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Preface

Being the major storage compound o f phosphorus in plants, phytic acid (phytate, m^o-inositol 

1,2,3,4,5,6- hexa^5ph0sphate) is o f special importance in plant biology. Plant tissues with 

storage function such as seeds, tubers, pollen and roots contain large amounts o f this acid.

The enzymes responsible for the initial steps in the degradation o f phytic acid are referred to 

as phytases. They comprise a special class o f phosphatases that catalyse a sequential 

hydrolysis o f phytic acid to lower inositol phosphates and, in some cases, wyo-inositol.

The present review describes the present state of knowledge within the field o f phytic acid 

biosynthesis and deposition, phytase enzymes from different organisms, the degradation of 

phytic acid mediated by phytase, the role o f phytate and phytase in nutrition, and the available 

evidence on the performance and biological significance o f phytase as an additive to animal 

feed or as a heterologous enzyme in transgenic plants.

Dr. Preben B. Holm, Department for Plant Biology, is acknowledged for finitful discussions 

and for helpful suggestions to the manuscript.

Henrik Brinch-Pedersen 

Research Centre Flakkebjerg 

February 2000
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Phytic acid (phytate, /«>'o-inositol 1,2,3,4,5,6-hexaÄ isphosphate) (F igure lA ) is the m ain 

storage form  o f  phosphorus in plants. It is deposited as phytin  (F igure IB ), a m ixed salt w ith 

counterions including Fe^^, Mg^*, and (Lott, 1984). In leaves phytin  is a tem porary 

phosphate reserve and the deposits in the grains ensure that the develop ing  seedlings can be 

provided w ith  a  continuous supply o f  phosphate and m inerals that are liberated  from  the 

m olecule during germ ination. R em oval o f  the first phosphate groups from  phytin  requires a 

specific enzym e, phytase, w hile the rem aining phosphate groups m ay be cleaved o f f  by 

phosphatases w ith  b road substrate specificities. Phytin  m ay also serve as an energy resource 

and the low er /n^o-inositol phosphates appear to  be essential in signal transduction  pathw ays 

(R aboy and G erbasi, 1996). T he content o f  phytin  in seeds m ay account for 0 .4%  to 5%  o f  the 

seed dry w eigh t in legum es and oilseeds and 0.5%  to 1.9% in cereals (R eddy et al., 1982). U p 

to 87%  o f  the total phosphorus in the seed m ay be  present as phytin  bound phosphate  e.g. in 

soybean and w heat 53%  and 72%  o f  the total phosphorus is p resent in phytin  (L olas et al., 

1976).

The Storage of Phosphorus in Plants

Deposition and accumulation of phytin in the seed

Phytin in seeds are deposited  in single-m em brane storage m icrobodies (protein  bodies), 

m ainly as d iscrete inclusions (globoids) (Lott, 1984). G loboid  crystals consist p redom inantly



o f  phytin  salt com plexes o f  prim arily  potassium  and m agnesium , although m inor am ounts o f  

o ther m etals such as zinc, iron, m anganese, copper and calcium  have been  reported  (O 'D e ll et 

al., 1972). A dditionally , som e protein-phytin-m ineral com plexes have also been  reported  to 

be present in  p ro tein  bodies in  barley, rye, w heat and soybean (L ott, 1984).

Phytin  accum ulates rapidly  during seed developm ent, and is in  m onocots predom inantly  

deposited in the ou ter layers (aleurone and pericarp) and the germ , w hereas legim ies and 

oilseeds hold their phytin  in  the endosperm  and cotyledons (O 'D e ll et al., 1972; Pem ollet, 

1978). In  rice {Oryza sativa L .) and w heat {Triticum aestivum  L.) 80%  and 87%  o f  the phytin  

is localised in the ou ter layers, w hile 7.6%  and 12.9%  is found in  the germ  (scutellum  and 

em bryo) (O 'D ell et al., 1972). M aize is an exception to the typically  localisation  pattern  seen 

in the o ther cereals since 88%  o f  the phytin  is confined to  the germ  (O 'D e ll et al., 1972).

In d icot species, phy tin  is deposited in  the endosperm , the em bryo, and the cotyledons. In 

som e cases the phy tin  is localised to  specific tissues. In the yellow  lupine (Lupinus luteus L.) 

phytin  inclusions are thus foim d in the five to  ten subepiderm al cell-layers o f  the cotyledon 

(Sobolev et al., 1976), w hereas phytin  deposits in  soybean (Glycine max L .) are d istributed 

evenly  throughout the coty ledon tissues (Lott, 1984). T he castor bean  endosperm  contains 

97%  to 98%  o f  the phytin  w hile the rem aining 3%  prim arily  are confined to  the cotyledons 

(G reenw ood et a l ,  1984).

Phytin  is also p resen t in  the po llen  o f  several p lan t species and the concentration  has been 

suggested to  relate to  the style length (Jackson et al., 1982; H elsper et al., 1984). A n analysis 

o f  25 angiosperm  species revealed  that species w ith  a m ean sty le length longer than  5 m m  

also had a significant am ount o f  phytin  in the pollen  (0.05%  to 2.1%  by  dry  w eight). Pollen  o f  

Triticum aestivum  L , Hordeum bulbosum L. and Secale cereale L., all hav ing  a  m ean  style 

length o f  about 2 m m , lacked phytin . In contrast, pollen  o f  Zea mays L ., w ith  a  m ean  style 

length o f  250 m m , contained 0.26%  phytin  by  dry w eight. T his correlation  did, how ever, not 

hold for three gym nosperm  species that contained 0.1 %  to 5.9%  phytin  by  dry  w eigh t in the 

pollen irrespective o f  that these species only  form  short pollen  tubes. T hus the function o f  

phytin  m ay  not on ly  be  restricted  to  pollen  tube developm ent bu t m ay  in gym nosperm s also 

be im portant for po llen  developm ent.



Biosynthesis of Phytic Acid

M yo-inosito l

Free /w>'o-inositol is generated from  D -glucose by  three enzym atic steps: A ) hexokinase (EC 

2.7.1.1); B) IL-TMj^o-inositol 1-phosphate synthase (EC  5. 5. 1. 4) and C ) w3/0 -in0sit0 l 1- 

phosphate phosphatase (EC  3.1.3.25), (F igure 2).

Figure 2. T he conversion o f  (1) D -glucose to (4) free /w>'o-inositol v ia  (2) D -glucose 6- 

phosphate and (3) IL -m j'o-inosito l 1-phosphate catalysed by  (A) hexokinase, (B ) \L-myo- 

inositol 1-phosphate synthase, and (C ) wj^o-inositol m onophosphatase (L oew us, 1990)

A fter phosphorylation  o f  D -glucose to  D -glucose 6-phosphate by  hexokinase, the nex t step 

involves /nyo-inositol 1-phosphate synthase. In the reaction described in  figure 3 the bond that 

links phosphate to carbon rem ains undisturbed. The in term ediates (w ithin brackets) are tightly  

bound to the enzym e as revealed by studies using iso topically  labelled substrates as w ell as 

partial reaction  sequences (L oew us, el al., 1984). The enzym e exhibits an absolute 

requirem ent for NAD^, since the first product IL -7n3;o-inositol 1-phosphate, is generated  by 

an NAD^ catalysed oxidation  o f  D -glucose 6-phosphate at carbon 5 to  5 -keto-D -glucose 6- 

phosphate (M aeda and E isenberg, 1980; M auck et al., 1980). A fter the oxidation , the rem oved 

hydrogen is transferred  as a hydride ion to  the B position  o f  carbon 4 on the n icotinam ide 

m oiety o f  NAD'^ (B ryun and Jenness, 1981; Y ou, 1985).



phosphate by  lL-m >'o-inositol 1-phosphate synthase (L oew us et al., 1984).

CycHsation o f  D -glucose 6-phosphate is required  for the form ation o f  1 L -m yo-inosito l 1- 

phosphate. D uring  th is a specific hydrogen is lost from  position  6 o f  5 -keto-D -glucose 6- 

phosphate. T he enzym e rem oves the 6-R  hydrogen w hereas the 6-S hydrogen  is retained in 

the product (L oew us et al., 1980). The reductive partial reaction  by  enzym e-bound N A D H  o f  

the second putative interm ediate w yo-inosose-2 1-phosphate (D -2,4 ,6 /3 ,5-pentahydroxy- 

cyclohexanone 2-phosphate) transfers a hydride fi-om the B position  o f  carbon 4 on the 

n icotinam ide ring  o f  N A D H  to the carbonyl group to generate lL-w >'o-inositol 1-phosphate 

(B ryun and Jetm ess, 1981; L oew us et al., 1982).

The synthesis o f  1 L -w jo -inosito l 1-phosphate by  /nyo-inositol 1-phosphate synthase is a 

critical point as it is the sole b iosynthetic route to wj^o-inositol. The enzym e exists in  a 

cytoplasm atic form  in a w ide range o f  p lants, an im als and flingi. It has also been  observed in 

several bacteria  and a  chloroplast form  is p resen t in  alga and h igher p lan ts (M ajum der et al.,

1997). N orthern  analysis and in situ hybrid isation  o f  a recen tly  iso lated  rice  cD N A  w ith  high 

hom ology to  the /nj^o-inositol 1-phosphate synthase o f  yeast and o ther p lan ts show ed that 

transcripts accum ulated  to h igh  levels in  em bryos bu t w as undetectable in shoots, roots, and 

flowers. S trong signals w ere detected in the scutellum  and aleurone at 4  days and increased 

until 7 days after anthesis w hereafter it gradually  decreased. Phytin  con tain ing  globoids 

appeared 4 days after anthesis in  the scutellum  and aleurone, coincid ing w ith  the presence o f  

the TTzj^o-inositol 1-phosphate synthase transcripts. T he tem poral and partia l patterns o f  

accum ulation o f  the transcrip ts and globoids suggest that th is gene d irects phytin  b iosynthesis 

in rice seeds (Y oshida et al., 1999).



C onversion o f  1 L-wj^o-inositol 1-phosphate to free /w3̂ 0-inositol is catalysed  by  m3̂ 0-in0sit0 l 

m onophosphatase (F igure 2, enzym e C). The enzym e is a dependent a lkahne

phosphatase w ith  h igh affinity  for both ID - and 1 L-m>^o-inositol 1-phosphate. Its has a low 

affinity for w^'o-inositol 2-phosphate and little o r no affin ity  for hexose phosphates o r the 

m odel phosphatase substrate p -n itrophenyl phosphate (E isenberg  and Parthasarathy, 1987). In 

tom ato w3̂0-in0sit0 l m onophosphatase appears to  be encoded by  a  sm all gene fam ily and 

three d ifferent cD N A 's have been characterised encoding d istinct bu t h igh ly  conserved 

enzym es (G illaspy et al., 1995). In particular, cells associated w ith the vasculature expressed 

h igh levels o f  the protein , suggesting a co-ordinated regulation betw een phloem  transport and 

synthesis o f  inositol.

Phosphorylation of myo-inositol

Phytic acid appears to be  form ed by a series o f  sequential phosphorylations o f  m3/0 -in0 sit0 l by 

a /M>'o-inositol kinase. E arly  studies show ed that free /n>'o-inositol in germ inating  m ung beans 

is phosphorylated  by  a Mg^* A TP dependent kinase (M ajum der et al., 1972). T he product, 

m;/0 -in0sit0 l- l-p h 0sphate, is identical to that produced by w>’o-inositol 1-phosphate synthase, 

how ever the k inase phosphorylates m yo-inositol m ore efficient than glucose. L ikew ise, a 

stepw ise addition  o f  phosphate  residues w as reported  in  germ inating  m ung beans using  the 

sam e Mg^'" A TP dependent kinase generating m3;o-inositol 1,3,4,5 ,6 penta^z'sphosphate 

(C hakrabarti and M ajum der, 1978). The stereospecificity  o f  the positional 7w>’o-inositol 

polyphosphates o f  the in term ediates w as no t determ ined. A dditional data  from  m ung bean 

described a phosphory lation  o f  m yo-inositol 1 ,3 ,4 ,5 ,6-penta^ijphosphate to  m yo-inositol

1,2 ,3,4 ,5,6-hexa)b'5phosphate  by a m yo-inositol hexa^zjphosphate-adenosine d iphosphate 

phosphotransferase (B isw as et al., 1978). From  im m ature soybean seeds m yo-inositol 

1,3,4,5 ,6 penta/3jp h 0sphate 2-kinase has been purified  (Phillippy et al., 1994). T he kinase 

specifically  phosphorylated  the 2-position on the m yo-inositol 1 ,3 ,4 ,5 ,6-penta/asphosphate 

inositol ring, bu t could  also utilise m yo-inositol 1 ,4 ,5 ,6 -te tra^ jposphate  as a  substrate.

M ore com prehensive data  from  the slim e m ould  Dictyostelium  illustrate that the concept o f  a 

sequential phosphorylation  to pentakisphosphate by a single k inase described  fo r m ung bean 

is probably  m isleading. Instead, the sequential phosphorylation  is m ediated  by  a series o f  

kinases w ith  d ifferen t p references and specificities (S tephens and Irvine, 1990; K aay et al..
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1995). The sequential phosphorylation  o f  inositol appears to  occu r v ia  m yo-inositol 3- 

phosphate, w hereafter w^'o-inositol 3,6-diphosphate, w>'o-inositol 3 ,4 ,6-triphosphate, myo

inositol 1,3,4,6- tetraA ijphosphate, and /n>'o-inositol 1,3,4,5,6-pentaAz.sphosphate are generated 

(Figure 4). The phosphates in  position  3 and 5 o f  m>'o-inositol 1,2,3,4,5,6-hexaÄj.sphosphate 

additionally  takes part in tw o fiitile cycles in  w hich w>'o-inositol 1 ,2 ,4,5,6-penta^j5phosphate 

and /w>'o-inositol l,2,3,4,6-pentaÅ75phosphate are rap id ly  form ed b y  dephosphorylation  o f  

m_yo-inositol 1,2,3,4,5,6-hexafc'5phosphate, only to be rephosphorylated  to  y ield  their 

precursor.

CM P, PA

Ptd lns -►  P tdlns(4)P i -►  Ptdlns(4,5)P2

E nvironm ent • Ins Ins(l,4)P2

I t  ^  ^  ^
G lucose-6P —► Ins(3)Pi I n s ( 4 ) P i - ^  In s (4 ,5 )P 2 -^  Ins(l,4 ,5)P3 + d iacy lg lycero l

I
Ins(3,6)P2

I
Ins(3,4,6)P3

I
Ins(l,3 ,4 ,6)P4

I
?
▲

Ins(l,3 ,4 ,5 ,6)P5

I
InsPö In s ( l,2 ,4 ,5 ,6)Ps

I t
Ins(l,2 ,3 ,4 ,6)P5

Figure 4. T he inositol m etabolism  in Dictyostelium. A bbreviations: P tdlns,

phosphatidylinosito l; C M P, PA , cystidine m onophosphate phosphatid ic acid, (S tephens and 

Irvine, 1990).

A lso in  p lants, the involvem ent o f  m ultip le kinases in  /wyo-inositol 1,2,3,4,5,6- 

hexaÄzsphosphate synthesis is suggested. Three enzym e fractions iso lated  from  Lemna gibba.
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could together convert wj^o-inositol to /«3/0-in0sit0 l 1 ,2 ,3 ,4 ,5 ,6-hexa^jjphosphate. O ne 

fraction converted  w j'o-inosito l to »i>'o-inositol m onophosphate, a second to  triphosphate, and 

a third to w yo-inositol hexa^jjphosphate  (B ollm an et al., 1980). M oreover, M urthy  (1996) 

proposed tw o pathw ays for phytic acid synthesis (F igure 5). Pathw ay 1 shared m yo-inositol 3- 

phosphate and wj^o-inositol 1,3,4,5,6-pentaÄi.yphosphate w ith the Dictyostelium  pathw ay, 

how ever the pathw ay included /n>>o-inositol 1,2 ,3 ,5,6 -penta/:i5phosphate  and differen t di-, tri- 

and tetrakisphosphates. T he second pathw ay started  from  m3'o -inosito l 2 -phosphate and ended 

w ith  w j'o-inositol 2,3 ,4 ,5 ,6-penta^j'jphosphate involving in term ediates all be ing  d ifferen t from 

pathw ay 1 and the Dictyostelium  pathw ay.

Ins(3)Pi -► In s ( l ,3)?2 - >  In s ( l ,3 ,5)?3 -► In s ( l ,3 ,5,6)P4 

In s ( l,2 ,3,5,6)Ps-i-Ins(l,3,4 ,5,6)P5 -► InsP6

Ins(2)Pi -► Ins(2 ,6)P2 -► Ins(2 ,5,6)P3 -► Ins(2 ,3 ,5,6)P4 

Ins(2,3,4,5,6)Ps -► InsP6

Figure 5. The p lan t b iosynthesis o f  m_yo-inositol l , 2 ,3 ,4 ,5,6-hexaÅi'5phosphate  (InsPö) from 

»i_vo-inositol 3-phosphate (Ins(3)Pi and w3/o-inositol 2-phosphate (Ins(2)P i) (M urthy, 1996).

So far only  one gene encoding a kinase involved in w3/0-in0sit0 l phosphory lation  has been 

isolated from  plants. A  partial cD N A  from  A rabidopsis (W ilson and M ajerus, 1997) encoding 

a putative m>'o-inositol 1 ,3,4-triphosphate 5/6 k inase w as expressed in  E. coli and show n to 

produce inositol 1,3 ,4 ,6-tetrakisphosphate and inositol 1 ,3 ,4 ,5-tetrakisphosphate in a  ratio  o f  

1:3 w hen offered  inositol 1 ,3,4-triphosphate as a  substrate.

The m utagenesis approach currently  undertaken in m aize and barley  m ight p rove to be 

essential for the identification  o f  the individual genes involved in  phytic  acid  biosynthesis. In 

both  m aize and barley  tw o loci have been identified that w hen m utated  result in a drastic  

decrease in the concentration  o f  phytic acid and a  corresponding increase in  free phosphate 

(Raboy and G erbasi, 1996; Ertl et al., 1998; L arson et al., 1998; R aboy, 1998). M utants 

hom ozygous for the m utated  Ipal locus give rise to  an allele specific decrease in phytic acid
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am ounting to 50-95%  w ith  no accum ulation o f  the low er inosito l phosphates. In  m aize, the 

lpa\ m utation  m aps to  the position  o f  the locus for w > 'o-inosito l-l-phosphate synthase. In 

barley, Ipal is know n to reside on chrom osom e 2H  but it rem ains to  be  proven  i f  this locus 

codes for m > 'o-inositol-l-phosphate synthase. The other, and less frequent m utation , is 

referred to  as lpa2. In contrast to the situation for the lpa\ m utations, the reduction  in  phytic 

acid is in  m aize accom panied by  the accum ulation  o f  low er w>/o-inositol phosphates, in 

particular /wyo-inositol 1,2,4,5,6-pentaÅzsphosphate and /w>/o-inositol 2,3 ,4 ,5 ,6- 

penta/a^phosphate w hile in  barley  the prom inent form  is wj^o-inositol 1,2,3,4,6- 

pentaAziphosphate. A t R isø  a  sim ilar m utagenesis program  has also lead to the identification  

o f  tw o m utants in  the phytic acid  biosynthesis o f  barley  and it rem ains to be  seen i f  the tw o 

m utations are in  the sam e loci, lpa\ and lpa2 as described for m aize and barley.

Compartmentalisation of phytic acid synthesis

It has been suggested  on the basis o f  studies in  developing seeds that phy tic  acid  synthesis 

takes place in the cytoplasm  p rio r to its deposition  w ith in  protein  bodies (G reenw ood and 

B ew ley, 1984). The course o f  events beg ins w ith  phytin  synthesis in  c isternal endoplasm ic 

reticulum , follow ed by  m igration  o f  phytin  bearing  vesicles tow ards the protein  body. A fter 

discharge o f  the vesicu lar contents w ith in  the protein  body, phy tin  rich  particles are 

accum ulated as a globoid. T hus in  Dictyostelium  lysates, a  cytosolic route exhibiting 

form ation o f  /w>'o-inositol l,2,3,4,5,6-hexaAj'5phosphate by  sequential phosphory lation  o f  

inositol (F igure 4) has been reported  (S tephens and Irvine, 1990).

H ow ever nucleus associated  phosphorylation  could take p lace in  plants. S tudies in 

Dictyostelium  indicate that the stepw ise phosphorylation  o f  inositol to  phytic  acid, can  occur 

via nucleus associated  phosphorylation  (K aay et al., 1995). H PLC  analysis indicated that 

77ij/0-inositol 1 ,4 ,5-phosphate in  the nucleus is converted  into phytic acid  v ia  sequential 

phosphorylation at the 3-, 6- and 2-positions.

13



Phytase

The enzym es responsible for the initial steps in the degradation o f  phytic  acid are referred  to 

as phytases. T hey com prise a  special class o f  phosphatases that catalyse a  sequential 

hydrolysis o f  phytic acid  to  low er inositol phosphates and, in som e cases, to inositol. A  rich 

diversity  o f  phytases occurs in a variety  o f  o rganism s including plan ts and m icro-organism s 

(Irving, 1980a; W odzinski and U llah, 1996). D ifferences in pH  optim a, substrate specific ity  

and specificity  o f  hydrolysis have been identified.

Phytase are often  described according to their pH  optim um  as acid  phytase o r alkaline 

phytase, also referred  to  as the pH  5 and the pH  8 phytase respectively. B ased on the 

specificity  o f  the initial hydrolysis, the International U nion o f  B iochem istry  (1979) recognises 

two classes o f  acid  phytase, the 6-phytases (EC 3.1.3.26), and the 3 -phytases (EC 3.1.3.8). 

T he 6-phytase hydro lyses the phosphate ester at the L-6 (or D -4) position  o f  phytic acid, and 

the 3-phytase hydro lyses the phosphate ester at the D-3 position. L ater resu lts have show n 

that this defin ition  m ay  be too rigorous as phytases m ay diverge from  the 6-, 3-phytase 

term inology in their action on phytic acid.

Classification o f phytases

Active site determination

Phytases belong to  the fam ily o f  h istid ine phosphatases, a  subclass o f  phosphate  m etabolising  

enzym es, all u tilising  a  phosphohistid ine interm ediate in their phosphoryl transfer reaction 

(E tten, 1982). A nalyses for conserved m otifs in  the sequences o f  d iverse phosphate  liberating 

enzym es have led to the identification o f  the active site com prising  a tripep tid ic  region in 

A rg-H is-G ly, the N -term inal segm ent o f  the protein. T he A rg-H is-G ly  m o tif  is highly 

conserved in  phosphatases from  organism s such as Escherichia coli, Aspergillus niger, 

Saccharomyces cerevisia, Schizosaccharomyces pombe, Homo sapiens, rat and m ouse. The 

h istidine class phosphatases uses the positive charge o f  the guanido group o f  arg in ine for the 

recognition and anchoring o f  the negatively  charged phosphate group. T he phosphate group is

14



transiently  transferred  to the h istid ine group to form  an unstable phosphoenzym e com plex 

before hydrolytic cleavage to  form  orthophosphate (E tten, 1982).

P la n t p h y ta se

A cidic phytase show s a broad affinity  for various phosphorylated  substrates. T hus the w heat 

bran pH  5 phytase catalyses the hydrolysis o f  several interm ediate form s o f  phosphorylated  

myo-inositol, spanning from  m>/o-inositol 1 ,2 ,3 ,4 ,5 ,6 -hexa^ 'iphosphate  to  /n^o-inositol 2- 

phosphate (F igure 6) (U m  and Tate, 1971;1973). M ung bean cotyledon phytase, in spite o f  a 

pH  optim um  o f  7.5, exhibits the enzym atic properties o f  the group o f  acidic phytases (M aiti 

and B isw as, 1979). U nlike the pH  5 phytases, the pH  8 phytases are h igh ly  specific for phytic 

acid, and none o f  the w>'o-inositol phosphates contain ing three o r few er ester g roups can act 

as substrate (B aldi et a l,  1988; B arrientos et al., 1994). A lkaline phytase has been  identified 

in h ly  pollen and in  a variety  o f  legum es (Scott and Loew us, 1986b; B aldi et al., 1988; Scott, 

1991; B arrientos et al., 1994).

A lthough plan t phytase activity  has been  described in num erous cases, only  phytases from  a 

few sources have been  purified  to  hom ogeneity . The m ost notable are from  m ung bean 

cotyledon (M aiti and B isw as, 1979), soybean cotyledon (G ibson and U llah, 1988), m aize 

seedlings and roots (L aboure et al., 1993; H übel and B eck, 1996), scallion  leaves (Phillippy, 

1998), and rye (G reiner et al., 1998). H ow ever, so far it has only  been  possib le  to isolate a 

cD N A  for m aize phytases (M augenest et a l,  1997; M augenest et al., 1999).

M ic ro b ia l p h y ta se

The num ber o f  m icro-organism s screened for phytase production  is enorm ous. O f  all the 

organism s surveyed the Aspergilli fimgi produces the m ost active ex tracellu lar phytase 

(W odzinski and U llah, 1996). C onsequently , a num ber o f  phytases from  th is o rganism  have 

been purified to hom ogeneity  and the genes isolated. Thus, a phytase w ith  a pH  optim um  o f

5.0 and 2.5 w as isolated from  a culture filtrate o f  Aspergillus niger, b iochem ically  

characterised, partia lly  sequenced and the phyA  gene for the enzym e cloned (U llah  and 

D ischinger, 1992; P iddington et al., 1993; H artingsveld t et al., 1993). A  second enzym e from

15



Aspergillus niger encoded by the phyiQ gene w ith  pH  optim um  2.5 w as in itially  considered to 

be an acid  phosphatase (E rlich et al., 1993; P iddington et al., 1993). H ow ever, additional 

studies have show n that it is able to  hydrolyse phytic acid at pH  2.5 bu t no t at pH  5 (U llah and 

Phillippy, 1994). A lso  the Aspergillus niger phyB  gene has been cloned (E hrlich  et al., 1993). 

From  Aspergillus fumigatus the phyK  gene has been  cloned and found to  encode an  enzym e 

w ith a pH  range o f  2.5 to 7.5 (Pasam ontes et al., 1997). A  phyA. gene from  Aspergillus terreus 

has been isolated and the resulting  phytase enzym e w ith  a pH  optim um  around 5.5 described 

(M itchell e /a / . ,  1997).

D etailed characterisations have also been perform ed on m icrobial phytases such as Bacillus 

subtilis (Pow ar and Jagannathan, 1982; Shim izu, 1992; K erovuo et al., 1998), Escherichia 

coli (G reiner et al., 1993), Myceliophthora thermophila (M itchell et al., 1997), Klebsiella 

terrigena (G reiner et al., 1997), Thermomyces lanuginosus (In ternational patent application 

num ber: PC T/U S97/04559; B erka et al., 1998), Emericella nidulans and Talaromyces 

thermophillus (W yss et al., 1999).

Regulation of phytase synthesis and activity

A lthough a sm all am ount o f  endogenous phytase activity  has been detec ted  in ungerm inated 

and dry seeds, e.g. peas (G ibson and U llah, 1990), a large increase in  phytase activ ity  and a 

decrease in phytic acid content can be observed w hen seeds are germ inating  o r even shortly 

after w ater im bibition. T hus, a 2-fold increase in phytase activ ity  w as observed in m aize 

during germ ination  and several varieties o f  peas exhibited an 8- to  30-fold increase in phytase 

activity from day 1 to day 5 o f  germ ination (G ibson and U llah, 1990). In soybean, an 

approxim ately 10-fold increase in phytase activ ity  w as observed, w ith  a m axim um  level o f  

activity at days 8 to  10 after germ ination (G ibson and U llah, 1988). A  24 hrs incubation  o f  

w heat, rye, and hu lled  and dehulled barley seeds w ith w ater, resulted  in a 46-77%  reduction  

o f  phytate content, indicating  a high phytase activity  (Fredlund et al., 1997).

The increase in phytase activ ity  during germ ination can be  a result o f  e ither an activation  o f  a 

pre-existing phytase o r a  de novo synthesis. In addition to the low  phytase activ ity  present in 

dorm ant seeds o f  peas, tw o additional form s are p resent exclusively  in  germ inating  seeds 

indicating a de novo synthesis (G ibson and U llah, 1990). In soybeans, phytase activ ity  is
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observed in  ungerm inated  seeds, how ever in  both  soybean and m aize, an increase in 

im m unospecific staining on w estern  b lo t appears during germ ination, indicating  a de novo 

synthesis o f  the enzym e (G ibson and U llah, 1988; Laboure et al., 1993). In m aize, no 

transcript w as present in  dry seeds, how ever m R N A  accum ulated during the first day o f  

germ ination, to reach  a m axim um  after 2 days, and then  decreased in  young seedlings 

(M augenest et al., 1997).

Phytase activ ity  is regulated  by  the level o f  inorganic phosphate  in seeds o f  Phaseolus 

vulgaris (C hang and Schw im m er, 1977; Lolas and M arkakis, 1977) in  w heat b ran  (L im  and 

Tate, 1971;1973), in  soybean cotyledons (G ibson and U llah, 1988), in  Lilium longißorum 

pollen  (Scott and Loew us, 1986a; L in  et al., 1987), and in  Petunia hybrida po llen  (Jackson 

and Linskens, 1982). A lso, the E. coli phytase activity  is inhibited by  inorganic phosphate 

(G reiner et al., 1993). In  contrast, low  phosphate levels appear to  induce phytase gene 

expression. Thus, in  cell suspension cultures o f  soybean, phytase and acid  phosphatase 

excretion w as induced after 3 to 4  days o f  grow th under phosphate deficient conditions 

(G ibson and C hristen, 1987). L ikew ise, in  Aspergillus niger, the phytase encoding phyA  gene 

is transcrip tionally  upregulated  under low  phosphate conditions (H artingsveldt et al., 1993).

In sum m ary, phytase gene expression m ay be upregulated at the transcrip tional level by  low 

inorganic phosphate levels w hile the phytase enzym e appears to be inhibited  b y  h igh  levels o f  

inorganic phosphate, i.e., a feed back  inhibition.

The action of plant phytase

The sequence o f  hydrolysis o f  phosphate groups has been investigated  in  w heat (L im  and 

Tate, 1971; 1973), m ung bean  (M aiti and B isw as, 1979), and lily po llen  (B aldi et a l,  1988; 

B arrientos et al., 1994). A dditionally , the »i;;o-inositol com position  in  barley  aleurone cells 

has been characterised  in vitro  as being stereochem ically  very m uch sim ilar to  the degration 

products o f  phytic acid  after the action o f  w heat bran phytase (B rearley  and H anke, 1996).

A cid p lant phytase m ediated  degradation  o f  phytic acid to m ^o-inositol appears to be rather 

com plex and has been  studied in m ost detail for the w heat bran  phytase (F igure 6). Thus, 

T om linson and B allou reported  the substrate specific ity  o f  a  crude w heat b ran  phytase
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preparation already in 1961 and 1962. Further characterisation  w as perform ed and 

subsequently  the w heat bran phytase w as resolved into tw o fractions nam ed F l  and F2 

(Johnson and Tate, 1969; U m  and T ate , 1971; 1973). The crude extract characterised  by 

T om linson and B allou and the later F l  fraction yielded the sam e products from  phytic acid, 

perhaps indicating that the F2 fraction w as a relatively  m inor com ponent.

Ins(l,5,6)P3
+

F l :  InsP -► Ins( 1,2,3,5,6)Ps -► Ins( 1,2 ,5 ,6 )?4 -N ns( 1,2,6)P3->-Ins( 1,2)P2 -► Ins(2)Pi - > In s  

■^-► 1ns(l,2 ,3 ,6)P4-^Ins(l,2 ,3)P3-M ns(2,3)P2

Ins(l,3 ,4 ,5 ,6)Pv
"'"-A

F2: 1nsP -► In s(l ,2,3,5,6)Ps -► Ins( 1,2 ,3 ,6 )P4-N ns(l ,2 ,3 )P 3 -^ In s(l ,2 )P 2 -> In s (2 )P i-^ In s  

I n s ( l , 2 , 3 , 4 , 6 ) P 5 ^ ^ ^  Ins(2,3)P2

Figure 6. The hydrolysis o f  phytic acid (InsPe) to  m>'o-inositol (Ins), catalysed by  w heat bran 

phytase fraction 1 ( F l )  and fraction 2 (F2) respectively.

A s illustrated in F igure 6, the phytase activity  o f  F l initially  rem oves the D -4 phosphate, 

yielding /wjyo-inositol 1,2,3,5,6-penta/s5phosphate. D uring the subsequent F l m ediated  step, 

tw o different te tra^ /jphosphates are generated, nam ely  a m inor com ponent, m,yo-inositol

l,2 ,3,6-tetra/a'5phosphate and a m ajor product, wj^o-inositol 1,2,5,6-tetra/:i5phosphate. Further 

dephosphorylation y ields w>'o-inositol 1 ,2,3-triphosphate and mj^o-inositol 1,2,6-triphosphate 

(Tom linson and B allou, 1962). A^yo-inositol 1 ,2-diphosphate and /o r m>'o-inositol 2,3- 

diphosphate w ere identified w hen treating  m^^o-inositol I,2 ,3 ,4 ,5 ,6-hexa/:i5phosphate w ith the 

crude phytase, and it has been show n that crude w heat bran phytase yields only  a  single myo- 

inositol m onophosphate, wj^o-inositol 2-phosphate (Irving, 1980b). In a study using a 

com m ercial available preparation  o f  w heat phytase, m uch o f  the above conclusions w as
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confirm ed by  N M R , bu t additionally  the form ation o f  /«;yo-inositol 1 ,5 ,6-triphosphate from  

w yo-inositol 1 ,2 ,5 ,6 -te tra^ jphosphate  w as reported  (PhiUippy, 1989). O nly  tw o m3'o-inositol 

tetrakisphosphate products w ere characterised, since m yo-inositol 1,2 ,6-triphosphate and myo

inositol 1 ,2,3-triphosphate w ere identified as products follow ing the action  o f  the crude 

phytase on wi>'o-inositol 1,2,3,4,5,6-hexaÄwphosphate as w ell (T om linson and B allou , 1962).

In contrast to  the resu lts obtained w ith  the F l  fraction, the F2 fraction o f  w heat b ran  phytase 

generates three chrom atographically  distinct peaks o f  m jo -inosito l p e n ta ^ 5ph 0sphates (L im  

and Tate, 1971; 1973), i.e., /wj^o-inositol 1,2,3,5,6-pentaÄjjphosphate as the m ajo r p roduct and 

sm aller am ounts o f  /Mj'o-inositol 1,3,4,5 ,6-penta^jjphosphate and »ij'o-inosito l 1,2,3,4,6- 

penta/njphosphate. Further catabolism  o f  the 1,2,3,5,6 and 1,2,3,4,6 isom ers y ielded  the sam e 

product, wjvo-inositol 1 ,2 ,3 ,6 -te tra^ iphosphate , w hich is the sam e isom er as the m inor myo

inositol tetraÅi5phosphate  com ponent produced by  crude w heat b ran  phytase. A  single 

triphosphate w as identified as /wjvo-inositol 1,2,3-triphosphate. Further breakdow n yielded a 

m ixture o f  m>'o-inositol 2 ,3-diphosphate and /nj^o-inositol 1 ,2-diphosphate, w ith  the latter 

dom inating, and finally  m>'o-inositol 2-m onophosphate and wi>'o-inositol.

The broad substrate affinity  o f  the acid phytases is confirm ed w hen  com paring  the w heat 

bran/barley aleurone in term ediates w ith  the in term ediates identified in  o ther p lan t species. N o 

clear consensus for the pattern  o f  the penta^\yphosphates is p resent in w heat, barley , m ung 

bean and soybean. In soybean, m yo-inositol 1,3,4,5,6-pentaA ijphosphate is represen ted  as in 

w heat and barley , bu t along w ith  m>’o-inosito l 1,2,3,4 ,6-penta^isphosphate, it is as a  m inor 

com ponent com pared w ith  m>'o-inositol 1,2,4,5,6-penta^\yphosphate (P h illippy  and B land, 

1988). In m ung bean  seedlings, 1,2,4,5,6; 1,2,3,4,5; 1,3,4,5,6 and m3'o -inosito l 1,2,3,4,6- 

pentaÄi^phosphate w ere all identified, bu t the latter tw o represented  less than  4%  total myo

inositol pentaAzjphosphate in [^H] m yo-inositol o r [^^P]Pi- labelled preparations (Stephens, 

1990; Stephens et al., 1991). In  barley  m yo-inosito l 1,2,3,4,5- and  -1,2,3,4,6 

pentaÄ jjphosphate are the dom inating penta^ ijphosphate  w hile m yo-inositol 1,2,3,4,6 

penta^i5phosphate is on ly  present in  sm all am ounts in  soybean and m ung bean  seedlings 

com pared to  m yo-inositol 1,2,4,5,6 penta^7jphospha te  and m yo-inositol 1,2,3,4,5 

pentaAi5phosphate.

Together, these data  indicate lim ited  substrate specific ity  for the phytases during the initial 

hydrolytic step. T his m ay also be  the case for the subsequent steps. A lthough  m yo-inositol
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1,2,3,4 tetra/3sphosphate and m yo-inositol 1,2,5,6 tetraAi^phosphate are the predom inant 

form s in barley  and m ung bean, o ther types o f  tetra^j,yphosphates are generated  in  soybean 

seedlings and w heat. I f  focusing on w heat and barley, m>'o-inositol 1,2,3 triphosphate and 

w>'o-inositol 1,2,6 triphosphate are hydrolysed to the d iphosphates w>/o-inositol 1,2 

diphosphate and »ij'o-inositol 2,3 d iphosphate and finally to  wiyo-inositol 2 phosphate (w heat 

and barley) o r w yo-inositol 3 phosphate (barley).

A n alkaline pH  8.0 phytase activity  has been identified and extensively studied in po llen  o f  

Lilium longiflorum (B aldi et al., 1988; B arrientos, 1994). The initial hydro lysis o f  the 

phosphate ester by  alkaline phytase occurs at the D-5 position  o f  phytic acid  to yield myo- 

inositol 1,2 ,3 ,4 ,6-penta/:jjphosphate (B arrientos et al., 1994). T he tw o subsequent 

dephosphorylations occur adjacent to the D-5 hydroxyl group to  y ield  w>>o-inositol 1,2,3- 

triphosphate as the final product. T he physio logical significance o f  alkaline phytases in 

relation to acidic phytases rem ains to be elucidated. L ikew ise, it is no t know n i f  mj^o-inositol 

1 ,2,3-triphosphate has a b iological role.
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Role of Phytin and Phytase in Nutrition

The nutritional aspect of feeding non-ruminants with high phytin diets

In the dry  seed and in  the d igestive tract o f  non-rum inants anim als there is on ly  a  lim ited 

phytase activity  (G ibson and U llah, 1990; Lantzsch et al., 1992; U sayran and B alnave, 1995). 

R um inants read ily  u tilise the phytate phosphorus o f  seeds because o f  the phytase p roduced by 

rum en m icro-organism s. In contrast, d igestible phosphate com poim ds have to  be  added to 

seed based feed for p igs and poultry  to  com pensate for the low  digestib ility  o f  phytin . Large 

am oim ts o f  phytin  phosphorus pass through the gastrointestinal tract and only  30%  o f  the 

phosphorus eaten by  pigs are deposited  during grow th. O f the rem aining phosphorus, 50%  is 

excreted w ith  the m anure and 20%  w ith  the urine, reflecting  unutilised  phytate-P  and 

supplem ental inorganic-P  respectively  (Poulsen, 1996). T he undigested  phy tin  causes 

environm ental phosphorus pollu tion  w hen the m anure is used as fertiliser to  croplands.

The strong association  betw een phytate and im portant dietary cations reduces the absorption  

o f  these elem ents in  the d igestive tract o f  non-rum inants (H urrell et al., 1992). T his is a  m ajor 

problem  in the developing w orld  in  populations feeding prim arily  on cereals w here iron, zinc 

and phosphate deficiencies cause serious health  problem s, including anaem ia’s, rickets, 

osteoporosis and bone deform ities (Lott, 1984). Several studies have docum ented  that an 

enhancem ent o f  phytin  phosphorus u tilisation  also increases the absorption  o f  i.e. zinc, 

m agnesium  and iron (R obenson and Edw ards, 1994; M urry, 1995; Sandberg  et a l ,  1996). 

S trategies for im proving the b ioavailability  o f  phosphorus for anim al feed are accordingly  

also very relevant for the generation o f  m ineral dense food for him ian consum ption.

Phytate has further been  show n to inhibit peptic d igestion  o f  proteins and to  in terfere  w ith  the 

activity o f  proteolytic enzym es, p robably  as a result o f  the form ation o f  p rotein /phytin  

com plexes (L ott, 1984).
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It has been know n for several years that a  supplem entation o f  cereal d iets w ith  phytase o f  

Aspergillus niger N R R L  3135 enhances the release o f  phosphate  from  phytin  and 

consequently  reduces the phosphate excretion from  non-rum inants (N elson et al., 1968; 

1971). L ater studies o f  b roilers have further dem onstrated  that the addition  o f  enzym e even 

im proves the perform ance com pared to  that attained by  adding supplem ental inorganic 

phosphate (S im m ons et al., 1990; Jongbloed et al., 1992).

The environm ental load im posed by  the excess phosphate in  anim al m anure has been  one o f  

the driving forces in  the developm ent o f  phytase as a feed additive. E uropean countries such 

as D enm ark, T he N etherlands and G erm any, that all have large scale anim al husbandry , are 

now  via legislative m easures try ing to balance the nitrogen and phosphate  input w ith  that 

required by  the crops. F or the last 50 years m ore phosphate has been added to the cultivated 

soils in D erunark than  has been rem oved by the crops. Form erly, th is w as considered a  m inor 

problem  since phosphate is firm ly bound in  the soil in an organic o r inorganic form. It is 

apparent, how ever, that w ater and w ind drainage and erosion as w ell as drainage in poo r soils 

results in a significant transfer o f  phosphate to  sw eet w ater as w ell as coastal areas, causing 

m assive alga g row th and anaerobic conditions.

A pplication o f  phytase to anim al feed can drastically  reduce the requirem ents for a 

supplem entation w ith  dietary phosphate and reduce the phosphate excretion. It has been 

estim ated (Table 1) that i f  phytase w as used as a  feed ingredient in  the d iet o f  all the 

m om ogastric anim als in the U nited States, the am ount o f  excreted phosphorus could be 

reduced w ith  a to tal o f  8.23*10’ kg per year (W odzinski and U llah, 1996). T he to tal value o f  

the phytin  phosphorus in the anim al feed has been estim ated to  am ount 1.68*10* $ per year 

(data for 1993, W odzinski and U llah, 1996).

Application o f phytase to feed
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Table 1. E ffect o f  u se  o f  phytase on abatem ent o f  phytate pollu tion  (W odzinski and U llah, 

1996).

Animal No. in US in 

1992

Average live 

wt. (kg)

kg of feed 

animal

g P e.xcieted 

animal if 

supplemented 

w ith P

g P e.xcieted 

animal if 

supplemented 

with pliytase

kg P year not 

excreted

Broilers 6.14*10’ 2.01 3.8 14.5 8.4 3.75*10’

Layers 3.64*10* 36.4/year 139/year 80.5/year 2.20*10’

Ducks 1.8*10’ 2.95 7.08 27 (estimate) 15.6/year 2.81*10*

(estimate)

Turkeys 2.89*10* 9.91 26.4 101 (estimate) 58.5 (estimate) 1.69*10’

Pigs 5.78*10’ 80.4 265 271 (estimate) 177 5.62*10‘

Total - - - - - 8.23*10’
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Increasing the Phytase Activity of Plants by Transformation

Transformation of plants with phytase genes for improved growth performance of non

ruminants

The success o f  using phytase as a feed additive has stim ulated research  to  generate transgenic 

plants w ith  a  h igher phytase potential in the m ature seed. A  transform ation strategy addressed 

to the overexpression o f  a hom ologous o r hetero logous phytase gene in p lan t seeds could  lead 

to an increase in the b ioavailability  o f  the phosphorus and essential m inerals o f  the seed.

Results obtained in tobacco and w heat indicates that transform ation w ith  the Aspergillus niger 

phytase encoding gene phyA, d riven by  a constitu tive prom oter can  increase the total phytase 

activity in the seeds (Pen et a i ,  1993; B rinch-Pedersen et al., 2000a). Seeds o f  transgenic 

plants exhibited  norm al phenotype even w hen the phytase enzym e accim iulated in  am ount up 

to 1% o f  the so luble protein  in the seed. The enzym e show ed to  be stable since storage o f  

transgenic seeds, intact o r m illed, for up to 12 m onths at 4°C o r room  tem perature caused no 

significant decrease in phytase activity  level. In a broiler feeding trial, the phytase 

accum ulated in tobacco seeds proved to be  effective for increasing the b ioavailab ility  o f  

phosphate (Pen et al., 1993). T he addition o f  m illed  transgenic seeds, Aspergillus niger 

phytase or inorganic phosphate  had com parable effects on the g row th rate (T able 2). In 

transgenic w heat grains, in vitro studies have showTi that the hetero logous phytase is capable 

o f  reducing the am ounts o f  phytic acid and low er wj^o-inositol phosphates. C onsequently  the 

am ount o f  inorganic phosphate is increased significantly  (B rinch-Pedersen et al., 2000b).

R ecent studies have further docum ented that a fully functional Aspergillus niger phytase can 

be accum ulated in transgenic a lfalfa seeds and soybeans (B eudeker and Pen, 1994; D enbow  et 

al., 1998). In addition , Aspergillus niger phytase has been synthesised and stored in an active 

form in tobacco and canola  leaves and in soybean cell suspension cultures (V erw oerd  et al., 

1995; K oegel et al., 1997; Li et a l ,  1997).
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Table 2. E ffect o f  phytase-transgenic seeds on 

period (Pen et al., 1993).

the grow th rate o f  broilers over a  4-w eek

Dietary

Supplementation'

Phosphate" Phytase Acti\ ity.’ (F' 

(g leg diet) diet)

r u  kg

0-2

Growth (g) 

Age (weeks)

2-4 0-4

None 5.0 _ 203‘ 492'» 695'

Inorganic P 6.5 - 314“ 729» 1043“

A. niger pbytase 5.0 202 276'’ 665* 941'’

A. niger phytase 5.0 404 293’" 692“ 985*'’

Control seeds'* 5.0 - 193' 515'’ 708'

Transgenic seeds'*"* 5.0 295 299* 693* 992*'’

Stat. signiflcance of difference: P< 0.001 0.001 0.001

s e d ‘ 13.2 34.8 44.7

'Differences in the amount o f diet, caused by the supplementation was not compensated. The highest dietary 

supplementation’s were 33 g/kg feed (diets 5 and 6), while maximally 8 g/kg was added in the other diets. 

^The basal diet contains 3.3 g/kg plant phytate and 1.7 g/kg of available phosphorus.

^Phytase activity was determined in the supplement prior to addition to the diet.

^Seeds were milled and added as such.

’Seeds of this line had an expression level o f 0.4% of soluble protein.

‘SED, standard error o f differences between two means.

“■'’■‘Values within a column having identical superscript letter are not significantly different.

Effect of transgenic phytase seeds on phosphorus excretion from non-ruminants

The effect on phosphorus excretion  w as assessed in  a  feed experim ent w here b ro ilers w ere fed 

transgenic soybeans contain ing phytase (D enbow  et al., 1998). T hus, 1200U  phytase activ ity  

per kilo  o f  transgen ic  soybeans caused about 50%  reduction  in  the phosphorus excretion, 

w hen com pared to  a diet supplem ented w ith  an interm ediate level (0 .16% ) o f  d ietary  

nonphytate phosphorus (T able 3). In addition, the excretion o f  phosphorus w as in  the 

experim ents w ith  the transgenic soybeans reduced on average 11% w hen  com pared to 

experim ents w here feed based on w ild  type soybean w as added a  com m ercial m icrobial 

derived phytase (N atuphos). The reduced excretion reflects an approxim ately  10% increased
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phosphorus digestibility o f the feed with the endogenous phytase compared with feed 

supplemented with phytase. The results illustrate that diets low in non phytate phosphorus but 

with endogenous phytase activity ensure growth rates similar to that o f diets supplemented 

with inorganic phosphorus. Moreover the bioavailability o f phosphate in the former type of 

feed was higher than when using the same feed supplemented with exogenous commercially 

available phytase from Aspergillus niger phytase (Natuphos).

Table 3. Effect o f feeding phytase transformed soybean (TSB) or Natuphos phytase on 

growth, phosphorus digestibility and excretion (Adapted from: Denbow et al., 1998).

Diets BW'' yaiii week 

2 to

Feed intake week 2 

to 3

Gain: Teed 

week 2 to 3

Pliosplioriis

Diyeslibility

Phosphonis

excretion

(g) (g) (g/kg) (% of intake) (g/kg DM*’ intake)

Basal 407 618 658 47.2 2.56

B4<).08P 436 669 650 42.8 3.01

B+0.16P 487 739 659 44.0 3.56

B+0.24P 488 749 649 40.0 3.90

B+400U phytase 

TSB

435 643 678 55.8 2.15

B+800U phytase 

TSB

451 707 638 60.4 1.98

B+1200U phytase 

TSB

474 720 658 61.6 1.82

B+400U phytase 

Natuphos

416 616 677 50.6 2.34

B+800U phytase 

Natuphos

440 686 641 53.3 2.24

B+1200U phytase 

Natuphos

454 710 639 55.1 2.10

*BW, body weight 

•d m , diy matter
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Heat stability

Currently available industrial phytases all originate from Aspergillus niger. The temperature 

profile o f the enzyme is asymmetric. It is sluggish from 20°C to 30®C and displays its highest 

activity at 58®C. The activity rapidly declines at 65®C and at 6 8 ®C only 2% of its activity is 

retained (Gibson and Ullah, 1990; Engelen et al., 1994). The thermal inactivation appears 

however, to be partly transient since a subjection to 6 8 ®C for 10 min and subsequent transfer 

to 58®C resulted in regaining o f 40% of the original activity (Gibson and Ullah, 1990). The 

limited thermostability is a drawback o f the phytases originating from Aspergillus niger since 

modem feed-pelleting processes utilise a heat treatment (Gibson, 1995).

However, in planta  synthesised Aspergillus niger phytase shows altered thermal stability 

when compared to the isolated fimgal derived enzyme (Li et al., 1997). After preincubation at 

63®C for 10 min, 90% of the activity remained for the recombinant phytase, whereas only 

75% remained for the fungal phytase. Above 63®C, activity declined rapidly for the fimgal 

and the recombinant enzyme. At 70®C, the recombinant enzyme still retained about 20% of 

the activity while the fimgal enzyme was completely inactivated. Prolonged incubation (63°C 

for 1 hr), resulted in a 60% loss o f activity for the fimgal enzyme compared to 2 0 % loss of 

activity for recombinant phytase. It was suggested that the changes in thermal stability of the 

recombinant enzyme might be attributed to the addition of two amino acids at the translational 

fiision site or differences in glycosylation between phytases synthesised in planta  and in fimgi 

(Li et al., 1997). Further studies may reveal the mechanisms determining the improved 

thermostability of the plant derived phytase.

Phytases with superior heat stability has recently been described from Aspergillus fumigatus 

and Thermomyces lanuginosus. The A. fumigatus enzyme was able to withstand temperatures 

up to 100°C for 20 min while loosing only 10% of the initial enzymatic activity (Pasamontes 

et al., 1997). In addition, the enzyme showed high activity at a pH range o f 2.5 to 7.5. The 

high thermostability of this enzyme is remarkable and similar phytases or acid phosphatases 

have so far not been described. Thus, Thermomyces phytase retained activity at assay 

temperatures only up to 75°C (Berka et al., 1998).
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