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Summary—Two methods for measuring adenosine S'-triphosphaic (ATP) in soil were compaired, one 
based on extraction with N aH C O j-C H G j and thel other on extraction by a trichloracetic acid-phos- 
phate-paraquat reagent. Recoveries of added ATP were greater with the N aH C O j-C H C lj reagent 
but the extraction of “native" soil ATP by N aH C O j-C H C lj was only about a third of that by TCA- 
phosphat^paraquat.

M iaobial biomass C and ATP were measured in 8 contrasting English soils, using the fumigation 
method to measure biomass C  and the TCA-phosphate-paraquat method to measure ATP. Except 
in one acid woodland soil, the ratio (ATP content of the soil)/(biomass C content of the soil) was 
relatiwly constant, with a  mean of 7.3 mg A TPg"* biomass C for the different soils. This value is 
very similar to that obtained earlier in a range of 11 grassland and arable soils from Australia. Taking 
the English and Australian grassland and arable soils together, there is a close (r ^  0.975) linear relation* 
ship between ATP and microbial biomass C that holds over a wide range of soils and climates. 
From this relationship, the soil biomass contains 7.2Smg ATPg~* biomass C, equivalent to an ATP* 
to*C ratio of 138, or lo 6.04pmoles A T P g~ ‘ dry biomass.

The acid woodland soil (pH 3.9) contained much less biomass C  as measured by the fumigation 
method than would have ^ e n  expccted from this relaiionship. This, and other evidence, suggests 
that the fumigation method for measuring microbial biomass C breaks down in strongly acid soils.

The ATP content of (he biomass did not depend on (he P status of the soil, as indicated by NaHCOj> 
extracuble P.

INTHODUCnON

O ades and Jenkinson (1979) show ed a d o se  correla­
tion betw een m icrobial biom ass and  adenosine S'-tri- 
phosphate (ATP) in a range o f A ustralian  soils. In 
these soils m iao b ia l biom ass C  could  be estim ated 
from the relationship

Biom ass C  in soil =  120 (A TP co n icn t o f soil).

O ur m ain aim  in the present w ork was to see if this 
relationship also held for a  range o f  soils from  a cool 
tem perate region. A subsidiary aim  was to  com pare 
N aH C O j as extractant for soil A T P  (Paul and  John­
son, 1977) w ith the T C A -p h o sp h a te -p a raq u a t extrac­
tant in troduced by Jenkinson and O ades (1979).

MATIRIALS AND .METHODS

Soils

Six o f the 8 soils used (Table 1) were sam pled in 
July 1978 to a depth o f IS cm ; soil 4 was sam pled 
in M arch  1978 to 19 cm  and  soil 5 in A pril 1978 
to  20 o n .  All soils were s i e v ^  (< 3 .2 5  m m ) and, if 
w etter than  S0% w.h.c., spread o u t and  allowed to 
dry a t 25'’C  until the w ater con ten t was ju s t under 
S0% W.H.C D uring drying the soils were constantly  
turned so  th a t no  part o f  the soil ever becam e air-dry. 
After sieving the soils were adjusted to  50% w.h.c. 
and sto red  under aerobic conditions for 6 days at 
25^C in  large closed steel drum s contain ing  soda-Iime.

Analytical methods 

T hese were as described by Jenkinson and  O ades 
(1979) except th a t organic C  was determ ined by a

titrim etric m ethod (Tinsley III m ethod ; K alem basa 
and Jenkinson, 1973). Salt's m ethod (1968) was used 
to  m easure 0.5 .vt N a H C O j extractable P. Soil 
N O f - N  and were determ ined by a distilla*
tion  procedure (Brem ner, 1965). Soil A T P was 
m easured using the T C A -p h o sp h a te -p a raq u a t ex trac­
tan t as described by Jenkinson and  O ades (1979X 
except th a t the soil was ultrasonifled for 2 m in during  
ex traction  w ith a  M.S.E. 150 W  ultrason ic  d isin tegra­
to r operating  a t full pow er. D uring ex traction  the d is­
in tegrator took 2 min to  raise the tem perature o f  the 
cxtractant-soil suspension from  0  lo  55®C; in  the ori­
ginal m ethod, using a B ranson B12 150W  sonifer,
I m in  was sufficient. A 1-min trea tm en t w ith the d isin ­
teg rato r was insufficient to  disperse aggregates in a 
clay soil (soil 4); no  aggregates rem ained  after 2 min.

A T P  was also m easured in soil using the extraction  
technique introduced by  Paul and  Johnson  (1977). 
T hey extracted soil for 2 min in a  W aring b lender 
w ith C H Q j and  0.5 M N a H C O j (adjusted lo pH  8.5 
w ith N aO H ), centrifuged the suspension and rem oved 
any C H O , dissolved in the clear aqueous extract by 
evacuation. T he extract was then d ilu ted  and A T P  
determ ined by the luciferin-luciferase m ethod in a 
photom eter. W e used the Paul and  Johnson  p ro - 
cedure to  ob tain  a  C H Q j-free  N a H C O j extract bu t 
then m easured A T P in a 5 0 /J  po rtion  o f  the undiluted 
ex tract by the procedure used in the T C A -p h o sp h a te - 
paraq u a t m ethod (Jenkinson and  O ades, 1979), using 
a  liquid scintillation spectrom eter. T he calib ration  
curve (m ade in  the presence o f  the sam e am oun t o f  
0.5 M N aH C O j as present in the soil extracts) was 
linear over the t-2 5  pm ole range, using the sam e p lo t 
as with the T C A -p h o sp h a te -p a raq u a t method-
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^ ) f ,o n ls  per pm ole A T P were slightly g reater n iib  
^  flaH C O j extracts than w ith T C A -p h o sp h a te -p ara - 
r  -oat exlracis. In  o rder to  co rrccl for recovery of 
; Jddsd A TP. soils were extracted w ith C H Q ,  and 
^  gjthcr 0.5 m N a H C O j o r a  0.5 m N aH C O s solution 
^  q3 ^  w ith respect to  A TP. Recovery o f added  ATP 
L- calculated from  the difference betw een the A TP 
"  in te n ts  o f  the spiked and  unspiked extracts, ju s t as 

in ih« T C A -p h o sp h a tc -p a raq u a t m ethod.
giom ass C  was m easured by a  slight m odification 

of the fum igatioo m ethod (Jenkinson and Powlson. 
1976), using less soil (100 g m oist weight) and incubat- 

under d rier conditions (50% w.h.c.). Fum igation  
done a t 25°C in the presence o f  soda-lim e. While 

(umigation was in progress, the unfum igated control 
joils were also kept a t 25®C over soda-lim e. A T P  was 
extracted a t the sam e tim e as the C H G j fum igations 
vk-crc begun— at the end o f the 6-day pre-incubation.

m easurem ents (both by N a H C O j extraction  and 
by T C A -phospha tc -paraqua t extraction) were in 
quadruplicate, biom ass C  m easurem ents in triplicate 
2nd all o ther m easurem ents in duplicate.

RESULTS AND DISCUSSION

Extraction o f  A T P  from  soil by  N aH C O j and T C A -  
phiyipha!e~poraguat

The recovery o f  added A T P was consistently 
greater w ith N aH C O j than w ith T C A -phosphate- 
paraquat for an extractant'to*soil ra tio  o f 10 (Table 2). 
In contrast, the overall extraction o f “native" soil 
ATP by N a H C O j was only abou t a th ird  o f  that 
by T C A -phosphale-paraquat. even though there was 
a dose (r «  0.96) correlation betw een the am ounts 
exiracted from the different soils by the tw o methods. 
Under the conditions tested, the T C A -phospha te - 
paraquat m ethod cannot therefore be replaced by the 
N aH C O j-C H C lj procedure, even thougfi the latter 
has the advantage of using m uch less toxic and un- 
pitasanl reagents. Soil 1 (2.66% organic C ) and soil
2 (0.79% organic C) are  from adjaceni p lo ts on  the 
Broadbalk C ontinuous W heat Experim ent and con­
tain sim ilar am ounts of clay (Table I). W ith both 
extractants, the recovery o f added  A TP was less with 
soil I than  w ith soil 2. indicating tha t A T P is sorbed 
on <K)il o rganic m atter during extraction.

A T P  content o f  the soils

A TP contents ranged from 1.22 to  8.74 /ig A TP g ' ' 
oven dry soil, the grassland and forest soils containing 
m ost and the arable soils least. F o r the 8 soils there 
was a  fairly close (r »  0.92) correlation  bet>veen total 
N  and A T P content and also betw een organic C  and 
A TP content (r »  0.91). T he 6 R otham sted soils h a w  
been under the same m anagem ent for many years, 
are  all located on the soil series and  have developed 
under the sam e climatic conditions. In such a  group, 
the largest am ounts of organic m atter will be found 
in soils w ith the largest annual inputs o f organic 
m atter (Jenkinson and Rayner, 1977); these arc  also 
the soils w ith m ost A T P (Table 2).

T he A T P  content o f  the soil microbial biomass

In calculating the A TP content o f the soil biomass 
by dividing the m easured A TP content o f the soil 
by its m easured biom ass C  content, it is assumed that 
all the A TP is in the soil biomass. Reasons for think­
ing that this is so have already been set out (Jenkin­
son and O ades, 1979). W ith one exception, the A TP 
content o f the soil biom ass was relatively constant 
in the different soils (Table 3). with a mean of 
7.3 ±  1.6 mg A T P g ” ‘ biom ass C  (excluding soil 6). 
These results arc similar to  those previously obtained 
with A ustralian soils (O ades and Jenkinson. 1979) and 
Fig. I shows the combined results for 6 English and
11 A ustralian soils, excluding tw o A ustralian forest 
soils and tw o English w oodland soils. There was a 
close (r =  0.975) linear relationship between A TP and 
biomass for the 17 soils, the regression equation being

y -  (116,3 ± 6,8)x + (43.8 ± 3 0 .0 )  
where x is the ATP content o f the soil in //gg  
oven-dry soil and .v is the biom ass C  content, also 
in / ig g “ '.  T he corresponding regression through the 
origin (Fig. 1) for the 17 soils is

y =  (124 .3+  4.2)Jt (2)

again excluding the 4 forest and w oodland soils. This 
regression accounts for 98.1% of the variance. C on­
siderable confidence can now be placed on this rela­
tionship. holding, as it docs over a wide range of culti­
vated and uncu lti\a ted  soils under very different cli­
m atic conditions.

(1) 
- 1

Tabic 2. Com parison o f  T C A -phosphaie-paraquat and N aH C O j as extractants for A TP in soil

Soil

Recovery o f  added A TP from soil
r j

T C A -p h osp h a«-p araq uai N aH C O j

A TP content o f  soil*
(/jg A T P g " ' oven-dry soil) 

TC A -phosphatc-paraquat N aH C O j

1 73.1^ 87.1* 3.14 1.20
2 80.0*’ 97.1* 1.22 0.55
3 80.9* 91.0* 7.53 2.00
4 84.8' 84.2* 3.91 1.30
5 78.5* 94.8* 2.49 0.92
6 72.4'* 94.2* 3.38 1.29
7 81.3* 96.2* 8.40 2.81
8 .84.2* 91.0* 8.74 3.33

Coefficient of variation, 5.8 4.5 10.6 12.2

* Corrected for recovery o f  added A TP in this and subsequent Tables. 
'* Extractant'to'soil ratio 10 ml g * ’ soil.
* Extractant-to-soil ratio 20 ml g " ‘ soil.
* W ithin-soil sam pling error.
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T able 3. R espiration rate, b toniass contenl and A TP content o f  soils

Soil

C O j evolved in  10 days 
(/ig C  g “ ‘ oven-dry soil) 

Unfum igated Fum igated

B iom ass C  
(M S C g ~ '  

O N -en-dry soil)

A TP content o f  
soil*

(Mg A TP g -  ‘ 
oven-dry soil)

A T P  content o f  ■* 
biom ass  ̂

(mg A T P  g -*  
biom ass Q  ^

1 113 371 517 3.14 6.1 •
2 64 169 210 U 2 5.8
3 389 773 768 7.53 9.8
4 127 428 603 3.91 6.5 :
5 43 241 396 2.49 6.3
6 158 180 43 3.38 78.6
7 368 821 905 8.40 9J
8 333 899 1133 8.74 7.7

• U sing  T C A -phosphale-paraquat as cxtraciam .

F rom  the slope o f the regression th rough  the origin, 
miCTobial biom ass contains 8.05 m g A T P  g ” ’ biom ass 
C  T h is is p robably  a liu le  large, being based o n  a  
value o f  0.5 for the k co n stan t in the fum igation 
m ethod o f m easuring b iom ass. T ak ing  k  a t  2S°C as
0.45, as suggested by A nderson and  D om sch’s (1978) 
results (see O ades and  Jenkinson, 1979, for a  discus­
sion o f  this), the A T P con ten l of the soil biom ass 
in the 17 soils becom es 7 .25m g A T P g " ‘ biom ass C. 
T his corresponds to  an A TP*to-C  ra tio  o f 138 o r  to 
a  value o f  6 .04 /imoles A T P g * ' d ry  b iom ass, assum ­
ing th a t dry m icrobial b iom ass contains 46% C  (the 
m ean C  content o f  all 41 o rgan ism s exam ined by 
Jenkinson, 1976, and  A nderson and  D om sch, 1978). 
A lthough these values are very sim ilar to  those p ro ­

posed by O ades and Jenkinson (1979) they are to  be 
preferred as they are based on  a w ider range o f soili 
However, in  applying them  to  o th e r conditions, ii 
m ust be rem em bered th a t o u r value for the A T P con­
tent o f the soil biom ass only applies to  aerobic soib 
tha t have not recently received large additions o f fresh 
substrate and that have no t been air-dried, frozen or 
otherwise m altreated p rio r to  m easurem ent. I t  should 

! also be rem em bered tha t it applies, to  soils th a t have 
' had a  pre-incubation a t 25‘‘C : soils pre-incubated ai 

other tem peratures m ay no t give the sam e result.
The two A ustralian forest soils and the tw o English 

woodland soils excluded from Fig. 1 all contain  m en 
A TP per g biom ass C  than  the value calculated from 
the slope o f regression (2). W hether o r not this holds

ATP.ng g - ’ ovwfwJry toil 

Fig. 1. A T P  and m icrobial biom ass C  in II Australian and 6 English soils.



■ally for forest and  w oodland soils rem ains to 
en. U nfortunatelyt the tw o A ustralian forest soils 
x t n  sto red  under conditions different from those 
for all th e  o thers, so  tha t undue weight cannot 

ut on these tw o m easurem ents (see O ades and 
inson, 1979). O ne o f the tw o English w oodland 
(soil 3) contained only m arginally m ore A TP 

j  biom ass (9.8 m g A T P g " *  biom ass Q  than the 
ilated value o f 8.05 mg, bu t the o ther, soil 6, 
irenlly contained  10 tim es as m uch. This soil will 
onsidered separately.

biomass contem  o f  the ccid n ooiHand soil (soil 6)

wo results suggest th a t the biom ass con ien t of
6. as given in T able 3, is too  small. T he A TP 

lent o f  the biom ass is an o rd e r o f  m agnitude 
Iter than  in any o f the o ther soils in T able 3, and 
:ed of m icroorganism s in general (Knowles. 1977).
: o ther result was obtained in earlier work wiih 
6 (Jenkinson et al^ 1976); biom ass as m easured by 
fum igation m ethod was 46 f/g C g " '  soil, much 
than th a t m easured by direct microscopic obser- 

ion of sta ined  m icrobial cells (330/ig C g ” ‘ soil).
: two different m ethods o f  m easuring biom ass gave 
icordant results in all the other soils studied. The 
crepancy w as explained by postulating (Jenkinson 
j/.. 1976) th a t the strongly  acid soil 6 (pH 3.9) did 
Iced con ta in  the very small biom ass indicated by 
: fumigation m ethod and tha t in this soil an abnor* 
ilJy large p ropo rtion  o f l h e  organism s sized and 
unted under the microscope were dead. This 
planation m ust now  be abandoned.
The particu lar sam ple of soil 6 used in the present 
»rk came from  the sam e part of Geescroft Wilder* 
ss as th a t used 9 y r  earlier. M easurem ents on  the 
'69 and 1978 sam ples gave sim ilar results: thus the 
ganic C  conten ts were 2.95 and 2.98% respectively: 
■I 3.9 and  3.9; C O j-C  evolution from  C H O j-trca tcd  
lit 152 and  1 8 0 ^ 8 8 “ * and N m ineralization from 
H O j-trea ted  soil 23 and  2 4 ;< g g " ' soil. It is there- 
re possible lo  relate observations made on the 1969 
imple (Jenkinson et aU  1976) to  the 1978 sample 
ith a fair degree o f  confidence.
Assuming th a t the biovolum es in the 1969 and 1978 

imples were the sam e and th a t biovolum e measure- 
tents give a correct m easure o f  biom ass C. then soil 
contains 10.2 m g A T P g “ ‘ biom ass C  little greater 

^an the o ther values in Table 3, which have a  mean 
f 7.3. T he A T P  results in Table 3 thus suggest that 
iomass as determ ined by the fum igation technique 
i only a b o u t a tenth  o f  w hat it should be in this 
•articular soil. It is clear tha t extreme soil acidity 
epresses the flush of decom position in fumigated so il 
ilthough we do no l yet know  how.

^icTobiai biomass and mineralization o f  N
The usual increase in m ineralization o f N H 4 -N 

^ r r e d  w hen the fumigated soils were incu* 
bated (Table 4). As observed before (sec for example. 
Powlson and Jenkinson, 1976) the ratio  (C O j-C  
cvolved)/(N m ineralized) fell sharply on fumigation. 
There was no  nitrification in fum igated soils and in­
deed fum igated incubated soils contained slightly less 
N O j-N  than  the unfum igated unincubated controls, 
presumably because o f denitrification during or after 
fumigation.

O ne soil (soil 7, from unm anured unlim ed grass­
land) contained no  N O 3 -N  a t the beginning o f the 
experiments and d id  no t mineralize N  when incu­
bated  Mnfumigated, although it e\‘olved m ore C0 2 *C 
during incubation than  the com panion soil 8 (from 
limed fertilized grassland). Presumably m ineral N  was 
being im mobilized in soil 7 before and during  incuba­
tion. However when this soil was fumigated and incu­
bated, much m ore N H ^ -N  was mineralized than 
could be immobilized.

A yanaba e t o l  (1976) suggested that soil m icrobial 
biom ass could be  roughly estim ated from the rela­
tionship B  =  8f ,  where B  is the biom ass C  content 
of the soil in / i g g " ‘ oven-dry soil and f ,  the flush 
of m ineral N  caused by  fumigation, also in Mgg 
A sim ilar relationship holds for the results in Table 4: 
the regression (through the origin) being B  =  7.73F,. 
Soil 6 was excluded from this regression.

T he ratio  (A TP content o f soil)/(flush o f  m ineral N) 
was rem arkably constant in the different soils, ranging 
from 0.051 to  0.076, again w ith the exception of the 
strongly acid soil 6 . This is further evidence in sup­
port o f the hypothesis tha t the extra N  released when 
soils are fum igated and incubated comes from the 
killed biom ass. As before, the large ratio  in soil 6 
suggests that the flush of decom position is repressed 
in this soil.

The effect o f  P on the A T P  content o f  the soil bionmss

As a result o f long-continued m anurial treatm ents 
(see Table I) soils I and 2 (from the dunged and un­
m anured plots of the Broadbalk C ontinuous W heat 
Experiment, respectively) differ widely in the am ounts 
o f P  they contain  (Johnston. 1969), as. do  soils 7 and 8 
(from unfertilized and fertilized grassland; W arren 
and Johnston. 1964). There are also large differences 
in 0.5m N aH C O j cxtractable P (Table 1). Soil I, 
receiving dung annually since 1843. contains 15 times 
m ore N aH C O s cxtractable P than soil I. unm anured 
since 1839. Soil 8. receiving P  and K annually sincc 
1856, contained 38 times more N aH C O j cxtractable 
P  than soil 7. unm anured since 1856.

However, these differences in P status were not 
reflected in the ATP conient of the biom ass, which 
was only slightly greater in soil 1 than in the corre­
sponding unm anured soil 2 (Tabic 3). In the pair of 
grassland soils this was reversed; the A TP content o f 
the biom ass in the high-P soil 8 being som ew hat jess  
than  tha t in the unm anured soil 7. It follows that the 
P  status of a soil, as measured by N aH C O j cxtract­
able P. can vary over a very wide range w ithout 
affecting the A T P content of the soil m icrobial bio­
mass.

In contrast, N annipieri eral. (1978) showed that the 
biom ass form ed when glucose decom posed in soil in 
the presence o f an  adequate P  and N  supply con­
t a i n ^  m ore A T P  per unit biomass than  tha t formed 
from glucose and  N  alone. This discrepancy probably 
arises because ou r measurem ents were m ade on the 
native population  of the soil at a  tim e when little 
o f  it was in active grow th; theirs on  fresh, rapidly- 
changing populations, some grown under deliber- 
a te ly -aea ted  conditions o f  extreme P  deficiency. 
Clearly, our value for the A TP content o f the soil 
biom ass should not be used under such conditions.
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