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Summary 

Methods have been refined for the assay of phosphatase and arylsulphatase 
activities in soil, based on the chromogenic p-nitrophenyl ester substrates. Basic 
assay conditions have been defined, and pH optima and kinetic parameters have 
been determined. The enzymes follow Michaelis-Menten kinetics; this conclu- 
sion is based on three methods of analysis of data determined over a wide range 
of substrate concentrations. The enzyme activities are very stable to storage of 
wet soil for up to 4 weeks at soil temperatures and above. For example, phos- 
phatase had a half-life of approximately 2 weeks at 50°C; arylsulphatase was 
rather less stable. Both enzymes retained 80% of activity after incubation with 
pronase for 1 week at 25°C. On the basis of this work and studies on other soil 
enzymes, it is concluded that  remarkable stability is a general feature of soil 
enzymes. 

Introduct ion 

In recent years the study of enzyme activity in soil has expanded signifi- 
cantly [1--3]; an expansion stimulated by curiosity concerning the funda- 
mental biochemistry of the soil microenvironment as well as the more applied 
demands of agricultural science. As a result, more than fifty soil enzymes have 
been examined, many of them crucial to the cycling of carbon, nitrogen, phos- 
phorus and sulphur. 

Perhaps the most detailed studies have concerned urease, an hydrolyt ic  
enzyme responsible for the decay or urea from both synthetic (fertilizer) and 
natural (metabolic waste) sources. Much has been written about  the origin, 
location and kinetic properties of  this ubiquitous enzyme [4--13]. It is appar- 
ent  that  a good deal of soil urease (although strictly speaking an intracellular 
enzyme) has been released from lysed cells and has become associated with the 
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inorganic (clay) and organic (humus) colloids. This process imparts to it a resis- 
tance to degradation and denaturation and means that soils have an indigenous 
'background' level of urease independent of immediate microbial proliferation. 
It has been estimated that this component contributes between 45% and 90% 
of the total activity [8,12,14--17]. The presence of a recalcitrant catalytic frac- 
tion, spacially and temporally removed from its cellular source, is a common 
feature of soils. 

Soil phosphatases and sulphatases have recently been reviewed [18]. They 
are collective terms for a variety of enzymes concerned with the decay of a 
number of different substrates. An high proportion of soil phosphorus is asso- 
ciated with organic compounds whose nature is poorly understood [19--21]. 
They include esters such as inositol, nucleotides, and phospholipids (phosphati- 
dyl choline, phosphatidyl ethanolamine). In addition, traces of phosphorus 
exist in the soil in phosphoprotein, glucose 1-phosphate and glycerophos- 
phate. Phosphatase enzymes found in soil belong to two principal classes: the 
phosphoric monoester hydrolases (EC 3.1.3.-) and the phosphoric diester 
hydrolases (EC 3.1.4.-). Adenosine triphosphatase (EC 3.6.1.3) and pyrophos- 
phatase (EC 3.6.1.1) activities have also been reported. 

Modern methods of phosphatase measurement depend upon artificial sub- 
strates which, unlike their naturally-occurring counterparts, undergo rapid 
hydrolysis and have an easily estimated organic moiety. These substrates 
include fl-napthyl phosphate [22], phenylphosphate [23] and p-nitrophenyl 
phosphate [24]. The products are assayed either spectrophotometrically or 
fluorimetrically. 

Very little is known concerning the structure of soil organic sulphur which 
has been broadly described as being connected by a mixture of oxygen and car- 
bon bonds [20]. The former group (estersulphates) may include sulphated 
polysaccharides, choline sulphate and ethereal sulphates. 

Investigations into the breakdown of sulphur-containing organic substrates in 
soil have been restricted to arylsulphatase (EC 3.1.6.1) and were initiated by 
Tabatabai and Bremer [25]. They chose p-nitrophenyl sulphate as the substrate 
and measured spectrophotometrically the p-nitrophenol produced. The method 
has been generally adopted by other workers [26,27]. 

The work described in this communication has two aims. Firstly the refine- 
ment of the phosphatase and arylsulphatase assays using the substrates p-nitro- 
phenyl phosphate and p-nitrophenyl sulphate respectively. Secondly the appli- 
cation of these techniques to examine the stability of these two enzyme to 
treatments which inactivate most enzymes in solution. In addition, the kinetic 
properties of phosphatase and arylsulphatase are examined and critically com- 
pared with the reports of other workers. 

Materials and Methods 

Soil. A silt loam soil with the following characteristics was used for these 
experiments: sand 16%; silt 64%; clay 20%; organic matter 6.4%; cation 
exchange capacity 14.8 mequiv. • 100 g soil-l; pH 5.4; water-holding capacity 
(w.h.c.) 0.72 ml • g-L It is fully described elsewhere [28]. 

Substrates. p-Nitrophenyl sulphate, p-nitrophenol and pronase were obtained 
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from Sigma (London) Ltd; p-nitrophenyl phosphate from Aldrich Chemical 
Co., and all other reagents from Fisons Ltd. 

Assay. All enzyme assays were performed in Universal bottles using 1 g of 
air-dried (48 h at 20°C) and sieved (<2 mm) soil. The assays were modifica- 
tions of those described by Tabatabai and Bremner [24,25] and are summar- 
ised in Table I. The soil was pre-incubated for 1 h with 1 ml of 0.2% aqueous 
sodium azide prior to the addition of buffer and substrate. The function of the 
sodium azide was to prevent substrate turnover due to microbial proliferation 
and de novo enzyme synthesis. In the case of arylsulphatase (16 h incubation) 
the presence of NaN3 is essential, for phosphatase assays (1 h) this precaution 
was probably unnecessary but the inhibitor was included for uniformity.  It 
had no inherent effect on enzyme activity. The reaction was terminated by 
cooling to 0°C in a salt/ice bath, prior to centrifugation. 

The p-nitrophenol product  was detected in the supernatant, after suitable 
dilution, by addition of sodium hydroxide in the ratio of 3 ml p-nitrophenol 
solution : 2 ml NaOH. Absorbance was read at 400 nm and the amount  of p- 
nitrophenol was calculated after reference to a calibration curve relating 1--5 
pg • m1-1 p-nitrophenol to absorbance. Although the actual colour development 
is stable, the residual substrate is both unstable when in solution and light sensi- 
tive. Therefore the absorbance of the supernatant was read as soon as possible 
(< 3 h) after centrifugation. 

pH Profiles. The activity curves of the two enzyme were measured over a pH 
range of 4.0--9.0. The buffers used were sodium acetate, sodium maleate, Tris/ 
maleate and Tris.  HC1 (all 0.1 M), chosen because they extract minimal 
amounts of soil organic matter  which would otherwise interfere with the subse- 
quent  spectrophotometry.  The inherent buffering capacity of the soil affects 
the pH of the buffer/soil mixture, such that  the true reaction pH may be differ- 
ent  from that  of the buffer. For phosphatase the pH of the reaction was taken 

T A B L E  I 

T H E  A S S A Y  F O R  S O I L  P H O S P H A T A S E  A N D  A R Y L S U L P H A T A S E  

Phosphatase Arylsulphatase 

1 g air dried soil + 1 ml aqueous 0.2% NaN 3 

Preincubate for 1 h at 20°C 

+ 4 m l  0.1 M T r i s / m a l e a t e  

p H  6.9 

+ 1 ml  a q u e o u s  50 m M  p - n i t r o p h e n o l  P 

+ 4 ml  0 .5  M s o d i u m  a c e t a t e  

p H  5.8 

+ 1 m l  a q u e o u s  200  m M  p - n i t r o p h e n y l  su lphate  

Agi tate  in the  d a r k  at  25°C 

l h  1 6 h *  

R e a c t i o n  s t o p p e d  b y  c o o l i n g  to  0 °C  in a sa l t / i ce  b a t h  fo r  10 rain 
To  the  c o n t r o l s  1 m l  substrate  added 

Soil  r e m o v e d  b y  centr i fuga t ion  at 20 0 0 0  × g fo r  10 rain 
Act iv i ty  d e t e r m i n e d  by  reading th e  absorbance  o f  th e  y e l l o w  p r o d u c t  p - n i t r o p h e n o l  

af ter  d i lut ion  and c o l o u r  d e v e l o p m e n t  w i t h  0.5 M N a O H .  

* N o w  be i ng  assayed over  1 h per iod .  
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as that  recorded at the completion of the 1 h assay (average shift during incuba- 
tion = --0.3 pH units) whilst for arylsulphatase the mean of the zero and 16 h 
pH values (no pH shift during incubation) was used. A p-nitrophenol calibra- 
tion curve was constructed for each buffer. 

Kinetics. The kinetic constants, K m and V were determined by analysis of 
the direct plot [29], Lineweaver-Burk and Eadie-Hofstee plots. In the case of 
the direct plot the points of intersection giving the best Km and V values were 
computed whilst in the other instances best-fit lines were derived from com- 
puted least squares analyses. 

Thermal stability. Soil was brought to and maintained at 65% w.h.c. (with 
water containing 0.2% NAN3) for 4 weeks at 5 temperatures (--20, 4, 25, 30 
and 75°C and the activities of both enzymes followed. In addition the effect of 
wetting the soil followed by l yophilization was measured. 

Proteolysis resistance. This was measured over a period of 7 days by incubat- 
ing soil (65% w.h.c., 0.2% NAN3) with pronase (3 mg • ml- ')  at 25°C. The per- 
sistence, and thus efficacy, of the pronase itself was determined using benzoyl 
arginine amide as a substrate and a Conway micro-diffusion dish [30]. 

Results and Discussion 

The problems to be considered when establishing reliable spectrophotome- 
tric assays for these soil hydrolases are principally: (i) selection of suitable sub- 
strate concentrations and periods of assay to satisfy the normal criteria of 
[S] > >  Kin, insignificant decline of [S] during the assay, and measurable pro- 
duct  formation; (ii) development of an effective means of terminating the reac- 
tion at a defined time; (iii) accounting for non-enzymic hydrolysis and any con- 
tribution of soil humates to the final absorbance; (iv) correction for any soil 
adsorption of products. 

Development  o f  assay. Tabatabai and Bremner [24,31] chose reaction mix- 
ture concentrations of 25 mM and 1 mM p-nitrophenyl sulphate respectively 
for their assays of phosphatase and arylsulphatase. We found that  8.3 mM p- 
nitrophenyl sulphate was a satisfactory excess but that  for the arylsulphatase 
assay 33.3 mM p-nitrophenyl sulphate was required. It is difficult to account 
for Tabatabai and Bremner's choice of 1 mM p-nitrophenyl sulphate when they 
quote Km values for arylsulphatase of 1.37--5.69 mM. 

The immediate termination of the reaction after 1 h or 16 h was not, unlike 
that  described by other workers, achieved by filtration or centrifugation as 
both these operations took some minutes to perform. We therefore used rapid 
cooling to 0°C (suspension reached 0°C in 7 min) which halted the reaction. 
Subsequent centrifugation at 4°C clarified the supematant  for assay. 

It has been reported [32] that  p-nitrophenol is adsorbed by soil. We found 
that  18.5 -+ 5.6% of added p-nitrophenol was adsorbed throughout  the range of 
concentrations employed (30--300 ~gp-ni trophenol  • ml soil suspension -~ ) and 
all subsequent results were corrected accordingly. This partial adsorption iso- 
therm suggests that  the adsorptive capacity of soil for p-nitrophenol is in excess 
of 300 pg • m1-1. 

pHprof i les .  The pH activity curves for both enzyme are shown in Figs. 1 and 
2. For phosphatase 0.1 M Tris/maleate was used buffered at pH 6.9 (reaction 
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mixture pH 6.7). The possibility of a second peak of activity at pH 7.4 should 
not be discounted due to the occurrence of various forms of acid, alkaline and 
neutral phosphatases [33,34]. Arylsulphatase gave a peak at pH 5.8 in 0.5 M 
acetate buffer (reaction mixture also pH 5.8). Guidelines concerning the choice 
of buffer in soil enzyme determinations have recently been presented elsewhere 
[35]. 

Both enzyme assays revealed a stoicheiometric relationship between activity 
and quantity of soil (i.e. amount of enzyme) trom 0.3 to 2.0 g (Fig. 3). A time 
study (Fig. 4) showed that phosphate ester hydrolysis increased linearly up to 
5 h, and sulphate ester hydrolysis up to 32 h. These simple relationships con- 
firm that the reaction is due to accumulated enzymes and not comlSlicated by 
microbial growth or the assimilation of metabolites. 
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F i g .  3 .  S t o i c h e i o m e t r y  o f  p h osp h atase  (o )  and azylsulphatase  (A) in soil.  A c t i v i t y  expres sed  in p m o l  p -  

n i t r o p h e n o l  • g s o i l  -1  • h -1 . 

F i g .  4 .  E f f e c t  o f  l ength  o f  i n c u b a t i o n  u p o n  soil  phosphatase  (o )  and arylsulphatase  (A) activit ies .  Ac t iv i ty  
expres sed  in # m o l p o n i t r o p h e n o l  • g so i l  - l  • h - 1  . 

Kinetics. Kinetic parameters were derived from determinations of  initial 
velocities at eleven substrate concentrations; for phosphatase the range covered 
was 0 .167- -8 .33  mM, for sulphatase 0 .83- -33 .3  mM. The enzymes obeyed 
Michealis-Menten kinetics, as demonstrated by the linearity of  conventional 
Eadie-Hofstee and Lineweaver-Burk plots (Figs. 5, 6, 7, 8). 

Cases of  deviations from Michaelis-Menten kinetics for soil enzymes have 
been presented and analysed [36] ,  but such deviations are definitely not  
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Fig. 5. L ineweaver -Burk  p lo t  o f  soil  p h osp h atase  act iv i ty  in Tr i s /maleate  buffer ,  p = p m o i  p - n i t r o p h e n o l  • 
g soil  -1 . h - l .  

Fig. 6 .  E ad i e -H of s t ee  p lo t  o f  soft p h osp h atase  act iv i ty  in Tris /maJeate  buffer ,  v = ~rnol  p - n i t r o p h e n o l  - g 
so i l - I  . h - l .  
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F i g .  7 .  Lineweaver-Burk plot of  soil a.rylsulphatase activity in sodium acetate buffer, v = #tool  p-nitro- 
phenol  • g s o i l  -1  • b - l .  

F i g .  8 .  Eadie-Hofstee plot of soil axylsulphatase activity in sodium acetate buffer,  v = #tool  p-ni trophenol  • 

g s o i l  - l  . h - 1 .  

observed in the present cases. The consistency with Michaelis-Menten kinetic 
behaviour is presented on the following grounds, (i) Eadie-Hofstee plots, which 
have been claimed to be the most  sensitive linear transformation for displaying 
deviations from Michaelis-Menten kinetics [37] ,  were linear over a wide sub- 
strate range and showed correlation coefficients of  0 .91--0 .98  (phosphatase) 
and 0 .97- -0 .99  (arylsulphatase), (ii) values of  Km and V derived from Eadie- 
Hofstee plots (Table II) corresponded closely to those obtained from Line- 
weaver-Burk plots (correlation coefficients 0 .96--0 .99  (phosphatase) and 
0 .98- -0 .99  (sulphatase)), and to those obtained from the direct linear plot, 
which is the method of parameter estimation least sensitive to errors [38] .  Any 
systematic deviation from Michaelis-Menten kinetics would lead to correspond- 
ing differences in the derived values of  Km and V, since the three methods 
weigh experimental values differently. The values quoted in Table II are means 
and standard deviations derived from five separate determinations for each 
enzyme.  

A separate question is whether, in the case of  enzyme in heterogeneous 
systems, such as soil enzymes and membrane-bound enzymes,  determined 
values of  K m can be given a simple physical interpretation, as corresponding 
approximately to the dissociation constant for the enzyme-substrate complex.  

TABLE II 

THE KINETIC CONSTANTS FOR SOIL PHOSPHATASE AND ARYLSULPHATASE 

Direct plot Lineweaver-Burk plot Eadie-Hofstee plot 

K m ( r a M )  V K m ( m M )  V K m ( m M )  V 

Phosphatase 0 . 3 3  + 0 . 0 9  1 . 5 6  ± 0 . 2 0  0 . 3 2  ± 0 . 0 8  1 . 5 0  ± 0 . 1 6  0 . 8 2  ± 0 . 0 9  1 . 5 3  ± 0 . 1 6  

Arylsulphatase 4 . 9 9  ± 1 . 1 3  0 . 8 8  + 0 . 0 6  4 . 9 8  + 1 . 1 8  0 . 8 9  ± 0 . 0 7  5 . 4 6  + 1 . 3 1  0 . 9 4  + 0 . 0 8  

V in pmol  p-ni trophenol  - g s o i l  - !  • h - 1  . 
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Cervelli et al. [39] have shown that  when significant adsorption of the sub- 
strate to the soil matrix occurs Km values (defined empirically as the total sub- 
strate concentration required for half-maximal activity) can be considerably 
higher than those obtained after correction for substrate adsorption. While this 
is a significant point in the interpretation of K m values, it is evident that  syste- 
matic determination of substrate-binding isotherms for soils will not become 
commonplace, and that  the directly derived K m for a soil enzyme, though not  
of simple physical significance, remains an important  definitive characteristic of 
the soil. 

Thermal stability. Soil samples were stored wet at a variety of temperatures, 
and phosphatase and arylsulphatase were assayed at intervals over 28 days. In 
soil stored at 4°C, phosphatase activity remained constant over the entire 
period while arylsulphatase showed a decline in activity to 70%. The greater 
stability of soil phosphatase is emphasized by the studies at higher tempera- 
tures. Fig. 9 shows phosphatase activities as % of those in samples stored at 
4°C; the activity disappears over a period of a week at 75°C, but has a half-life 
of approximately 2 weeks at 50 ° C, and is reasonably stable at 25 °C. For aryl- 
sulphatase, however, (Fig. 10) no activity is detectable in samples stored at 
75°C, and the activity of sample stored at 50°C declines rapidly. Comparison 
of these data with those published for urease in the same soil [12] indicates an 
order of stability phosphatase > urease > sulphatase, for storage in wet soil. 
Paradoxically, soil phosphatase was rather unstable to storage in frozen solu- 
tions and to freeze-drying. Freeze-drying cause a 33% loss of phosphatase activ- 
ity, but  only 11% loss in sulphatase activity. This difference is also evident in 
the storage data (Figs. 9, 10). These data indicate that  the soil phosphatase is in 
an environment in which it is protected from active degradative influences, but 
where it is susceptible to denaturation by the phase changes involved in freez- 
ing and thawing. 

Stability to proteolysis. Phosphatase and arylsulphatase assays were also per- 
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Fig. 9. Stab i l i ty  o f  soi l  p h o s p h a t a s e  s tored  at  --20°C Co); 25°C (L,); 50°C (A) and 75°C (o). A c t i v i t y  
e x p r e s s e d  as p e r c e n t  o f  that  at 4°C. 

Fig. 10. Stability of soil ary l su lphatase  s t o r e d  at --20°C (o); 25°C (~); 50°C (A) and  75°C (o). Activity 
e x p r e s s e d  as p e r c e n t  o f  that  at 4°C. 
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formed on soil samples stored wet in the presence of pronase for up to 7 days. 
More than 80% of these activities were retained at the end of  the period, while 
the pronase itself retained 60% of its initial activity; this was sufficient to 
degrade any unprotected enzyme [40] .  The resistance of  phosphatase and aryl- 
sulphatase was predictable, as the indigenous proteolytic activity of  the soil was 
twelve times greater than that caused by the added protease. 

Conclusion 

The refinement of  assay methods for soil phosphatase and arylsulphatase has 
allowed the kinetics and stability of  these enzymes to be studied. It is apparent, 
from the many previous studies, that soil enzymes are remarkably stable enti- 
ties, but that there is significant variation in this stability. It is not  yet  clear 
whether this variation arises from intrinsic properties of  the enzymes, or from 
differences in their extracellular microenvironments in the soil. Effective 
methods for the bulk solubilization of  soil enzymes will be necessary to resolve 
this question. 

Acknowledgements  

We are grateful to the Science Research Council for the support of  this work 
(Grant B/RG/57580) .  We thank Mr. A.L. Ibbetson of the Computing Labora- 
tory, University of  Kent, for writing the programme used in analysis of kinetics 
by the direct linear plot and Dr. A Cornish-Bowden, University of  Birmingham, 
for sending a copy of  the programme he had devised. 

References 

1 Kiss, S., Dragan-Bularda, M. and Radulescu, D. (1975) Adv. Agron. 27, 25--87 
2 Skujins, J. (1976) CRC Crit. Rev. Microbiol. 4, 383--421 
3 Burns, R.G. (1977) Sci. Prog. 64, 275--285 
4 Conrad, J.P. (1942) Soft Sci. 54, 367--380 
5 Pinck, L.A. and Allison, F.E. (1960) Soil Sci. 91, 183--188 
6 Vasilenko, Y.S. (1962) Soy. Soil Sci. 11, 1267--1272 
7 Myers, M.G. and McGarity, J.W. (1968) Plant. Soil 28, 25--37 
8 Paulson, K.N. and Kurtz,  L.T. (1969) Soil Sci. Soc. Am. Proc. 33, 897--901 
9 Thente,  B. (1970) Lantbr .  HSgsk. Annlr. 3 6 , 4 0 1 - - 4 1 8  

10 Lloyd, A.B. and Sheaffe ,  M.J. (1973) Plant. Soil 39, 71--:~80 
11 McLaren, A.D. (1975) Chem. Scripta 8, 97---99 
12 Petti t ,  N.M., Smith,  A.R.J., Freedman,  R.B. and Burns, R.G. (1976) Soil  Biol.  B iochem.  8, 479---484 
13 Zantua,  M.I. and Bremner,  J.M. (1977) Soil  Biol.  B iochem.  9, 135--140 
14 Anderson, J.R. (1962) Proc. Annu. Cong. S. Afr. Sugar Technol. Ass. 36, 97--105 
15 MeGarity, J.W. and Myers, M.G. (1967) Plant. Soil 27 ,217 - -238  
16 Bhavanandan, V.P. and Fernando ,  V. (1970) Tea Quart.  41, 94--106 
17 Nannipieri,  P., Ceecanti, B., Cerveili, S. and Sequl, P. (1974) Soil Biol. Biochem. 6, 359--362 
18 Spelt, T.W. and Ross ,  D.J. (1977) in Soi l  E n z u m e s  (Burns, R.G., ed.), Academic  Press, London,  in the 

press 
19 Halstead, R.L. and McKercher, R.B. (1975) in Soil  B iochemis try  (Paul, E.A. and MeLaren, A.D., eds.), 

Vol. 4, pp. 31--63, Marcel Dekker  Inc., New York 
20 Anderson, G. (1975) in Soi l  C o m p o n e n t s  (Giesking, J.E., ed.), Vol. I ,  pp. 333--341,  Springer-Verlag,  

N e w  York 
21 Cheshire, M.V. and Anderson ,  G. (1975) Soil Sci. 1 1 9 , 3 5 6 - - 3 6 2  
22 Ramfrez-Martfinez, J.R. and McLaren, A.D. (1966) Enzymologia  30, 243--253 
23 Hoffmann, G. (1967) Z. PflErn~ihr. Bodenk.,  118, 161--172 
24 Tabatabai,  M.A. and Bremner,  J.M. (1969) Soil  Biol. B iochem.  1, 301--307 



3 6 6  

25  T a b a t a b a i ,  M.A.  a n d  B r e m n e r ,  J .M.  ( 1 9 7 0 )  Soil Sci.  Soc.  Am.  Proc .  34,  2 2 5 - - 2 2 9  

26  Spei r ,  T.W. a n d  Ross ,  D.J .  ( 1 9 7 5 )  N .Z . J .  Sci.  18 ,  2 3 1 - - 2 3 7  
27 T h o r n t o n ,  J . I .  a n d  M c L a r e n ,  A.D.  ( 1 9 7 5 )  J .  F o r e n s i c  Sci. 20.  6 7 4 - - 6 9 2  
28  L e t h b r i d g e ,  G. a n d  Burns ,  R .G .  ( 1 9 7 6 )  Soil Biol. B i o c h e m .  8, 9 9 - - 1 0 2  
29 E i sen tha l ,  R .  a n d  C o r n i s h - B o w d e n ,  A. ( 1 9 7 4 )  B i o c h e m .  J.  139 ,  7 1 5 - - 7 2 0  
3 0  B u m s ,  R . G . ,  Puk i t e ,  A .H.  a n d  M c L a r e n ,  A.D.  ( 1 9 7 2 )  Soil  Sci.  Soc.  Am.  Proc .  36 ,  3 0 8 - - 3 1 1  
31 T a b a t a b a l ,  M.A.  a n d  B r e m n e r ,  J .M.  ( 1 9 7 1 )  Soil  Biol.  B i o c h e m .  3 , 3 1 7 - - 3 2 3  
3 2  S a l t z m a n ,  S. a n d  Yariv ,  S. ( 1 9 7 5 )  Soil  Sci.  Soc.  A m .  Proc .  39 ,  4 7 4 - - 4 7 9  
33  F e d e r ,  J .  ( 1 9 7 3 )  in E n v i r o n m e n t a l  P h o s p h o r u s  H a n d b o o k  (Gr i f f i ths ,  E.J . ,  Bee ton ,  A.,  S p e n c e r ,  J .M.  

a n d  Mi tche l l ,  D.T. ,  eds .) ,  pp .  4 7 8 - - 5 0 8 ,  J o h n  Wiley a n d  Sons ,  N e w  Y o r k  
3 4  A r u t y u n y a n ,  E .A.  a n d  G a l s t y a n ,  A .Sh .  ( 1 9 7 5 )  A g r o k h i m y a  5, 1 2 8 - - 1 3 3  
3 5  Burns ,  R . G .  ( 1 9 7 7 )  in Soi l  E n z y m e s  (Burns ,  R .G . ,  ed . ) ,  in t he  press ,  A c a d e m i c  Press ,  L o n d o n  
36  I rving,  G.C.J .  a n d  Cosg rove ,  D.J .  ( 1 9 7 6 )  Soil  Biol.  B i o c h e m .  8, 3 3 5 - - 3 4 0  
37  Wal ter ,  C. ( 1 9 7 4 )  J .  Biol.  C h e m .  2 4 9 , 6 9 9 - - 7 0 3  
3 8  Markus ,  M., Hess,  B., O t t a w a y ,  J .M.  a n d  C o r n i s h - B o w d e n ,  A. ( 1 9 7 6 )  F E B S  Le t t .  63 ,  2 2 5 - - 2 3 0  
39  Cervell i ,  S.,  N a n n i p i c r i ,  P., C e c c a n t i ,  B. a n d  Sequi ,  P. ( 1 9 7 3 )  Soil  Biol.  B i o c h e m .  5, 8 4 1 - - 8 4 5  
4 0  D i x o n ,  M. a n d  W e b b ,  E.C. ( 1 9 6 7 )  E n z y m e s ,  2 n d  e d n . ,  p.  194 ,  L o n g m a n s  Green ,  L o n d o n  


