, literally means "honey 
water", is removed by suction from the plants when they 
are 8 to 10 years old by previously cutting off the flower 
stalk; each plant yields about 1500 l of aguamiel. The main 
sugars identified in aguamiel are glucose, sucrose, fructose 
and several pentoses [2]. Fermentation of the sap takes 
place due to the presence of microorganisms in the 
environment or by pitching the agave juice with the lees 
which is the sediment of prior fermented pulque. During 
fermentation aguamiel turns sour as lactic acid and other 
organic acids are formed. The final product, pulque, is a 
white, viscous liquid with about 45 g 1-1 of ethanol and a 
pH of 3.4. 

One study carried out among pregnant women in rural 
central Mexico showed that the relationships of pulque 
intake to predict infant size and Bayley mental performance 
at 6 months of age, were highest when consumption of 
pulque by mothers was about 250 mVday; these findings 
were attributed to ascorbic acid and iron supposedly present 
in pulque [3]. To confirm this finding, we determined 
ascorbic acid level and iron content in several samples of 
aguamiel and pulque. 

On the other hand, median phytate (myo-inositol hexaki­
sphosphate) intake by non-pregnant women in central 
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Mexico, predominantly from corn tortillas, was 4170 mg/ 
day [4]. Phytate in cereals and legumes inhibits absorption 
of iron, zinc, calcium and magnesium [5-8], including that 
of phosphorous. 

We tested the hypothesis that pulque contains phytase 
since this beverage includes several species of Lactobacil­
lus as well as yeasts like Saccharomyces cerevisiae [9] 
which are known extracellular phytase producers [10]. 
Furthermore, corn tortilla was incubated in the presence of 
pulque and inorganic phosphate (Pi) was quantified. 

In addition iron, zinc, calcium, magnesium and selenium 
contents were measured in pulque, aguamiel and the lees as 
well as in corn tortillas and nixtamalized com flours (NCF) 
used to prepare instant tortillas. Nixtamalization is the lime­
treatment of corn. Either corn tortilla or NCF contains about 
870 mg of phytate per 100 g of either food on a dry basis 
[11]. Selenium was determined in pulque and corn tortilla 
because in rural areas consumption of animal foods, which 
are good sources of it [12, 13], is marginal. 

Materials and Methods 

Samples Sources 

Pulque and aguamiel samples were obtained from several 
producers located in the states of Tlaxcala, Puebla and 
Hidalgo. Samples from each supplier were pooled and 
stored at 4 °C at the laboratory. Liquid pulques I and 2 
were assayed at the third and fourth day after being 
produced. Samples of lees, pulque and aguamiel were 
freeze dried. Pulque samples were as follows: fresh, X 1; 

3 days old, x2 and 4 days old, x3. 
One source of corn was a gift from farmers at Tepoztlan, 

Morelos and tortillas were prepared by the traditional 
method (Cravioto et al. [14]; Corn Tortilla1); another source 
of corn tortilla came from a tortilla shop in the north of 
Mexico City (Corn Tortilla2). Both kinds of tortillas were 
dried overnight in an oven at 50 oc and ground before 
analysis. Six packages, I kg each, of NCF made either by 
Maseca (NCF1) or Minsa (NCF2), the main nixtamalized 
com flour producers in the country, were purchased at 
different groceries in Mexico City. Samples from each 
brand were pooled for analysis. Moisture was determined 
on each of the samples according to the AOAC (method 
945.380) [15]. 

Deionized water was used to prepare all solutions. 

Ascorbic Acid in Pulque and Aguamiel 

Ascorbic acid was determined by triplicate in three pooled 
samples of liquid pulque and two pooled samples of 
aguamiel, according to the AOAC (method 967.21) [15]. 
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Phytase Assays 

Phytase activity was determined in the samples using 
sodium phytate (Sigma Chemical Co., St Louis, MO, 
USA) as a substrate and the Pi liberated in the reaction was 
measured by the method of Fiske and Subbarow [I6]. Pi 
was read at 660 nm with a Perkin Elmer Lambda 20 
spectrophotometer (Perkin Elmer, Inc., Shelton, CT, USA). 
A phosphate standard curve was made from a I mM stock 
solution of KH2P04 which was diluted to prepare a range 
of phosphate standard solutions with concentrations from 
200 to 1000 nmol mC1 Pi. A blank was prepared by 
separate incubation of substrate and sample at 50 °C over 
the 30 min assay period. One unit (U) of phytase was 
defined as the amount of enzyme required to liberate 
l IJ.IllOl Pi min-1 under standard assay conditions. Day-to­
day variability in the assay was assessed by monitoring the 
activity of 0.625 mg ml-1 phytase preparation crude, from 
Aspergillus ficuum (3.5 U/mg; Sigma Chemical Co.) 
dissolved in 200 mM sodium acetate buffer pH 5.5. 

Recently made corn tortilla was dried, ground and 
dissolved 0.05 g ml-1 in 0.1 M glycine HCl pH 2.5 then 
incubated with 100 mg ml-1 of a pooled sample of fresh 
liquid pulque dissolved in 200 mM sodium acetate buffer 
(pH 5.5) at 37 oc for 30 min therefore hydrolysis ofphytate 
present in corn was determined. The assay was run by 
triplicate. Samples with no pulque added were also assayed. 

Background Phosphate Assays 

Often there was background phosphate in the samples 
before the enzymatic assay was carried out, deionized water 
instead of the 0.1% (w/v) sodium phytate solution was used 
and the above procedure followed. 

Digestion of Samples for Atomic Absorption Spectroscopy 

Digestion of the samples took place in an Anton Paar 
Physica microwave oven (Graz, Austria) model Multiwave. 
Each sample was run by triplicate. 

Iron, zinc, calcium and magnesium in the samples were 
quantified by flame atomic absorption spectroscopy accord­
ing to the AOAC (method 985.35) [I5] using a Perkin 
Elmer atomic absotption spectrophotometer, model Aana­
lyst 100, with the appropriate hollow cathode lamp for each 
element. Calcium was determined adding to the samples up 
to I 00 J..Ll of a 5% lanthanum oxide solution (Aldrich 
Chemical Co., Milwaukee, WI, USA) dissolved in concen­
trated HCl at 60 °C. Selenium was determined by hydride 
generation with a Perkin Elmer hydride system model 
MHS-10. A 1% sodium borohydride (Sigma Chemical Co.) 
solution dissolved in 0.1 M NaOH was used for the 
formation of the volatile hydride [17]. Calibration curves 
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were prepared using certified standard solutions for the five 
elements (AccuStandard Inc., New Haven, CT, USA). 
Detection limits, expressed in mg r 1

, were as follows: Fe, 
0.0003; Zn, 0.0008; Mg, 0.00001; Ca, 0.001; Se, 0.00002. 

Statistical Analysis 

Significance of the differences among means of phytase 
activity, inorganic phosphate liberated from phytate and 
background phosphate of the lees and the freeze-dried 
pulque as well as that of liquid samples, including 
aguamiel, was determined by one-way analysis of variance 
coupled with the Duncan's multiple range test. Differences 
with p<0.05 were considered significant. Differences 
among mean values of trace elements and mineral contents 
of the liquid pulque samples as well as those of com 
tortillas and NCF's were determined likewise. 

Results 

Ascorbic Acid Content in Pulque and Aguamiel 

Two of the liquid samples of pulque from different dates 
contained 2.66±0.12 mg of ascorbic acid per 100 ml but in 
the third one ascorbic acid was negligible. On the other 
hand, aguamiel contained in two different samples 2.01 ± 
0.10 mg of ascorbic acid per 100 ml, this indicates that 
ascorbic acid is an endogenous metabolite of the agave. The 
recommended dietary allowance (RDA) fur this vitamin 
during pregnancy and lactation is 85 and 120 mglday, 
respectively [18]. 

Moisture of com tortillas and NCF's was less than 10%, 
whereas pulque showed a moisture content of 93.3%. 

Phytase Activity in Pulque and Other Samples 

The results for phytase activity in the freeze-dried and 
liquid pulque samples are outlined in Table 1. Phytase 
activity is expressed as unit per gram of freeze dried sample 
or unit per l 00 ml of pulque or aguamiel. Pi produced by 
hydrolysis of phytate with phytase present in each sample 
and the background phosphate present in the latter are also 
depicted in the third and fourth columns of Table 1, 
respectively. Phytase activity in sample X1 was significantly 
the highest, probably because the enzyme in x2 and x3 had 
been either inactivated during the freeze-drying step or 
repressed by the background phosphate [19], or both since 
their concentrations of background phosphate per g of 
sample were significantly higher than those of X1 and the 
lees. Another explanation of this difference is the samples' 
age; additionally, phytase activities in x2 and x3 were not 
statistically significant. 
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On regards to the liquid samples, phytase activity in 
aguamiel was significantly lower than that in fresh and 
liquid pulque. Phytase activity in aguamiel, 0.933±0.26 U/ 
I 00 ml, suggests that fermentation was already taking 
place. Fresh pulque showed the highest phytase activity 
among the liquid samples, 3.0±0.16 U/100 ml, and the 
lowest content of background phosphate, 1.7±0.04 mgl 
100 ml, both being statistically significant (p<0.05). 
Phytases initiate the removal of phosphate groups from 
phytate at the carbon ring positions 1, 3 or 6, producing 
inorganic phosphate, the free cations previously chelated to 
phytate and myo-inositol or its intermediate metabolites 
(20]. Over a typical course of 12 assays, phytase activity 
from A. ficuum diluted solution yielded 1370±30 Ug-1 

which was in closed agreement with values previously 
reported [ 19]. 

In the in vitro assay, pulque released 5.0±0.35 mg of Pi 
per g of fresh com tortilla. This indicates that 78% of the Pi 
from phytate was hydrolyzed; probably iron, zinc and 
magnesium present in com tortilla were released by phytase. 
Pi in the blank was less than 1 mglg of fresh com tortilla. 

Trace Elements and Mineral Contents in Pulque, Aguamiel, 
Lees, Com Tortilla and NCF's 

Iron, zinc, magnesium, calcium and selenium contents of 
the pulque samples are depicted in Table 2. Apparently, the 
microorganisms that make the lees provided pulque with 
most of the iron and zinc but just a fraction of selenium. 
Zinc content was much less than iron in the freeze dried 
samples furthermore, no zinc whatsoever was detected in 
any of the liquid samples of pulque. It is surprising the 
highly significant contents of iron and zinc in the lees 
compared with the freeze-dried pulque samples. Further 
work is required to determine availability of these trace 
elements from the lees in humans. 

Iron content in fresh pulque was one order of magnitude 
less than what the Mexican food composition database 
reported [21 ], whereas in the case of the two other liquid 
pulque samples it was about four times less. In contrast. 
aguamiel contained traces of iron but zinc was not detected. 
Calcium and magnesium were present in aguamiel since the 
very beginning of the fermentation but only slight differ­
ences in their contents were observed among the liquid 
pulque samples, the same trend was found with the freeze­
dried samples though no differences were observed. 
However, the lees had significantly less magnesium than the 
freeze-dried pulque samples. Selenium content in all pulque 
samples followed a similar trend as calcium and magnesium. 

Both commercial NCF's were iron fortified (Table 2) but 
the sample variance of iron obtained in the NCF's was 
rather large, apparently because iron stirring in the flours 
did not produce a smooth blend particularly for NCF 1 • The 
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Table 1 Phytase activity offreeze..driedpu/que,lees,liquidpulque and aguamiel, as well as inorganic phosphate hydrolyzed from phytate (PA) 
under the assay conditions and background phosphate in the samples• 

Sample ub g-1 Pi from PA PO:;jlc mg g-1 U 100 m1-1 Pi from PA P043c mg 
100 mr' mg h-lg-1 mg h-1 100 ml-1 

x, 4.042±0.017a 32.98±0.14 a 6.49±0.18 c 

x2 0.329±0.050c 2.68±0.40 c 11.90±0.35 b 

x3 0.550±0.054 c 4.48±0.43 c 16.18±0.15 a 
Lees l.057±0.066b 8.62±0.54 b 4.65±0.38d 
Liquid pulque I 
Liquid pulque 2 
Fresh pulque 
Aguamiel 

1.57±0.067x 
1.65±0.03 X 

3.01±0.16v 
0.933±0.26y 

12.70±0.55 X 

13.49±0.25 X 

24.55±1.3lv 
7.61±2.12 y 

17.0±0.10 v 
9.6±0.20 y 
l.7±0.04z 

15.5±0.025 X 

• Mean values ± SD of replicate samples were analyzed in triplicate. Values within the same column with unlike letters either a to d or v to z are 
significantly different (p<0.05) 
bU=J.Uilol Pi min-1 

c Background P043 as KH2P04 

same trend was observed in calcium and selenium but not 
in magnesium and zinc since the amounts of lime used in 
the nixtarnalization process varied from batch to batch. 
Moreover, lime, depending on its source, contains selenium 
traces as an impurity (data not shown), fact that explains the 
variability observed for selenium contents in both NCF's. 
As it was expected, iron and zinc contents between com 
tortillas were not significantly different. Likewise zinc 
content of com tortillas and the NCF's also was not 
significantly different. 

Table 2 shows that Com Tortilla1 contained significantly 
more selenium than the other samples. Selenium content in 
Com Tortilla2 was not detected; this tortilla was made with 
com grown in the state of Morelos located in central 
Mexico. Selenium content in the NCF's ranged from I to 
I 0 J.l.g/1 00 g; however, most of the com used to make the 
latter comes from abroad. These results suggest that it is 
very likely that selenium intake among the rural population 
of central Mexico is below the RDA which is 60 and 70 J.l.g/ 
day in pregnancy and lactation, respectively [18]. 

Table 2 Iron, zinc, magnesium, calcium and selenium content of pulque, lees, aguamiel, com tortilla and nixtamalized com flours (NCF's)" 

Sample Trace elements and minerals 

Fe Zn Mg Ca Se 

mg/100 g llg/100 g 

x, 2.06±0.4c 0.78±0.06 b 298±70 a 491±119a 10.8±0.77 a 
x2 2.28±0.2 c 0.56±0.04 c 282±51 a 356±52 a 12.2±1.4 a 
x3 5.32±1.2b 0.92±0.25 b 270±45 a 368±92 a 5.91±3.41b 
Lees 16.0±0.9a 11.7±0.3 a 160±22 b 261 ±83 a 6.90±2.4 b 

mg/100 ml !J.g/100 ml 

Liquid pulque 1 0.20±0.01p nd 21.4±0.1 p 26.0±7.3 p 2.58±0.2p 
Liquid pulque 2 0.16±0.07 p nd 14.4±2.2q 22.0±6.4pq 1.61±0.1 q 
Fresh pulque 0.07±0.03q nd 16.4±8.9 pq 20.4±1 q 1.82±0.2 q 
Aguamiel 0.03±0.03q nd 13.8±4.4 q 25.8±5 pq 1.31±0.3 q 

mg/100 g j!g/100 g 

Com Tortilla, 2.64±0.l4y 2.01±0.12 X 117.6±2.2 y 227.6±8.8 X 33±2.7v 
Com Tortilla2 2.41±0.30 y 2.52±0.3 X 139.6±2.5 X 373±7.4v nd 
NCFI 11.3±7.0 X 2.56±0.78 X 160±36 xy 462±324vx 5.31±3.8y 
NCF2 4.7±1.7 X 2.15±0.76 X 149.5±1.4 X 324±316vx 5.39±4.9 y 

• Mean values± SO of replicate samples analyzed in triplicate. Mean values within the same column followed by different letters a to d, p to s, and 
v to z are significantly different (p<0.05} 
nd Not detected 
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Table 3 shows an approximation of the daily contribu­
tions of iron. zinc, magnesium, calcium, selenium, phos­
phorous and vitamin C from pulque and com tortillas in the 
amounts they are consumed by lactating women in rural 
Mexico. It is interesting to observe that the RDA's for 
magnesium, phosphorous and iron are above 100% as well 
as the adequate intake for calcium; however, the bioavail­
ability of these nutrients is considerably reduced by phytate 
and probably by calcium contained in com tortilla [22] 
unless phytase, present in pulque, liberates the covalently 
bound phosphate groups of com tortilla's phytate from the 
inositol ring as well as the trace elements chelated to them 
as it seems to happen in vitro. Whether this occurs in the 
gastrointestinal tract of humans remains to be determined. 

Discussion 

It is the frrst time, to the best of our knowledge, that 
phytase in pulque is reported. It is tempting to speculate 
that the contents of background phosphate and phytase 
activity are related to the age of the beverage, fact that may 
have practical implications in the quality of aguamiel and 
pulque. It is very likely that the background phosphate 
observed in aguamiel which seems to be produced within 
the agave was fully utilized by microorganisms during the 
fermentation to pulque. 

Sandberg and Andersson [23] showed that wheat-bran 
containing phytase hydrolyzed phytate in the stomach and 
small intestine of two healthy men with established 
ileostomy. Backstrand et al. [4] found, from a logistic 
regression model, that each milligram intake of ascorbic 
acid from pulque by nonpregnant women was associated 
with a 5% decrease in the risk of low ferritin and low 
hemoglobin values. In contrast, our findings suggest that 
phytase from pulque s microbiota possibly dephosphory­
lates phytate in the gastrointestinal tract of humans 

Table 3 Estimated percentage of the recommended dietary allow­
ances of several nutrients provided by pulque and com tortilla for 
lactating women (19 to 30 yearst 

Nutrient Fresh pulque, 300 ml 

% 
Iron 3.3 
Zinc nd 
Magnesium 18.6 
Calciumb 8.24 
Selenium 9.1 
Phosphorous 4.0 
Vitamin C 7.8 

"National Academy of Sciences [18]. 
b Adequate intake instead of RDA. 
nd Not detected. 

Com tortilla, 350 

98.0 
67.3 
160 
105 
17.1 
105.7 
nd 
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improving the bioavailability of iron and zinc, the most 
deficient micronutrients in a com tortilla-based diet. 

Furthermore, the assumptions of Backstrand et al. [3, 4] 
that pulque improves iron status because it contains 
ascorbic acid, alcohol and nonheme iron are inaccurate 
instead, the consumption of pulque appears to enhance iron 
and probably zinc absorption by the presence of viable 
microorganisms with phytase activity. 

So far we do not have an explanation on how lees 
accumulate iron and zinc (Table 2) and whether these trace 
elements are available after pulque is consumed. 

Table 3 shows that the nutrients provided by pulque are 
much less than what com tortilla provides, iron intake is 
within recommended levels although iron absorption from 
com tortilla is only 1.93% [24], presumably the inhibitory 
effect of phytate on trace elements and mineral absorption 
is reduced when pulque s phytase cleaves the phosphate 
groups from phytate, even if the latter is partially 
hydrolyzed [25]. Vitamin C intake appears to be deficient 
in the Mexican rural diet which is somewhat puzzling 
because of the wide variety of fruits and vegetables 
available throughout the year in central Mexico. 

In another study done in human subjects drinking a com 
and sorghum beer, iron absorption in the latter was more 
than 12-fold greater compared to a gruel made from the 
same cereals used to prepare the beer, apparently because 
ethanol and lactic acid were present in the final brew as 
well as live brewer's yeast [26]. This beverage certainly 
resembles pulque. 

On regards to the iron fortification of com flours, it is a 
matter of concern the high amount of iron added by 
industry, particularly to NCF 1 (Table 2) since tortillas made 
from Maseca flours, will reach both individuals in need of 
additional iron and individuals without that need. 

Average selenium concentration in soils of the state of 
Tlaxcala, in central Mexico, was about 0.048 ppm, goats 
grazing in these fields showed a marginal selenium status 
[27]. Coincidentally, the state of Morelos is fairly close to 
Tlaxcala, fact that partially explains the absence of 
selenium in com tortillas made with com grown in that 
state (Table 2). Since selenium content in plant foods varies 
greatly depending upon the amount available from the soil, 
continued effort to analyze periodically for selenium in 
foods grown throughout central Mexico should be helpful 
to avoid deficiency among the rural population. 

It can be concluded that vitamin C, selenium, zinc and 
iron are deficient in the diet of lactating women in rural 
central Mexico, albeit moderate pulque drinking appears to 
ameliorate iron and zinc deficiencies by the presence of 
phytase from live bacteria in the latter. 
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Abstract 

Consumers safety of enzyme preparations is determined by three variables: the producing organism, the raw materials used in the 
production, and the production process itself. The latter one is embedded in current Good Manufacturing Practice (cGMP) and 
Hazard Analysis of Critical Control Points (HACCP); therefore the safety focus can be directed to raw materials and the producing 
organism. In this paper, we describe the use of novel genetically modified strains of Aspergillus niger-made by a design and build 
strategy-from a lineage of classically improved strains with a history of safe use in enzyme production. The specifics of the host 
strain allow for integration and over-expression of any gene of interest at a targeted integration site implying that the rest of the host 
genome is not affected by this integration. Furthermore due to the fact that the newly integrated gene copies are put under the 
genetic regulation of the host's own glucoamylase promoter, the recipe of the production process of any new production strain can 
be kept constant with respect to the raw materials composition. Consequently the safety of a new enzyme product from these novel 
genetically modified strains is determined by the background of the production organism. The use of a strain with a history of safe 
use and targeted integration according to the concept described above has consequences for the safety studies on the final product. If 
a known enzymatic activity is over-expressed the safety of a new enzyme preparation is covered by the results of the safety studies 
performed for other strains from this specific Aspergillus niger strain lineage. In this paper an overview is given on the available 
toxicity tests with these strains. We conclude that for new enzyme products produced with strains from this lineage using the design 
and build technology no new sub-acute/chronic oral toxicity studies are needed. This also has the benefit that no longer test animals 
are needed to demonstrate the safety of products produced by these strains. 
© 2003 Elsevier Science (USA). All rights reserved. 

Keywords: Enzyme safety; Micro-organism; Aspergillus niger; Genetic engineering; Secondary metabolites 

1. Introduction 

Microbial enzymes are since many decades used in 
many food processing and animal feed applications. 
Although they are sold for a specific enzymatic function 
they seldom are pure enzyme products. The same holds 
for enzyme preparations derived from plant or animal 
origin. Microbial enzymes may contain other enzymatic 
proteins, metabolites from the production organism, 
remnants of the fermentation raw materials as well as 
added materials such as preservatives and stabilizers. 

• Corresponding author. Fax: +31-15-2793614. 
E-mail address: piet.dijck-van@dsm.com (P.W.M. van Dijck). 

Enzymes in general are consumed in large amounts in 
fresh as processed foods such as meat, eggs, nuts and 
grains, dairy products, fruits, and vegetables. Enzymes 
are proteins and upon ingestion are degraded to pep­
tides and amino acids, which are completely metabolised 
by humans. Enzymes in the diet are as a rule completely 
non-toxic (Aunstrup et al., 1979; Reed, 1975) and can be 
considered intrinsically safe (Noordervliet and Toet, 
1987). Therefore, the safety assessment of microbial 
enzymes for the food processing and animal feed in­
dustry focuses more on the "contaminants" in an en­
zyme preparation than on the enzyme itself (IFBC, 
1990; Kessler et al., 1992; Pariza and Foster, 1983; Pa­
riza and Johnson, 2001). Toxic contaminants may be 
introduced during the whole production process by the 

0273-2300/03/$ - see front matter © 2003 Elsevier Science (USA). All rights reserved. 
doi: 10.1 016/S0273-2300(03)00049-7 
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production organism, the fermentation process (sub­
strates, raw materials etc.), and the isolation and puri­
fication procedures. Note that the latter ones are 
embedded in current Good Manufacturing Practice 
(cGMP) and Hazard Analysis of Critical Control Points 
(HACCP). 

For many decades, Aspergillus niger has been safely 
used in the commercial production of various food en­
zymes, such as glucose oxidase, pectinase, a-amylase, 
and glucoamylase. Industrial production of citric acid by 
A. niger has taken place since 1919 (Rohr et al., 1983). 

This long experience of industrial use has resulted in a 
good knowledge of the characteristics of A. niger and 
understanding of the metabolic reactions. Recently its 
genome has been elucidated (Groot et al., 2002). Ge­
netically modified industrial strains of A. niger have 
been used as a host to over-express food and feed en­
zymes such as phytase and xylanase. Traditionally, the 
genes encoding these enzymes are integrated in a ran­
dom fashion in the genome of the host organism. These 
enzymes are on the market now for almost a decade. 

New technological developments have enabled us to 
construct a new generation of strains according to a 
design and build concept, in which the genes are intro­
duced targeted to a predetermined region in the genome 
of the strain. The safety of this novel generation of en­
zymes for the consumer and the consequences with re­
gard to safety studies are discussed in this paper. 

2. The safety of A. niger 

A. niger is known to naturally occur in foods. The 
fungus is commonly present in products like rice, seeds, 
nuts, olives, and dried fruits. 

The long industrial use and wide distribution of A. 
niger in nature has never led to any pathogenic symp­
toms. Its non-pathogenic nature has been confirmed by 
several experimental studies, as reviewed by Schuster 
et al. (2002). A. niger is therefore generally accepted as a 
non-pathogenic organism. 

Even though products from A. niger have been used 
in food for many decades, there has never been any 
evidence that the industrial strains used are able to 
produce detectable levels of toxins. The non-toxicoge­
nicity has been confirmed by a large amount of toxico­
logical tests, as well as batch testing of the various end 
products for toxins. This non-toxicogenicity does, 
however, not hold for all A. niger strains. A small per­
centage of natural isolates have been shown to possess 
the potential to produce ochratoxin A, a nephrotoxic, 
and carcinogenic mycotoxin (Abarca et al., 2001; Varga 
et al., 2000). Other secondary metabolites isolated from 
A. niger strains comprise nigragillin, the malformins, 
and the naphtho-y-pyrones. These compounds are not 
considered to be mycotoxins. 

The whole body of knowledge from the literature is 
carefully taken into consideration when testing indus­
trial strains for any possible risk during the development 
of a fermentation process. Whenever possible the pro­
duction organism is chosen from strains which have 
been in use for many years and which are examined for 
their ability to produce known toxins under the fer­
mentation conditions. In addition, the products are 
regularly checked that they meet the requirements of the 
health authorities as given in the Food Chemical Codex 
(1996) or in the FAOIWHO Joint Expert Committee on 
Food Additives (JECFA) specifications (1992). 

When a production process at our company DSM is 
developed with a new fungal strain the strain is routinely 
tested for its potential to produce toxic secondary me­
tabolites, including mycotoxins. To this end the strains 
are cultured on agar-media, which are known from lit­
erature to give optimal expression of these toxic sec­
ondary metabolites (Frisvad and Filtenborg, 1989; 
Frisvad and Thrane, 1993). All cultures are incubated 
for 14 days in darkness at 24 °C. For metabolite analy­
sis, the samples are extracted by the method described 
by Frisvad and Thrane (1987) and analysed by high 
performance liquid chromatography (HPLC) equipped 
with a diode array detection (DAD) system (Frisvad and 
Thrane, 1993). The metabolites found are compared to a 
spectral UV library made from authentic standards run 
at the same conditions, and retention indices were 
compared with those of the standards. An extra control 
run is carried out with a fluorescence monitor that de­
tects ochratoxin. 

3. The DSM A. niger GAM strain lineage 

The DSM industrial strain used as a host for over­
expression of enzymes is A. niger DS03043. Strain 
DS03043 is an over-producer of the enzyme glucoamy­
lase, which is shortened to GAM. Consequently this 
lineage of strains is called the GAM strain lineage and is 
derived by classical strain improvement techniques 
(mutagenic treatment followed by selection for im­
proved isolates) from the original strain A. niger 
NRRL3122 from the Culture Collection Unit of the 
Northern Utilization Research and Development Divi­
sion, US Department of Agriculture, Peoria, IL, USA. 
The strain NRRL3122 and its classical derivatives have 
been in use for the production of glucoamylase (and acid 
amylase) by Wallerstein Laboratories since the sixties. 
Wallerstein was acquired by Baxter-Travenol and later 
on divested to Gist-brocades, now part of DSM. 

Strain DS03043 was used as a suitable host strain to 
over-express enzymes of interest for DSM. For over­
expression of phytase, the phytase gene was cloned from 
the donor strain A. niger NRRL3135 (also known as 
Aspergillus ficuum), put in an expression cassette under 
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the control of the host-own glaA promoter. Multiple 
copies of the phytase phyA gene were randomly incor­
porated into the genome of the host. The research yiel­
ded two phytase production strains, designated A. niger 
DS25956 and DS2730 1. These strains are being used in 
large-scale production of phytase, and marketed under 
the brandname Natuphos since 1991. 

Using the same procedures the gene encoding endo-
1,4-13-xylanase gene from a xylanase overproducing 
strain of A. niger (strain DS16813) was over-expressed in 
DS03043 by random integration of multiple copies of 
the xylanase expression cassette. The resulting strain 
A. niger DS26538 is used since 1995 for larger scale 
production of xylanase, marketed under the brand name 
Natugrain Wheat. 

In recent years the strain DS03043 was genetically 
modified to serve as a suitable host for targeted inte­
gration of genes of interest to DSM and over-expression 
of the genes. Genetic analysis of the classical improved 
GAM lineage of strains showed that the increase in 
glucoamylase production capacity is, at least partly, due 
to an increase in the number of gene copies in the strain. 
Whereas NRRL3122 only contained one gene copy of 
the glucoamylase glaA gene, the DS03043 strain con­
tains seven glaA gene copies. Many of the production 
strains that have undergone strain improvement by 
classical mutation and selection techniques have ap­
peared to contain multiple copies of the gene of interest. 

A recombinant strain was derived from DS03043, in 
which the seven glaA loci (i.e., the promoter and coding 
sequences) were deleted, creating so-called !:J.glaA loci. 
Each of these loci was designed in such a way that it can 
be individually detected on a gel electrophoresis system 
(Fig. I). The strain, in which all seven loci had been 
deleted, was used as the primary DSM host strain for 
over-expression of other enzymes. From this strain other 
host strains were derived with additional modifications 
such as inactivation of the major protease pepA and 
with improved enzyme production capability. As spe­
cific demands require new host strains will be derived 
from this A. niger strain lineage. The present set of 
A. niger host strains have been approved as GMO self­
clones1 by the Dutch competent authorities. 

In order to obtain accurate integration and expres­
sion of any desired gene in one of the above-mentioned 
host strains, standard expression units are used, where 
the gene of interest (call it gene X) is inserted between 
the host-own glucoamylase promoter and glucoamylase 
terminator elements in a proprietary Escherichia coli 
vector. Also the amdS gene, to be used as a dominant 
selection marker, was put in such a standard unit. For 
details, see Selten et al. (1995, 1998). 

1 Self-cloning as defined in the European Directive on the 
Contained Use of Genetically Modified Micro-organisms 98/81/EC 
(revision of90/219/EC). 

Prior to the transformation the two vectors (the amdS 
vector and the vector containing gene X) are linearized 
using the appropriate restriction enzymes and all se­
quences derived from E. coli are removed by purification 
on agarose gels. The linearized expression cassettes for 
gene X and the amdS marker are then introduced into 
the host strain. The gene X and amdS expression units­
both completely free of any E. coli DNA-are integrated 
into the genome of the host by co-transformation. Due 
to the homology in the 3'- and 3"-glaA parts of the two 
expression units, these expression units are targeted to 
one of the seven !:J.glaA loci. Transformants are selected 
on agar plates containing acetamide as the sole carbon 
source. Only those clones are able to grow that have 
acquired at least one copy of the amdS expression unit. 

Transformants are selected that contain an amdS ex­
pression unit with several in tandem integrated gene X 
expression units in one of the seven !:J.glaA loci. The se­
lection of these transformants is done by PCR analyses, 
applying gene X and glaA specific primers. Subsequently, 
by counter-selection on fluoro-acetate containing plates, 
a natural variant is selected in which the amdS selection 
marker is deleted as a result of a natural internal re­
combination event. This is schematically depicted in 
Fig. 2. In the recombination event the strain also may 
lose a number of gene X expression units. The absence of 
the amdS marker is confirmed by Southern analysis. The 
resulting organism is thus not only totally free of E. coli 
DNA, but also of the amdS selection marker. 

For further multiplication of the remaining gene X 
expression units in this marker-free organism, the nat­
urally occurring gene conversion is used to fill up other 
!:J.glaA loci. Gene conversion is a natural spontaneous 
process, not involving any mutagenic treatment of the 
strain (Selten et al., 1998). 

Strains can be selected in which up to all seven !:J.glaA 
loci are occupied with multiple copies of the expression 
unit in question, arranged in tandem (see Fig. 3). 

Since the integration of new gene copies into the ge­
nome is targeted there is no disturbance of other parts in 
the genome, so there is no possibility of e.g. activation of 
mycotoxin gene(s). 

Due to the fact that the newly introduced gene copies 
are under the genetic regulation of the glucoamylase 
promoter the production processes for new enzyme 
products can be kept the same with respect to the raw 
materials used. This eliminates the chances of new safety 
hazards for the enzyme product brought in to the system 
by the raw materials. 

This innovative technology has been used by DSM to 
design and build a lineage of novel marker free pro­
duction strain lineages, including the following: 
• The ABF lineage, e.g., strain DS34552, over-express­

ing the abfA arabinofuranosidase gene from the 
DSM classical arabinofuranosidase production strain 
A. niger DS06846. 
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Fig. 3. Selection of natural variants. The natural process of gene conversion is used to select for variants that have acquired a set of multiple gene 
copies of the gene of interest in any the remaining empty marked loci. The filling-up process in the several selection rounds can be followed by 
analysis in a gel electrophoretic system. 

• The NPH lineage, e.g. , strain DS35387, over-express­
ing the phyA phytase gene from A. niger NRRL3135 
(also known as Aspergillus ficuum). 

• The PME lineage, e.g., strain DS34553, over-express­
ing the pmeA pectin methyl esterase gene from the 
DSM classical A. niger pectinase production strain. 

• The PLA lineage, e.g., strain DS35496, over-express­
ing the phospholipase A2 gene obtained as eDNA 
from porcine pancreas. 

• The GLA and AMY lineages, e.g., strains DS36728 
and DS37099, respectively, over-expressing the glaA 
glucoamylase gene and the amyA acid amylase gene 
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from A. niger DS03043, the DSM glucoamylase pro­
duction strain and parental strain of the above de­
scribed novel host strains. 

• The XEA lineage, e.g., strain DS38163, over-express­
ing a heterologous xylanase gene. 

Several new production strain lineages are under 
development. 

The GMO strains from the PME, ABF, NPH, GLA, 
and AMY lineages have been approved by the Dutch 
competent authorities as GMO self-cloned strains. 

Based on the genetic modifications performed, there 
are no reasons to assume that the new recombinant 
production strains should be less safe than the original 
A. niger DS03043 strain. 

4. Secondary metabotites produced by strains from the 
GAM lineage 

It has been shown (Van Dijck et al., 2002) that the A. 
niger ancestor strain NRRL3122 has the potency to 
produce nigragillin and naphtho-y-pyrones as secondary 
metabolites. This potency remains more or less the same 
with the classically improved strains from the GAM 
lineage, although the number and the amount of sec­
ondary metabolites decrease. Introduction of genes by 
random integration of phytase genes {DS25956 and 
DS27301) or xylanase genes (DS26538) into the genome 
of DS03043 does not change this pattern. 

We expect that targeted introduction of genes into the 
genome of the novel A. niger host strains, by design 
should not have any influence on the pattern of sec­
ondary metabolites. That this indeed is the case was 
demonstrated for all production strains that were de­
veloped so far. All these GMO strains, if tested under 
conditions optimal for mycotoxin production, showed a 
pattern of secondary metabolites similar to that of the 
original host strain DS03043. In none of the strains 
could aflatoxin, trichothecenes, or ochratoxin A be de­
tected. (Van Dijck et al., 2002). 

The strains were also tested under conditions repre­
sentative for large-scale production conditions. All sec­
ondary metabolites, normally found in the strains under 
stress conditions, such as nigragillin and naphtho-y-py­
rones, were not detectable either in broth samples, taken 
at the end of the fermentation, or in the final (unfor­
mulated) enzyme products (Van Dijck et al., 2002). 

5. Safety studies on the classical strain 

The toxicological studies performed on various en­
zyme preparations from A. niger provided the basis for a 
safety evaluation by the Joint Expert Committee on Food 
Additives (JECF A) of the FAO/WHO. Since the enzyme 

preparations tested were of different activities and forms, 
and of most of the organic materials in the preparations 
are not the enzyme per se JECF A estimated a numerical 
Acceptable Daily Intake (AD I) expressed in terms of total 
organic solids (TOS). Although all toxicological studies 
for enzyme preparations of A. niger showed no-observed­
effect levels greater than 100 mg TOS/kg bw /day in 90-day 
studies in rats, JECF A nevertheless allocated an ADI of 
0-1 mg TOS/kg bw for each enzyme preparation. This 
was merely based on the fear that some strains may pro­
duce unknown toxins (JECFA, 1988). However, in view 
of the long history of use as an enzyme source, the nu­
merous toxicological studies and two expert reports that 
showed that toxin production is very unlikely (Bennett, 
1988; Moss, 1988), JECFA reconsidered its decision and 
changed the ADI for enzyme preparations derived from 
A. niger into "not specified" (JECFA, 1991). 

Among the safety studies evaluated by JECFA (1975) 
were Baxter-Travenol's unpublished safety studies car­
ried out on a carbohydrase product (Garvin and Meru­
bia, 1959; unpublished report submitted to WHO by 
Baxter Laboratories; Garvin et al., 1972; unpublished 
report from Travenol Laboratories submitted to WHO 
by Gist-brocades). This study was a 90-day oral toxicity 
study with rats and showed a NO(A)EL (No Observed 
Adverse Effect Level) of 10% in the diet. In the early 
seventies strain numbers were not mentioned in the 
reports of the safety studies. We can only assume but not 
prove that the safety studies were done on a carbohydrase 
product obtained from a fermentation with A. niger 
NRRL3122. Besides amyloglucosidase the product 
also exhibited a-amylase activity. Since the DSM 
GAM-lineage of strains originates from the Waller­
stein (=Baxter-Travenol) amyloglucosidase production 
strain, the result of the study bears relevance for the DSM 
GAM lineage of strains. Table 1 gives an overview of all 
the safety studies performed on the DSM GAM lineage of 
strains. 

6. Safety studies on strains obtained by random integra­
tion of genes 

Representative batches of phytase produced either 
with strain DS25956 or strain DS27301 or xylanase 
produced with strain DS26538 have been subjected to 
safety studies as required by the guidelines of the EU 
Scientific Committee for Food (1992). Two mutagenicity 
tests (Ames test and an in vitro chromosome aberration 
study) and a 90-day subchronic oral toxicity test in rats 
have been done. In all three cases the NOAEL was the 
highest enzyme dose tested and was above the 100 mg 
TOS/kg bw/day, which was the threshold for safe en­
zyme products according to JECFA. For an overview of 
the safety data, see Table 1. From these data we con­
clude that strains derived from strains from the GAM 
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Table I 
Overview of oral toxicity studies on enzyme preparations produced with strains from the A. niger GAM strain lineage 

Enzyme Production organism Type of integration Oral toxicity study 

Year of Duration NO(A)EL• (mgTOS/ 
study kgbwfday) 

General (JECFA) A. niger 90 >100 

Glucoamylase A. niger NRRL-3122 1972 90 

Phytase A. niger DS25956 Random 1991 90 >1260 
Phytase A. niger DS27301 Random 2000 90 >1206 
Xylanase A. niger DS26538 Random 1995 90 >4095 

Phytase A. niger DS35387 Targeted 2000 90 >833 
Phosholipase A2 A. niger DS35496 Targeted 2000 90 >1350 
Xylanase A. niger DS38!63 Targeted 2001 90 >1850 
Pectin methylesterase A. niger DS34553 Targeted 2000 14 >133 
Arabinofuranosidase A. niger DS34552 Targeted 2000 14 >103 
Amyloglucosidase A. niger DS36728 Targeted 2001 14 >1640 

• In all cases the NOAEL (No-observed-adverse-effect level) was the highest dose level tested. 

lineage do not produce any harmful compounds that 
may end up in the enzyme product. 

7. Safety studies on the novel DSM A. niger strains 

With enzyme products produced with the novel DSM 
A. niger strains in three cases, besides the two mutage­
nicity studies, a 90-day subchronic oral toxicity study in 
rats was carried out. This was done for phytase, pro­
duced with A. niger DS35387, phospholipase A2 pro­
duced with a strain from the A. niger PLA lineage and 
xylanase, produced with A. niger DS38163. In all three 
cases the NOAEL was the highest enzyme dose tested 
and was above the lOOmg TOS/kg bwfday. 

For other enzyme products made with these novel 
strains only a 14-day oral toxicity study was carried out. 
This holds for arabinofuranosidase, produced with 
DS34552, pectin-methyl esterase, produced with 
DS35387, and gluco-amylase, produced with a strain 
from the GLA lineage. Also with these three products 
the results showed that the NOAEL was the highest 
enzyme dose tested (i.e., > 100 mg TOS/k:g/day). In all 
cases the mutagenicity studies were negative. 

8. Discussion 

In this paper we have shown that the A. niger GAM 
lineage and the derived GMO strains can be considered 
as a safe strain lineage. There are safety data available 
from the classical ancestor strain, from the DS03043 
derived GMO strains, where the expression cassettes 
were randomly integrated into the genome of DS03043 
and from the novel GMO strains, where the expression 
cassettes were integrated into the genome of the host at a 
targeted site. 

The finding that in the strains obtained by random 
integration of expression cassettes no change in the 
pattern of secondary metabolites is found makes it 
highly unlikely that random integration of genetic ma­
terial in the genome, due to pleiotropic effects, induces 
the formation of novel toxic metabolites. This often is 
raised as a hypothetical possibility by regulatory au­
thorities. In strains obtained by targeted integration of 
expression cassettes, both cis and trans activations of 
toxin producing genes are hard to imagine and can be 
ruled out for all practical purposes. 

The fact that the pattern of secondary metabolites 
does not change can also be taken as an indication that 
the over-expression of enzymes does not lead to induc­
tion of metabolic stress to such an extent that secondary 
metabolites are formed. Metabolic stress due to over­
expression of proteins has been found in bacterial and 
yeast systems (Gillet al., 2000; Patil and Walter, 2001). 
With the DSM A. niger GMO strains the over-expres­
sion occurs in a strain that is derived from an industrial 
strain, which has already the capacity to over-produce 
and secrete copious amounts of enzyme protein. Any 
stress that is inflicted upon these GMO strains appar­
ently does not lead to any detectable toxin production. 
This can be concluded from the analyses of the sec­
ondary metabolites under actual large-scale fermenta­
tion conditions. 

The fact that the genes of interest are over-expressed 
under the same genetic regulatory system enables the 
fermentation process of all these products to be constant 
with respect to the raw materials composition of the 
fermentation medium. Consequently no new safety haz­
ards are introduced into the product background. This is 
supported by the safety studies performed on these novel 
enzymes. In all cases the highest dose level tested was the 
NOAEL. Using standard methods for the calculation of 
the expected human consumption (Douglas et al., 1997; 
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LOwik et aJ., 1998) the Margin of Safeties were 250 up to 
400,000 in case of a 90-day toxicity study and 500 up to 
2750 for the 14-day toxicity studies. 

We conclude that with all safety data available we 
cover the safety of new enzymes to be produced using a 
GMO strain derived from the novel DSM A. niger 
strain lineage. Provided of course that with the gene of 
interest we do not introduce additional non-character­
ized gene sequences into the strain. PCR techniques 
allow us to restrict the DNA fragment to be trans­
formed only to the coding sequence of the gene of 
interest. When we apply the case of an enzyme product 
belonging to a class of enzymes which have a history of 
safe use in food processing (see Table 1 in the Pariza 
and Johnson paper) made according to the principles 
described in the previous pages to the Decision Tree 
put forward by Pariza and Johnson (2001) it is clear 
that the production strain is genetically modified and 
that recombinant techniques have been used in the 
introduction (Q I and 2). The question, whether the 
expressed enzyme product, which is encoded for by 
the introduced DNA, has a history of safe use (Q3a), 
can be answered with yes. Since the novel DSM strains 
do not contain any heterologous markers such as an­
tibiotic resistance markers (Q3c) and all introduced 
DNA is well characterized and free of attributes that 
would render it unsafe of constructing micro-organisms 
to be used in food-grade products (Q3e) the Decision 
Tree takes us to Q4. The introduced DNA is integrated 
in the genome of the host in a targeted manner (in one 
or more of the seven glucoamylase loci), which brings 
us to question 6: is the production strain derived from 
a safe strain lineage? For the GAM lineage of strains 
we have shown in the preceding paragraphs that suf­
ficient data are available from safety studies on enzyme 
products made with strains from this lineage that the 
A. niger GAM lineage of strains truly can be called a 
safe strain lineage. 

This affirmative answer to Q6 concludes the passage 
through the Decision Tree with the statement: the test 
article is ACCEPTED. 

Thus, when assessing the potential safety hazards of a 
new enzyme product it would make no difference as to 
from what background the enzyme encoding gene of 
interest is isolated with PCR, provided that the enzyme 
itself has a history of safe use in food. The donor or­
ganism can be a safe micro-organism but it would not 
matter if the donor strain is pathogenic, toxicogenic or 
when the background of the gene is not known. So even 
in case of direct isolation of DNA by PCR techniques 
from a biological source, without the intermediary step 
of isolating and cultivating the donor micro-organism, 
the existing safety studies would cover the derived en­
zyme product and no new safety studies would be re­
quired. Consequently unnecessary use of testing animals 
would be prevented. 
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