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Bekendtgørelse.

I § 19 i undervisningsministeriets bekendtgørel
se af 31. januar 1977 ora erhvervelse af doktor
graden er fastsat følgende bestemmelser vedrøren
de det offentlige forsvar af doktorafhandlinger:

1 .. Forsvarshandlingen er offentlig og ledes af 
formanden for det kollegiale organ, som sagen ho
rer under, eller en anden videnskabelig medarbej
der eller lærer, som formanden har udpeget dertil.

2 . Til at fungere som officielle opponenter be
skikkes to af bedømmelsesudvalgets medlemmer. Un
der særlige omstændigheder kan dog andre fagkyn
dige beskikkes som officielle opponenter.

i .  Eventuelle uofficielle opponenter må melde 
sig til den, der leder forsvarshandlingen, inden 
handlingens begyndelse. Lederen af foravarshand- 
lingen kan dog lade aenere anmeldte opponenter få 
ordet, men uden at fratage tidligere anmeldte op
ponenter deres forrettigheder.

4 . Hvis doktoranden onsker det, kan der gives 
ham ret til at indlede forsvarshandlingen med en 
forelæsning af Indtil l/2 times varighed, hvori 
dor gives en oversigt over afhrjidlingens emne og 
de forskningsresultater, der e.* fremlagt til be
dømmelse. !

Der gives i almindelighed hver af de officiel
le opponenter højst 1 l/2 time og hver uofficiel 
opponent højst 3/4 time, heri indbefattet den tid, 
doktoranden behøver til at give svar. Den tid, der 
gives opponenterne, kan dog efter omstændighederne 
indskrænkes eller udvides. Hele forsvarshandlingen 
må højst vare 6 timer.

6. Forsvarshandlingen skal foregå på dansk, norsk 
eller ;'ven3k, medmindre der af det kollegiale or- 
5an gives tilladelse til at anvende et andet sprog.

Den kgl. Veteri)nær- og Landbohøjskole.
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P RE F ACE

In this thesis are s u m m a r i z e d  i n v e s t i g a t i o n s  on the a n a l y s e s  of 

a d e n o s i n e  t r i p h o s p h a t e  (ATP) and a d e n y l a t e  e n e r g y  charge (AEC) in 

soil, t o g ether w i t h  wor k  d e a l i n g  w ith the use of a d e n i n e  

n u c l e o t i d e s  (ATP, A DP and AMP) as m e a s u r e s  of soil m i c r o b i a l  

b i o m a s s  and a c t i vity. Some of the r e s ults h a v e  been p u b l i s h e d  in 

p a p e r s  as l i sted below. The p a pers are a r r a n g e d  c h r o n o l o g i c a l l y  

after y e a r s  of p u b l i c a t i o n ,  and will be r e f e r r e d  to by R o m a n  

nu m erals. Other l i t e r a t u r e  will be c i t e d  by n a m e  of a u t h o r s  and 

p u b l i s h i n g  year and list e d  under references.
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D a n i s h  l o n g - t e r m  field e x p e r i m e n t .  Danish J. P l a n t  

and Soil Sei., 84, 447-454.



7

V I .

VII.

Vill.

IX.

E i l a n d ,  F. (1981): The e f f e c t s  of a p p l i c a t i o n  of s e wage 

s l u d g e  on m i c r o o r g a n i s m s  in soil. D a n i s h  J. P l ant and 

Soil Sei. 85, 39-46.

E i l a n d ,  F. (1981): The e f f e c t s  of h igh d o ses of s l u r r y  

an d  f a r m y a r d  m a n u r e  on m i c r o o r g a n i s m s  in soil. D a n i s h  

J. P l a n t  and Soil Sei., 85, 145-152.

E i l a n d ,  F. (1981): O r g a n i c  m a n u r e  in r e l a t i o n  to

m i c r o b i o l o g i c a l  a c t i v i t y  in soil. In A g r i c u l t u r a l  

Y i e l d  P o t e n t i a l s  in C o n t i n e n t a l  Climates. P r o c e e d i n g s  

of the 16th C o l l o q u i u m  of the I n t e r n a t i o n a l  P o t a s h  

I n s t i t u t e  hel d  in W a r s a w / P o l a n d .  147-156.

S p a r l i n g ,  G. & Eiland, F. (1983): A c o m p a r i s o n  of

m e t h o d s  for m e a s u r i n g  ATP and m i c r o b i a l  b i o m a s s  in 

soils. Soil Biol. Biochem. 15, 227-229.

A n d e r s e n ,  C., Eiland, F. & Vinth e r ,  F . P. (1983): U n d e r 

s ø g e l s e r  af l a n d b r u g s j o r d e n s  ø k o l o g i  m ed h e n b l i k  på 

j o r d b u n d e n s  m i k r o f l o r a  og fauna i d y r k n i n s s y s t e m e r  med 

v å r b y g ,  r e d u c e r e t  j o r d b e h a n d l i n g  og en e f t e r a f g r ø d e .  

(In D a n ish; S u m m a r y  in English) Tidsskr. P l a n t e a v l  87, 

257-296.

X. E i l a n d ,  F. (1983): A simp l e  m e t h o d  for q u a n t i t a t i v e

d e t e r m i n a t i o n  of ATP in soil. Soil Biol. Biochem. 15, 

665-670.



8

A. I N T R O D U C T I O N

M i c r o o r g a n i s m s  are e s s e n t i a l  in the c i r c u l a t i o n  of n u t r i e n t s  

b e t w e e n  the livi n g  and n o n l i v i n g  c o m p o n e n t s  in the soil. In o r d e r  

to u n d e r s t a n d  these p r o c e s s e s  it is i m p o r t a n t  to be a b l e  to 

d e t e r m i n e  the amou n t  of living b i o m a s s  and the activity of the 

m i c r o o r g a n i s m s .

Duri n g  the last d e c a d e  much e f f o r t  has bee n  spent on the 

d e v e l o p m e n t  of n ew m e t h o d s  in soil m i c r o b i o l o g y ,  which c o u l d  

replace the c l a s s i c  p r o c e d u r e s ,  e.g. the p l a t e  count t e c h n i q u e  

and the d i r e c t  m i c r o s c o p i c  count 't e c h n i q u e  with all t h eir 

inherent l i m i t ations. On e  of the m o s t  p r o m i s i n g  ap p r o a c h e s  in 

this d i r e c t i o n  both from a t h e o r e t i c a l  and a p r a c t i c a l  v iew p o i n t  

is the ATP analysis. It is s u i table as a r o u t i n e  p r o c e d u r e  in 

e c o l o g i c a l  studies, w h i c h  c an be c a r r i e d  out on a large n u m b e r  of 

s a m ples w i t h i n  a short time.

The ATP a n a l y s i s  has a l r e a d y  been u sed to a c o n s i d e r a b l e  e x t e n t  

as an e s t i m a t e  of m i c r o b i a l  b i o m a s s  or a c t i v i t y  in aquatic e c o s y 

stems (Bowie & Gi l l e s p i e ,  1976; H o d s o n  et al., 1976; P a e r l  & 

Wi l l i a m s ,  1976) as well as in soils ( M a cLeod et al., 1969; L e e  et 

al., 1971a; Ausmus, 1973; Paul & Johns o n ,  1977; Jenkinson et al., 

1979; O a des & Jen k i n s o n ,  1979; refs I, III, IV, V, VI & VII; 

A h med et al., 1982; refs Vil l  & IX ). But b e c a u s e  of 

m e t h o d o l o g i c a l  p r o b l e m s  (e.g. ATP e x t r a c t i o n  efficiency, i o nic 

i n t e r f e r e n c e s ,  ATP a d s o r p t i o n  ont o  soil p a r t i c l e s ,  use of c r u d e  

or p u r i f i e d  l u c i f e r i n - l u c i f e r a s e  e n z y m e s  and e f f e c t s  of e n v i r o n 

m e n t a l  f a ctors on ATP c o n t e n t  in soil s a m p l e s ) ,  the main p a r t  of

the a b ove m e n t i o n e d  p a p e r s  hav e  dealt w i t h  A T P  m e t hods and o n l y  a 

few s t u dies (e.g. refs IV, V, VI, VII & IX) h a v e  been c a r r i e d  out 

to e l u c i d a t e  s e a s o n a l  c h a n g e s  in m i c r o b i a l  b i o m a s s  or a c t i v i t y  in

t e r r e s t r i a l  e c o s y s t e m s  by use of the A T P  m e t hod.

ATP c o n c e n t r a t i o n  use d  as an e s t i m a t e  of living b i o m a s s  

re q uires a f a irly c o n s t a n t  ratio of A TP to b i o m a s s  in d i f f e r e n t
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species a n d  d u r i n g  d i f f e r e n t  c o n d i t i o n s  of growth, w h i l e  ATP 

c o n c e n t r a t i o n s  used as an e s t i m a t e  of the m i c r o b i a l  a c t i v i t y  

require a c o r r e l a t i o n  wit h  the g r o w t h  rate. Some i n v e s t i g a t o r s  

have found tha t  ATP c o n t e n t  in b a c t e r i a  is i n d e p e n d e n t  of the 

cellular g r o w t h  rate (Smith & Maaløe, 1964; Forrest, 1965;

Knowles & S m ith, 1970; H o b s o n  & Summers, 1972), w h e r e a s  o t h e r s

have i n d i cated a p o s i t i v e  c o r r e l a t i o n  b e t w e e n  ATP c o n t e n t  and the 

growth rate ( N e i d h a r d t  & Fraenkel, 1961; B a g n a r a  & Finch, 1973).

The ATP c o n t e n t  of a soil sample, p r o b a b l y  will r e flect the 

amount of l i v i n g  c y t o p l a s m  and the s t ate of a c t i v i t y  (the 

adenylate e n e r g y  c h a r g e  value) of the living c e lls p r e s e n t  in the

soil but the i n t e r p r e t a t i o n  of the a n a l y t i c a l  data has been

d i f f i c u l t .

D e t e r m i n a t i o n  of an a d e n y l a t e  e n e r g y  c h a r g e  v a l u e  b a s e d  on 

cellular a d e n i n e  n u c l e o t i d e  c o n c e n t r a t i o n s  (ATP, ADP and AMP) is 

proposed to be a m e a s u r e m e n t  of the e n e r g e t i c  state of m i c r o b i a l  

populations iji v i v o . The ratio of the t h ree m e n t i o n e d  a d e n i n e  

nucleotides is d e p e n d i n g  on the m e t a b o l i c  a c t i v i t y  of the cells. 

Therefore, it seems q u ite r e a s o n a b l e  that the a c t i v i t y  of the 

total m i c r o b i a l  c o m m u n i t y  in soil c o uld be d e t e r m i n e d  mor e  

exactly by the a d e n y l a t e  e n e r g y  c h a r g e  v a l u e  rather than by ATP 

d e t e r m i n a t i o n s  alone.

In a d d i t i o n  to a d i s c u s s i o n  of the m e n t i o n e d  s u b j e c t s  the aim 

of the p r e s e n t  s t u d y  has been: (1) To work out a s i m p l e  m e t h o d  

for q u a n t i t a t i v e  e x t r a c t i o n  and d e t e r m i n a t i o n  of ATP in soil; (2) 

to develop a m e t h o d  for d e t e r m i n a t i o n  of a d e n y l a t e  e n e r g y  c h a r g e  

(AEC) in soil; (3) to d e t e r m i n e  the c o n c e n t r a t i o n s  of the a d enine 

nucleotides and A EC in soil; (4) to e x a m i n e  d i f f e r e n t  

e nvi r o n m e n t a l  f a c t o r s  w h i c h  m i g h t  a f fect the ATP c o n t e n t  in soil 

and (5) to e x a m i n e  the r e l a t i o n s h i p s  b e t w e e n  ATP c o n t e n t  and 

other m e t h o d s  w h i c h  reflect either m i c r o b i a l  a c t i v i t y  or 

microbial b i o m a s s  in order to e v a l u a t e  the s u i t a b i l i t y  of A TP 

m e a s u rements for d e t e c t i o n  of c h a n g e s  in soil m i c r o b i a l  b i o mass 

and activity in t e r r e s t r i a l  e c o s ystems.
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B. THE F I R E FL Y  B I O L U M I N E S C E N C E  ASSAY  

FOR M E A S U R I N G  A T P  C O N T E N T

I n t r o d u c t i o n

It is g e n e r a l l y  a g r e e d  that there is an a s s o c i a t i o n  b e t w e e n  

a d e n i n e  5 '- t r i p h o s p h a t e  and living c e lls and t h e r e f o r e  it c a n  be 

a u s eful i n d icator of life ( H u e nnekens & W h i t e l e y ,  1960). All 

living c e lls c o n t a i n  m o l e c u l e s ,  r e f e r r e d  to 'as nucl e o t i d e s ,  

w h i c h  are e s s e n t i a l  for v i a b i l i t y  and growth. A d e n i n e - c o n t a i n i n g  

n u c l e o t i d e s ,  a d e n o s i n e  5 '- t r i p h o s p h a t e  (ATP), adenosine 5'- 

d i p h o s p h a t e  (ADP), and a d e n o s i n e  5 1- m o n o p h o s p h a t e  (AMP) h a v e  

se v eral functions. T hey are thus r e s p o n s i b l e  for c o u p l i n g  

i n t r a c e l l u l a r  e n e r g y - p r o d u c i n g  and e n e r g y - r e q u i r i n g  m e t a b o l i c  

r e a c tions, e.g. for 1 ) s t o rage and t r a n s p o r t  of c e l l u l a r  

m e t a b o l i c  energy, 2) s y n t h e s i s  of d e o x y r i b o n u c l e i c  acid (DNA) and 

r i b o n u c l e i c  acid (R N A ), 3) a c t i v a t i o n  and t r a n s f e r  of p r e c u r s o r s

for c e l l u l a r  b i o s y n t h e s i s ,  and 4) c o n t r o l  a n d  regulation of 

ce l l u l a r  m e t a b o l i s m  (Karl, 1980). S t u d i e s  on the regulation of 

e n z y m e  f u n c t i o n  and the c o n t r o l  of b i o s y n t h e t i c  processes h a v e  

re s u l t e d  in the a d e n y l a t e  e n e r g y  c h a r g e  c o n c e p t  (AEC) as d e f i n e d
I A T I’I +  '/i I A O P j

by A t k i n s o n  & W a l t o n  (1967 ): A I 2 C  =  - - - - - — - - - - — - - - - - -
I ATI’] + [ADP| + |AMP| .

AE C  p r o v i d e s  a m e a s u r e  of the total a m o u n t  of metabolic e n e r g y  

m o m e n t a r i l y  s t o r e d  in the a d e n i n e  n u c l e o t i d e  p o o l  (see C h a p t e r  

C). For the d e t e r m i n a t i o n  of AEC, A DP and A M P  are e n z y m a t i c a l l y  

c o n v e r t e d  to ATP and m e a sured. The t u r n o v e r  times for the 

i n t r a c e l l u l a r  A TP pool in g r o w i n g  b a c t e r i a  h a v e  been found to be 

as short as 0.1 to 1.0 s in g r o w i n g  b a c t e r i a  (Harrison & M a i t r a ,  

1969; H o lms et al., 1972; C h a p m a n  & At k i n s o n ,  1977).
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The e m i s s i o n  of light c a t a l y s e d  by f i r e f l y  l u c i f e r i n - l u c i f e r a s e  

for d e t e r m i n a t i o n  of a d e n o s i n e  t r i p h o s p h a t e  (ATP), h as b e e n  

studied e x t e n s i v e l y  s i nce the wor k  by M c E l r o y  (1947), w h i c h  first 

recognized t hat l i ght e m i s s i o n  f rom a f i r e f l y  l a n t e r n  e x t r a c t  

could be i n d u c e d  by the a d d i t i o n  of ATP and that the d u r a t i o n  of 

light e m i s s i o n  was p r o p o r t i o n a l  to the a m o u n t  of A TP added.

The l u c i f e r i n - l u c i f e r a s e  s y s t e m  had in m ost c a ses b e e n  o b t a i n e d  

from the f i r e f l y  P h o t i n u s  p y r a l i s , a l t h o u g h  m a n y  other 

luminescent o r g a n i s m s  are known.

Luciferin is a h e t e r o c y c l i c  c o m p o u n d  w h i c h  is a c t i v a t e d  by 

a de n y l a t i o n  in an i n i tial r e a c t i o n  step (Fig. 1).

0 ( - )  L U C I F E R I N  O X Y L U C I F E R I N

Fig. 1. S t r u c t u r e s  of D (-)lucifer in and o x y l u c i f e r i n .

(From DeLuca, 1977)

Ox y l u c i f e r i n  is p r o d u c e d  by o x i d a t i o n  (Fig. 1). An e x i t e d  a n i o n i c  

form of the o x y l u c i f e r i n  m o l e c u l e  is p r o b a b l y  the light e m i ttor 

(White et al., 1969, 1971>.

The f i r e f l y  e n z y m e  l u c i f e r a s e  c o n s i s t s  of two s u b u n i t s  each 

with a m o l e c u l a r  w e i g h t  of a p p r o x i m a t e l y  50.000 (Travis & 

McElroy, 1966). S u l f h y d r y l  g r o u p s  are e s s e n t i a l  for the c a t a l y t i c  

action (DeLuca, 1969). The m e t h o d  is b a s e d  on m e a s u r e m e n t  of the 

light e m i t t e d  f r o m  the i n t e r a c t i o n  of A TP w i t h  l u c i f e r i n -

luciferase a nd a t m o s p h e r i c  oxygen. The r e a c t i o n  r e q u i r e s  a pH of

about 7.5, t he p r e s e n c e  of Mg ions and a t e m p e r a t u r e  of

20-25°C. T he t o tal light o u t p u t  is d i r e c t l y  p r o p o r t i o n a l  to the 

amount of A T P  p r e sent, w h e n  all the o t her c o m p o n e n t s  of the 

system are in e x c e s s  (Seliger & McElroy, 1959; Strehler, 1968).
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The r e a c t i o n s  i n v o l v e d  are s i m p l i f i e d  in Fig. 2 as follows:

M g  2 +  r
ATP + luciferase + D(-)luciferin > [Juciferase-luciferin -  AMP -

pH 7.75 complex^] + pyrophosphate 

M g 2  +
luciferase-luciferin -  AMP + 0 2 > luciferase + oxyluciferin

PH 7.75 + C02 + AMP + light

Fig. 2. S c e m a t i c  p r e s e n t a t i o n  of the f i r e f l y  l u c i f e r i n - l u c i f e r a s e  

reaction.

The first step is the initial a c t i v a t i o n  r e s u l t i n g  in f o r m a t i o n

of e n z y m e  b o u n d  l u c i f e r y l a d e n y l a t e  fro m  r e d u c e d  luciferin,
2 +

l u c i f e r a s e  and ATP in the p r e s e n c e  of Mg ions. The

l u c i f e r y l a d e n y l a t e  r e m ains t i g h t l y  b o u n d  to t he luciferase and

p y r o p h o s p h a t e  is released. In a s e c o n d  step, the 

l u c i f e r y l a d e n y l a t e  enzy m e  c o m p l e x  is o x i d i z e d  by m o l e c u l a r

oxygen, re s u l t i n g  in C O 2 # AMP, l u c i f e r a s e  a nd e l e c t r o n i c a l l y  

e x c i t e d  o x y l u c i f e r i n .  On r e t u r n i n g  to the g r o u n d  state the 

e x c i t e d  c o m p l e x  e m its light. The s t o i c h i o m e t r y  is one

D (-)l u c i f er in o x i d i z e d  per ATP and 0 2 u t i l i z e d .  Th e  quantum y i e l d  

is v e r y  high, a b out 0.88 (Seliger & M c E l r o y ,  1960). D e t a i l s  of 

the r e a c t i o n  m e c h a n i s m  are p r e s e n t e d  in the r e v i e w  by D e L u c a  

(1976). The n o r m a l  light e m i s s i o n  has a y e l l o w - g r e e n  light w i t h  

a m a x i m u m  at 562 nm (White et al., 1971). H o w e v e r ,  t e m p e rature, 

pH and c e r t a i n  m e t a l  ions can affect the c o l o u r ,  resulting in a 

red light e m i s s i o n  w i t h  a m a x i m u m  a b o u t  618 nm (Seliger & 

M c E lroy, 1 9 6 4 ).

The m e t h o d  is very sen s i t i v e ,  10 - 1 4  m ol A T P  can he m e a s u r e d  

under o p t i m u m  c o n d i t i o n s  (Karl & H o l m - H a n s e n ,  1976).
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S u r v e y  o f  d i f f e r e n t  m e t h o d s  u s e d  f o r  

e x t r a c t i o n  o f  A T P  f r o m  s o i l

Or i g inally A T P  e x t r a c t i o n  m e t h o d s  wer e  d e v e l o p e d  for e x t r a c t i n g  

AT P  from m i c r o b i a l  c e l l s  in pur e  cultures. A range of such 

me t h o d s  are d i s c u s s e d  by L u n d i n  & T h ore (1975). T h ese m e t h o d s  are 

not equally e f f e c t i v e  in e x t r a c t i n g  A TP fro m  such a c o m p l e x  

m e d i u m  as soil. A good e x t r a c t i o n  p r o c e d u r e  for soils must 

quickly i n a c t i v a t e  the enzy m e  re a c t i o n s  in the soil s u s p ension, 

so that n e i t h e r  s y n t h e s i s  nor d e g r a d a t i o n  of ATP c an occur. 

Furthermore, A T P  p r e s e n t  in all the m i c r o b i a l  c e lls s h ould be 

q u a n t i t a t i v e l y  e x t r a c t e d ,  and the e x t r a c t s  s h ould not c o n t a i n  

ions which s t r o n g l y  d e p r e s s  the light emission.

The e x t r a c t i o n  of ATP from soil has been found to p r e s e n t  a 

number of s p e c i a l  p r o b l e m s ,  a r i s i n g  from; 1) a d s o r p t i o n  of ATP 

molecules to i n o r g a n i c  and o r g a n i c  p a r t i c l e s  in soil, e.g. clay 

(Anderson & D a v i e s ,  1973), a l u m i n u m -  and i r o n s e s q u i o x i d e s  (ref. 

II) and a c i d - s o l u b l e  o r g a n i c  c o m p o u n d s  (fulvic acid) ( C u n n i n g h a m  

& Wetzel, 1978); 2) ionic i n h i b i t i o n  of ATP light e m i s s i o n  by

organic and i n o r g a n i c  m a t e r i a l  in soil (ref. II); 3) poor 

extraction e f f i c i e n c y  of ATP fro m  m i c r o o r g a n i s m s  a s s o c i a t e d  with 

soil su b s t a n c e s  (ref. Vill), and 4) c o - p r e c i p i t a t i o n  of ATP w ith 

other s u b s t a n c e s  u pon n e u t r a l i z a t i o n  of acid e x t r a c t s  (refs I & 

II) .

Numerous m e t h o d s  have been s u g g e s t e d  d u r i n g  the last d e cade 

for e x t r a c t i o n  of A TP from m i c r o b i a l  c e lls u s ing m any d i f f e r e n t  

solvents. H o w e v e r ,  none of these m e t h o d s  fulfil the r e q u i r e m e n t s  

for a simple, r a pid and q u a n t i t a t i v e  e x t r a c t i o n  using n o n - t o x i c  

reagents, e x c e p t  the m e t h o d  s u g g e s t e d  in ref. X.

Soil ATP e x t r a c t i o n  has bee n  p e r f o r m e d  wit h  col d  or b o i ling 

extractants h a v i n g  a pH in the n e u tral range (Table 1). Other 

soil ATP e x t r a c t i o n  m e t h o d s  are b a sed on c old acid e x t r a c t a n t s  

w i t h  a pH b e l o w  2 (Table 1).



Table 1 . M e thods a v a i l a b l e  for e x t r a c t i o n  of ATP from soil

M e n s t r u u m  Re f e r e n c e s

Cold e x t r a c t a n t s  with a pH in the neutral range: 

B i c a r b o n a t e - c h l o r o f o r m  (NaHCO^-CHCl^) 

N - b u t a n o l - o c t a n o l

NRE$^ (Lumac) n u c 1e o t id e - r e 1 ea s i ng agent 

N - b r o m o s u c c i n i m i d e - E D T A - a r e s e n a t e

B o i ling e xt r a c t a n t s  with a pH in the neutral range: 

B i ca r b o n a t e  (NaHCO^)

[Tris ( h y d r o x y m e t h y l ) a m i n o m e t h a n e ]

- E t h y 1e n e d i a m i n e t e t raace t i c  acid buffer 

( T r i s-EDTA buffer)

Paul & Johnson, 1977 

Conklin & Macgregor, 1972 

Van de W erf & Verstraete, 1979 

N i e lsen & Eiland, ref. Ill 

V e r s t r a e t e  et a l ., 1983 

M a c L e o d  et al., 1969

Ch r i s t i a n  et al., 1975 

Paul & Johnson, 1977 

H a m i l t o n  & Holm-Hansen, 1967 

Lee et al., 1971a 

Conklin & Macgregor, 1972 

A u s m u s , 197 3 

Karl & L a R o c k , 1975 

K a c z m a r e k  et al., 1976 

Eiland, ref. I



Cold acid e x t r a c t a n t s  with a pH below 2:

D i m e t h y l s u l p h o x i d e - a c i d  (DMSO-acid)

Formic acid (HCOOH)

Pe r c h l o r i c  acid (HCIO^)

S u l p huric acid (t^SO^)

Su l p h u r i c  a c i d - p h o s p h a t e  and NR 

(H2S 0 4 - P 0 4 and NRB^M

T r i c h l o r a c e t i c  acid (TCA)

T r ic h l o r a c e t i c  a c i d - p h o s p h a t e - p a r a q u a t  

( T C A - P O ^ - p a r a q u a t )

Lee et a 1 . , 1971a 

Ausmus, 1973 

Eiland, ref. I 

Klofat et a l ., 1969 

A u s m u s , 1973 

E i l a n d , ref. I 

Lee et al . , 1971a 

Ausmus, 1973 

Eiland, ref. I 

Eiland, ref. X

Bagnara & Finch, 1972 

Eiland, ref. I 

J e n k i n s o n  & Oades, 1979
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The c o l d  e x t r a c t a n t s  w i t h  a pH in the n e u t r a l  range do not 

a lwa y s  e f f e c t i v e l y  s top the e n zyme a c t i v i t y ,  w h i c h  may result in 

h y d r o l y s i s  of ATP d u r i n g  the e x t r a c t i o n  p r o c e d u r e .  For e x t r a c t i o n  

of ATP fro m  soil, Paul & J o h n s o n  (1977) u s e d  c o l d  bic a r b o n a t e  to 

f l ood the soil c o l l o i d a l  s y s t e m  w ith an ion t h a t  interferes w ith 

the a d s o r p t i o n  of A TP to soil p a r t i c l e s  and c h l o r o f o r m  to lyse 

the cells. J e n k i n s o n  et al. (1979) c o m p a r e d  t his method w i t h  a 

t r i c h l o r a c e t i c  a c i d - p h o s p h a t e - p a r a q u a t  e x t r a c t i o n  (Jenkinson & 

Oades, 1979) and f o und that the latt e r  m e t h o d  extracted the 

h i g h e s t  a m o u n t  of ATP, a l t h o u g h  the h i g h e s t  r e c o v e r y  of ATP was 

o b t a i n e d  by the N a H C O 3 - C H C l 3 method.

C o n k l i n  & M a c g r e g o r  (1972) c o m p a r e d  a n - b u t a n o l - o c t a n o l  reagent 

wit h  f o rmic acid (Klofat et al., 1969), ho t  T ris (Hamilton & 

Ho l m - H a n s e n ,  1967) and n - b r o m o s u c c i n i m i d e - E D T A - a r s e n a t e  (MacLeod 

et al., 1969). T h e y  found that n - b u t a n o l - o c t a n o l  was m o s t  

e f f e c t i v e  in e x t r a c t i o n  of ATP from soil.

A n u c l e o t i d e  r e l e a s i n g  reagent (,NRE^) h as b e e n  used (Van de 

Wer f  & V e r s t r a e t e ,  1979; ref. Ill; V e r s t r a e t e  et al., 1983). The 

e x t r a c t i o n  of A TP f rom soil w i t h  the NR B  r e a g e n t  was p e r f o r m e d  by 

Ei land in a few s t u d i e s  (ref. Ill ), b e c a u s e  of its s i m p l i c i t y  

and b e c a u s e  it had b e e n  s u g g e s t e d  that the r e a g e n t  only e x t r a c t e d  

A TP fro m  m i c r o b i a l  c e l l s  (Lumac Company). T h e  m e t h o d  was b a sed on 

a "direct" e x t r a c t i o n  p e r f o r m e d  under n e a r l y  n e u t r a l  c o n d i t i o n s  

at 0°C (page 167 , A P P E N D I X  I). However, o n l y  a minor part of the 

ATP c o n t e n t  p r e s e n t  in the soil was e x t r a c t e d  (ref. Vill). It w as 

als o  f o und that c l a y  and soil water c o n t e n t  s t r o n g l y  in f l u e n c e d  

the e x t r a c t e d  a m o u n t  of ATP with this m e t h o d  (Table 5).

Most a u t h o r s  w h i c h  h ave c o m p a r e d  d i f f e r e n t  ATP e x t r a c t a n t s  

found that b o i l i n g  T r i s - E D T A  buffer h ad a p o o r  ef f i c i e n c y  as 

c o m p a r e d  to acid e x t r a c t a n t s  (Lee et al., 1971a; C o n k l i n  & 

M a c g r e g o r ,  1972; Ausmus, 1973; Karl & L a R o c k ,  1975; ref. I). The 

e x c e p t i o n  was the s t udy by K a c z m a r e k  et al. (1976); they 

p r e f e r r e d  b o i l i n g  Tris.
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A lthough b o i l i n g  of the soil e x t r a c t s  s h o u l d  hav e  the a d v a n t a g e  

of stopping the e n z y m e  activity, a loss of AT P  in soil d u r i n g  the 

extraction p r o c e d u r e  w i t h  Tris b u ffer (pH 7.5) has b e e n  o b s e r v e d  

(ref. I). W h e n  e x t r a c t i n g  ATP f r o m  a m a t e r i a l  w i t h  a h i g h  h eat 

capacity, t he t e m p e r a t u r e  of the buff e r  e x t r a c t a n t  d r ops to that 

of the a d d e d  m a t e r i a l  (e.g. soil) wit h  a c o n s e q u e n t  loss in 

extracted A T P  ( H o l m - H a n s e n  & Booth, 1966). K arl & L a R o c k  (1975) 

found that u se of coiling' Tris to e x t ract AT P  f r o m  b e a c h  sands 

and s e d i m e n t s  y i e l d e d  e x t r e m e l y  v a r i a b l e  results. T h e y  s u g g e s t e d  

that the v a r i a b i l i t y  m ay be due to e f f ects of t h ermal g r a d i e n t s  

e s t a b lished in a f l u i d - s o l i d  mixture. W h e n  soli d s  are s u b m e r s e d  

in liquids, a t r a n s i t i o n  or b o u n d a r y  layer of f l uid is 

e s t a b lished a r o u n d  the solid that does not have the t h ermal 

c h a r a c t e r i s t i c s  of the bulk fluid. W h e n  the fluid is h e ated, a 

sharp t h e rmal g r a d i e n t  is e s t a b l i s h e d  a c ross the b o u n d a r y  layer. 

Bacteria a d h e r i n g  to the solid fall w i t h i n  this t h e rmal g r a d i e n t  

across the b o u n d a r y  layer, and thus the t e m p e r a t u r e s  to w h i c h  

they are e x p o s e d  ma y  not be h igh e n o u g h  to e f f i c i e n t l y  e x t r a c t  

A TP and p r e v e n t  its h y d r o lysis.

Most c o m p a r i s o n s  of d i f f e r e n t  e x t r a c t a n t s  h ave shown that cold 

acidic r e a g e n t s  w i t h  a pH b e low 2 is to be p r e f e r r e d  to e x t r a c t  

A TP from s oil (Lee et al., 1971a; Ausmus, 1973; ref. I; J e n k i n s o n

& Oades, 1979; ref. X). These a u t h o r s  found that the best 

extractant of those t e sted was either s u l p h u r i c  a cid or 

t r i c h l o r a c e t i c  acid (TCA). A pH b e l o w  2 was i m p o r t a n t  to e n s u r e  

that the p h o s p h a t e  grou p s  of the AT P  m o l e c u l e s  were 

undissociated.- The aci d  kills the cells, r e l eases intact ATP and 

inactivates the A TP h y d r o l y s i n g  enzymes. D u r i n g  the e x t r a c t i o n  

the most r e a c t i v e  P - r e t a i n i n g  c o m p o n e n t s  such as the a m o r p h o u s  

Fe-and A l - s e s q u i o x i d e s  and C a C O 3  t end to be d i s s o l v e d  thus 

releasing m o r e  of the ATP than under n e u tral c o n d i t i o n s  (Lee et 

al., 1971a).

TCA, s u l p h u r i c  acid, D M S O - a c i d  and p e r c h l o r i c  acid e x t r a c t e d

2
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A TP e f f i c i e n t l y  from s o i l s  (ref. I). H o w e v e r  p e r c h l o r i c  a c i d

p r o v e d  u n s u i t a b l e ;  this was either c a u s e d  b y  the s t r o n g  

i n h i b i t o r y  e f f e c t  on the l u m i n e s c e n c e  r e a c t i o n  b y  the n e u t r a l i z e d  

e x t r a c t  (ref. I) or by c o n s i d e r a b l e  loss of ATP by c o 

p r e c i p i t a t i o n  w i t h  p e r c h l o r i c  acid ( W iener et al., 1974). 

S u l p h u r i c  aci d  and T CA w e r e  found to be mos t  s u i t a b l e  for s o i l

A TP e x t r a c t i o n s  (ref. I). To avoid a c o - p r e c i p i t a t i o n  of ATP w i t h

e.g. Fe, Al, or Ca in the a cid soil e x t r a c t s  on a d j u stment to pH 

7.5, a d i l u t i o n  is n e c e s s a r y  (ref. II). Th e  ions can a lso be 

re m o v e d  by c a t i o n  e x c h a n g e  b e fore p H - a d j u s t m e n t . T he method f o u n d  

to be m ost e f f i c i e n t  a m o n g  d i f f e r e n t  e x t r a c t a n t  methods t e s t e d  , 

w as b a s e d  on s u l p h u r i c  a cid ext r a c t i o n ,  f o l l o w e d  by f i l t ration, 

c a t i o n  e x c h a n g e  c l e a n - u p  on N a + resin, ' and pH adjustment w i t h

e t h a n o l a m i n e  (ref. I). However, it was d i f f i c u l t  to o b t a i n  

q u a n t i t a t i v e  v a l u e s  in all soil types by the m e n t i o n e d  s u l p h u r i c  

a cid A TP m e t h o d  (ref. Vill), This was p r o b a b l y  caused b y  a 

c o m b i n e d  e f f e c t  of an e x t r a c t a n t  to soil r a tio (ml/g wet w e i g h t  

soil) of 1 .2 :1 . 0  and use of s u l p h u r i c  aci d  w i t h o u t  ph o s p h a t e  and 

The use d  ratio was .o r i g i n a l l y  c h o s e n  to obtain e n o u g h  

s e n s i t i v i t y  for m e a s u r i n g  A TP with the e q u i p m e n t  earlier used. 

U s i n g  m o r e  s e n s i t i v e  e q u i p m e n t  for m e a s u r i n g  A T P  it was f o u n d  

that m ore AT P  c o u l d  be e x t r a c t e d  by  i n c r e a s i n g  th e  extractant to 

soil ratio and f i l t r a t i o n  and c a t i o n - e x c h a n g e  could be a v o i d e d  

(ref. X). The s u g g e s t e d  ATP m e t h o d  is d i s c u s s e d  in a s e p a r a t e  

s e c t i o n  (page 20; see a lso A P P E N D I X  I, p a g e  160).

To a v oid a d s o r p t i o n  o n t o  the soil c o l l o i d s  of released A TP f r o m  

the m i c r o o r g a n i s m s ,  c o m p o u n d s  c an be i n c l u d e d  in the e x t r a c t a n t  

w h i c h  are k n o w n  to be a d s o r b e d  on the soil c o l l o i d s ,  re s u l t i n g  in 

a d e s o r p t i o n  of ATP. Both ATP and p h o s p h a t e  molecule's c a n  be 

b o u n d  on p o s i t i v e l y  c h a r g e d  sites in soil a nd thus c o m pete for 

the a d s o r p t i o n  on the soil colloids.

J e n k i n s o n  & O a des (1979) used an a d d i t i o n  of b o t h  p h o s p h a t e  and 

p a r a q u a t  d i c h l o r i d e  to a t r i c h l o r a c e t i c  a cid (TCA) extractant. In 

a red b r o w n  l oam soil under p e r m a n e n t  p a s t u r e ,  they found that
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a d d i t i o n  of p h o s p h a t e  i n c r eased the q u a n t i t y  of soil - ATP 

e x t r acted f r o m  0.16 to 0.64 ug A T P / g  d.wt. soil, and the 

a m o u n t  e x t r a c t e d  was f u r ther in c r e a s e d  to 1.10 pg A T P / g  d.wt. by 

a d d i t i o n  of p a r a q u a t .  The m e t h o d  is ver y  e f f e c t i v e  for e x t r a c t i n g  

A TP from soil m i c r o b i a l  p o p u l a t i o n s  but b oth T C A  and p a r a q u a t  are 

toxic reagents. F u r t h e r m o r e ,  the p r o c e d u r e  for r e c r y s t a l l i z i n g  

the technical g r a d e  p a r a q u a t  d i c h l o r i d e  is time c o n s u m i n g ,  and 

the pure c h e m i c a l  (methyl viologen, Sigma) is v e r y  e x p e nsive.

Ve r s t r a e t e  et al. (1983) inclu d e d  0.1 M p y r i d i n e  and 0.1 M 

d e c a n e , 1 ,1 0 - b i s t r i m e t h y l a m m o n i u m  iodide in c ase of ver y  h e avy 

textured s o i l s  (>25 % clay) w ith p o t e n t i a l  ATP s o r p t i o n  problems. 

T his c o m p o u n d  w a s  c h o s e n  instead of p a r a q u a t  d i c h l o r i d e .  E i land 

(ref. X) d i d  not find an i n c r e a s e d  ATP c o n t e n t  by in c l u d i n g  

paraquat d i c h l o r i d e  in the s u l p h u r i c  a c i d - p h o s p h a t e - N R B  p r o c e d u r e  

for ex t r a c t i o n  f rom a soil c o n t a i n i n g  11.9 % clay. acts in a

similar m a n n e r  to p a r a q u a t  d i c h l o r i d e  and p y r i d i n e  toget h e r  with 

d e c a n e , 1 ,1 0 - b i s t r i m e t h y l a m m o n i u m  iodide, b e c a u s e  it can be bound 

to clay and o t h e r  soil colloids.
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A method for  e x t r a c t i o n  an d  m e a s u r e m e n t  o f  A T P  f r o m  

s o i l  a n d  f r o m  c u l t u r e s  o f  m i c r o o r g a n i s m s

M a t e r i a l s  a n d  m e t h o d s  ( s e e  A P P E N D I X  I )

D i s c u s s i o n  o f  t h e  m e t h o d o l o g y

The e x p e r i e n c e  from the e a r lier used m e t h o d s  (refs I & III) and 

the i n t r o d u c t i o n  of m o r e  se n s i t i v e  A TP p h o t o m u l t i p l y e r s  h ave 

re s ulted in a d e v e l o p m e n t  of a n ew i m p r o v e d  p r o c e d u r e  for

e x t r a c t i o n  of ATP from soil. It has g r eat adv a n t a g e s ,  c o m p a r e d  

w ith m ost o t her t e c h n i q u e s  a v a i l a b l e  for ATP e x t r a c t i o n  f r o m  soil

samples. The m e t h o d  is simple, rapid and g i v e s  r e p r o d u c i b l e

results. After c o r r e c t i o n  for r e c o v e r y  of a d d e d  ATP ( i n t ernal

sta n d a r d s ) ,  the results p r o b a b l y  r e p r e s e n t i n g  the total a m o u n t  

of ATP in soil. Use of internal s t a n d a r d s  corre c t s  for: 1)

D e g r a d a t i o n  and a d s o r p t i o n  of ATP d u r i n g  the e x t r a c t i o n  

pr o c e d u r e ,  and 2 ) i n h i b i t i o n  of the l u m i n e s c e n c e  reaction by ions
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a n d  other c o m p o n e n t s  in the soil e x t r a c t s  and the e x t r a c t a n t  

solut i o n  used. In a d d i t i o n  no t o xic r e a g e n t s  wer e  use d  (ref. X). 

S o m e  c h a r a c t e r i s t i c s  of the s o ils used to e x a m i n e  the p r o p o s e d  

A T P  method a r e  g i v e n  in Table 2.

To compete w i t h  A TP m o l e c u l e s  for a d s o r p t i o n  on the soil 

colloids, p h o s p h a t e  was added to the s u l p h u r i c  a cid e x t r a c t a n t  

a n d  a q u a t e r n a r y  a m m o n i u m  c o m p o u n d  (NR^§^) was a l s o  used in the 

e x t r action p r o c e d u r e  for the same purpose.

In p r e l i m i n a r y  e x p e r iments, p a r a q u a t  was a d d e d  to d i f f e r e n t  

e x t r actants u s e d  for ATP e x t r a c t i o n  f r o m  a silt loa m  soil 

(Table 3). A d d i t i o n  of p a r a q u a t  to a s u l p h u r i c  a c i d - p h o s p h a t e  

extractant d id not i n c r e a s e  ATP e x t r a c t i o n ,  whe n  the NRB reagent 

w a s  used. P a r a q u a t  d i c h l o r i d e  s l i g h t l y  d e p r e s s e d  the light 

e m i s s i o n  in all e x t r a c t a n t s .  U se of NRB r e a gent in the s u g g e s t e d  

p r o c e d u r e  i n c r e a s e d  the light e m i s s i o n  and c a u s e d  a d e c a y i n g  

light signal a f t e r  30-40 s for all the e x t r a c t a n t s .  A v ery slow 

d e c a y  of the l i g h t  s i gnal was o b s e r v e d  for all e x t r a c t s  w i t h o u t  

use of N R i @  in the procedure. B e c a u s e  of the fast d e c l i n e  of the 

light e m i ssion w i t h  use of NR^S) the s u g g e s t e d  m e t h o d  i n c l uding 

NR cannot be u sed in liquid s c i n t i l l a t i o n  s p e c t r o m e t e r s  in 

w h i c h  ATP is m e a s u r e d  over p e r i o d s  e x e e d i n g  1 m in after m i x i n g  of 

the soil e x t r a c t  w i t h  the enzyme. As far as is known the 

m e c h a n i s m  w h i c h  c a u s e d  the d e c l i n e  has not b een examined. It 

c o u l d  be due to a c a t a l y t i c  e f fect of the N RB reagent.

n r ^ÉD e n h a n c e d  the s e n s i t i v i t y  of the m e a s u r e m e n t  by givi n g  

h igh e r  counts a n d  a l s o  i n c r eased the e x t r a c t i o n  of ATP from soil 

in the s u g g e s t e d  m e t h o d  due to the a d s o r p t i o n  of N R E ^ t o  the soil 

c o l l o i d s  (Tab-le 3), and thus c o m p e t i n g  w ith the ATP molecules.



Table 2. Some c h ar a ct e ri s ti c s of the soi ls used (ref. X)

Moi stu re Clay Silt F i n e  s a n d C oa rse  sand CEC O rg ani c Total P. K . 
l

Soil pH co ntent* <0.002 mm 0 . 0 0 2 - 0 .02 mm 0. 02- 0 .2  mm 0 . 2 - 2 .0 mm (m .equ i v ./ C N (yg P/ <yg K/

(Location) (C a C l 2 ) ( %) ( %) ( %) (!£) (S) 100 g d . w t. 

soil)
(S) (%) g d W t. 

soil)

g 1 d . w t. 

soil)

Coar se sandy soil 1 
(Jyndevad, D enm ark ) I

5.2 
I ND

10. G 
10. 5

3.9 4 . 1 12.2 76.8 9 . 3 1 . 7 
1.7

0.11 
0. 10

180
183

189
80

Fine sandy soil I 
(Tylstrup, D enm ark ) I

5.4 
I ND

19.7 
32 . 1

3.7 6.2 75.8 12.0 8 . a 1 .6 
1 . 5

0.13
0.11

363
318

355
186

Sandy loam soil I 
(Roskilde, D enm ark ) I

6.8 
I ND

22.7
15.5

10. 1 22.8 57 . 7 6.8 14.4 1.8 
1 . 7

0.17
0.17

216
225

178
94

Loam soil I 
(Rønhave, D enmark) I

6.9 
I ND

22.2
13.6

16.3 2 1 . 1 36. 7 24.0 13.4 1.6
1.4

0.15
0.15

243
267

221
224

Silty loam soil I 

(Højer, D enm ark ) I
6.9 

I ND
26.7
33.8

11.9 13.2 72 . 5 0.6 13.1 1 .9
2 . 1

0. 19 
0.18

216
237

147
248

Humus soil I 
(S w e d e n )

II 3.2 193.7 ND ND ND ND ND 40.00 0.55 1 . 0 x l 0 3 6 . 2 x l 0 3

♦Determined prior to anal ys is.

R e sult s are mea ns  of du p li c at e  samples. NO = No d etermination.

I. A group of soils Trom p l ou g he d  plots, sampl ed in Sept emb er 1981, and stor ed at 5°C for 90 days, and then at 25°C for 5 days.

II. A group of soils from r ot av ate d plots, sam pled in May 1981, and stor ed at 5°C for 210 days.

III. The humus soil from a Forest was sampled in Se pt emb er 1981, and sto red  at 5°C for 90 days, and then at 2 5°C for 5 days.

I, II. Ara ble  soils s amp led  from the 0-5 cm layer, and carry c o n ti nu o us  barley, with a m ust ard  catch crop. Only inor gan ic

f erti li z er s  have been applied. Soil texture was quoted from Han sen  (1976J.
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Table 3. C o m p a r i s o n  of ATP e x t r a c t i o n  e f f i c i e n c y  from soil by 

d i f f e r e n t  e x t r a c t a n t s  (ref. X)

Silt loam soil (H ø j e r )

Ex t r a c t e d ATP E x t r a c t e d  ATP Ex t r a c t e d  ATP

with N R B 1) without NRB 1) with NR B / w i t h o u t

Extractant light units/30 s light u n i t s / 3 0  s
NRB

ratio

H 2 S V PD4
55542 25539 2.17

ATP standard in
h 2 s o 4 - p°4 47562 26214 1.81

H ^ S O ^ - P O ^ - p a r a q u a t 46014 21954 2.10

ATP standard in 
b ^ S O ^ - P O ^ - p a r a q u a t 41490 22428 1.85

2 )
TCA - P 0 .

4
43092 21990 1 . 96

ATP standard in

T C A 2)-P0,
4

46470 25548 1.82

2 )
TCA - PO^-p a r a q u a t 40956 20973 1.95

ATP standard in

T C A ^ - P O ^ - p a r a q u a t 40398 21762 1.86

ATP standard in 
Tris-EDTA b u f f e r 55256 31604 1.75

Results are m e a n s  of tr i p l i c a t e  samples.

All ATP m e a s u r e m e n t s  in the different extract were made by the 

proposed p r o c e d u r e .  Control ATP s t a ndards were made in the 

extractant s o l u t i o n s  and in T r i s-EDTA buffer, respectively. 

Standards were a d ded to the e x t r a c t a n t s  w i thout soil.

1) n r $^L A q u a t e r n a r y  ammon i u m  detergent (Lumac)

2) TCA = t r i c h l o r a c e t i c  acid.
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The e f f e c t s  of s h a k i n g  and u l t r a s o n i f i c a t i o n  on ex t r a c t i o n  of 

ATP wer e  e x a m i n e d  on a s a ndy loam soil (Table 4). E x t r a c t i o n  of 

A TP i n c r e a s e d  w i t h  d u r a t i o n  of shaking, g i v i n g  1.39 ug/g d.wt. 

soil after 15 mi n  s h a k i n g  (corrected for r e c o v e r y  of a d ded A TP 

by i n t ernal st a n d a r d s ) .  The shaking time in t his ex p e r i m e n t  was 

not c o n t i n u e d  u n til a c o n s t a n t  ATP c o n t e n t  w a s  obtained. T h i s  has 

b e e n  done in an e x p e r i m e n t  u s ing the same soil type and the same 

e x p e r i m e n t a l  c o n d i t i o n s .  Similar results w e r e  found after 15 and 

20 min s h a k i n g  time, w h e r e a s  25 and 30 m i n  s h a k i n g  time r e s u l t e d  

in 10 % d e c r e a s e  in the A TP content. S h a k i n g  increased the

t e m p e r a t u r e  of the soil s u s p e n s i o n  f rom 0°C to 3°C i r r e s p e c t i v e  

of the time of shaking. U l t r a s o n i f  i c a t i o n  "(MSE 150 W u l t r a s o n i c  

d i s i n t e g r a t o r  w i t h  a 8 mm p r obe tip) for 1  m i n  with full p o w e r  

gave after c o r r e c t i o n  for r e c o v e r y  1.33 ug A T P / g  d.wt. soil, 

w ith 8 6  % r e c o v e r y  of a d ded ATP, and an i n c r e a s e  in t e m p e r a t u r e  

f rom 0°C to 16°C. W h e n  the soil was u l t r a s o n i f i e d  for 3 min, the 

a d ded A TP was r e c o v e r e d  w ith 73 %, w h e r e a s  the quantity of ATP 

e x t r a c t e d  was n e a r l y  the same as when u l t r a s o n i f i e d  for 1  min- or 

shak e n  for 15 min. U l t r a s o n i f i c a t i o n  for 3 m i n  indicated a loss 

of the a d d e d  A TP s t a n d a r d  solution, w h i c h  resulted in

m i s l e a d i n g l y  h igh v a l u e s  for the e x t r a c t e d  soi l  ATP. T h i s  is

p r o b a b l y  c a u s e d  by  h y d r o l y s i s  of a d ded A TP w h e n  a p r o longed time 

of u l t r a s o n i f i c a t i o n  has b een used. S h a k i n g  for 15 min w as f o u n d  

to be m ost s u i t a b l e  for the soils e x a m i n e d ,  provided soil

d i s p e r s i o n  occurs. If this is not the case, u l t r a s o n i f i c a t i o n  for

1  or 2 mi n  can be used to d i s p e r s e  the soil aggregates.

The e f f e c t  of e x t r a c t a n t  to soil ratio on e x t r a c t i o n  of A T P  was 

e x a m i n e d  on the s a ndy l oam soil (Roskilde). An extractant to soil 

ratio of 10:1 r e moved the same a m ount of A T P  f rom the soi l  as 

found by use of a ratio of 25:1 (1.4 pg/g d.wt. soil). H o w e v e r  it 

was d i f f i c u l t  to o b t a i n  r e p r o d u c i b l e  r e s u l t s  with the l a t t e r  

ratio. A ratio of 5:1 onl y  r e m oved 0.9 ug/g d.wt.
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Table 4. Effe c t  of shaking and u 1 1rason i f i c a t ion on the e x t r a c 

tion of ATP from sandy loam soil from R o s kilde (ref. X)

T e m p e r a t u r e  in Added ATP

D u r a t i o n  of soil s u s p e n s i o n ATP content

t r e a t m e n t after treatment recovered of soil*

T reatment ( m i n.) (°C) ( % ) ( pg/g d .w t . s o i l )

Shaking 1 3 99 0 . 64

Shaking 2 3 99 0 . 68

Shaking 3 3 89 0 .97

Shaking 5 3 93. 1.11

Shaking 10 3 95 0 . 90

Shaking 15 3 90 1 . 39

Ultrasoni-
fication 0 . 5 10 100 0 . 66

Ultrasoni-
fication 1 16 86 1 . 33

Ultras oni- 
fication 2 23 93 1 . 30

Ultrasoni-
fication 3 28 73 1 .65

^Corrected for r e c o v e r y  of added ATP by the internal standard 

procedure.

Results are m e ans of tr i p l i c a t e  samples.
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The e f fect on the A TP c o n t e n t  of f i l t e r i n g  s o i l  sus p e n s i o n s  was

e x a m i n e d  (Table 5). The f i l t r a t i o n  p r o c e d u r e  of the acid e x t r a c t s

r e s u l t e d  in 57-60 % d e c r e a s e  in d i f f e r e n t  s o i l  types. It is

l i k e l y  that a s m a ller d e c r e a s e  w o u l d  have b e e n  observed if NRE$^ 

or R o d a l o n ©  had b e e n  a d ded b e f o r e  the fil t r a t i o n .  W i t h o u t  a 

f i l t r a t i o n  pro c e d u r e ,  the soil s u s p e n s i o n s  c o n t a i n e d  from 1.4 to

1.6 % soil p a r t i c l e s  of the s u s p e n s i o n  used for measuring A T P  in

d i f f e r e n t  soils (Table 5).

An e x p e r i m e n t  w as also p e r f o r m e d  to see whether the A TP

m o l e c u l e s  w ere r e t a i n e d  in the filter or a d s o r b e d  to

s a n d / b e n t o n i t e  (Table 6 ). F i l t r a t i o n  of A T P  d i s o d i u m  salt

s o l u t i o n s  did not d e c r e a s e  the r e l a t i v e  A T P  light units,

i n d i c a t i n g  that A TP is not r e t a i n e d  in the filter. On the

c o n t rary, f i l t e r i n g  of a s a n d / b e n t o n i t e  s u s p e n s i o n  d e c r e a s e d  the 

r e l a t i v e  A TP light u n its w i t h  8 8  %, i n d i c a t i n g  that ATP m a i n l y  is 

a d s o r b e d  to the s a n d / b e n t o n i t e  mixture.



T a b l e  5. The e f f e c t  of  f i l t r a t i o n  on the c o n t e n t  of A TP

Localization and 

soil type 

(0-20 cm depth)

Measuring ATP in 

soil suspension 

pg ATP/g d.wt. 

soil

Measuring ATP in 

soil extract 

after filtration^ 

ug ATP/g d.wt. 

soil

Dec rease 

in ATP 

content 

after filtering
0'
/0

Soil particles 

in the suspension 

used for ATP 

(w /v)
O'
sO

Jyndevad, 
coarse sand 0.91 0.39 57 1.6

Korntved, 
coarse sand 0.86 0.35 60 1.5

Bal 1 um, 
sandy loam 2.75 1 .17 58 1.4

Højer , 
silty clay 2.46 1.02 59 1.4

Means of duplicate samples.

ATP me thod (ref. X ).

1) Whatman no. 5 filterpaper was used: The acid soil suspensions were filtered before the 

neutralization.

The soils were sampled in May 1985, adjusted to 60 % of w.h.c. and preincubated for 5 day at 25°C.
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Table 6. The effect of filtration on the c o n t e n t  of ATP added 

to a mixture of s a n d / b e n t o n i t e

ATP .disodium Without After

s o l u tions filtration f i l t r a t i o n ^

e x t r acted rel. light c o unts rel. light c o u n t s

ATP (0.5 ml of 8 pM) added to
10 ml e x t r actant agent and q -j  y

passed the ATP ex t r a c t i o n
pr o c edure

ATP (0.5 ml of 8 yM) added to 
9.5 ml e x t r actant agent and 
1 g portion of st e r i l i z e d  
s a n d / b e n t o n i t e  (ratio 4/1)

562 67

Means of d u p l i c a t e  samples.

ATP method (ref. X).

1) Whatman no. 5 f i l t erpaper was used. The acid solutions 

were filtered before the neutr a l i z a t i o n .

No c o r r e c t i o n  with standards.
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Measurement of ATP in soil suspensions

It was n ot n e c e s s a r y  to filter n e i t h e r  the s u l p h u r i c  acid- 

ph o s p h a t e  s o i l  e x t r a c t  nor a ny of the other s u s p e n s i o n s  tested 

(Table 3). A f t e r  s h a king of the soil s u s p e n s i o n s  for 15 m in each 

of the tubes w e r e  s h a k e n  for a n o ther 5 s to o b t a i n  a h o m o g e n e o u s  

solution. A 50 ui a l i q u o t  was taken i m m e d i a t e l y  from the upper 

p a r t  of the s u s p e n s i o n  (1 - 2  cm layer) and a d ded to a h e a v i l y  

buffe r e d  s o l u t i o n  c o n t a i n i n g  Tri s  and EDTA, to n e u t r a l i z e  and 

d i l u t e  the soil suspension. It was p o s s i b l e  to take

r e p r e s e n t a t i v e  s a m p l e s  b e t w e e n  40 and 100 ui of the acid 

suspension f r o m  the soils examined. T h e s e  a m o u n t s  c o u l d  be 

n e u t r alized in 1.5 ml buffer. Then 50 ui of the latter m i x t u r e  

w a s  t r a n s f e r r e d  into 50 ui of N R i ^ a n d  AT P  m e a s u r e d  after a 10 s 

exposure p e r iod. R e s u l t s  from the same acid soil s u s p e n s i o n  gave 

for a coarse s a n d y  soil (Jyndevad) and a s a ndy loam soil (Ballum) 

coefficients of v a r i a t i o n  of 1.7 % and 2.4 %, r e s p e ctively.

If low a m o u n t s  of ATP wer e  det e r m i n e d ,  less d i l u t i o n  of the 

soil s u s p e n s i o n  need to be a p p l i e d  in the steps after the acid 

ex t r a c t i o n  p r o c e d u r e .  P o r t i o n s  of the acid s u s p e n s i o n s  (e.g. 

0.5 ml) were a d d e d  to a T r i s - E D T A  buffer (e.g. 2 ml), and pH was 

a d j u s t e d  to 7.5 with 1.0 M NaOH. The s e n s i t i v i t y  can als o  be

improved by i n c r e a s i n g  the c o n c e n t r a t i o n  of the l u c i f e r i n -

luciferase reagent.

M e a s u r e m e n t s  of A TP c o n t e n t  in c u l t u r e s  of m i c r o o r g a n i s m s

E x t r action of ATP f rom m i c r o b i a l  c u l t u r e s  is p e r f o r m e d  as the 

m e t h o d  for A T P  e x t r a c t i o n  from soil (ref. X). The s e n s i t i v i t y  of 

the method c a n  be i m p roved by a d d i n g  a d e c r e a s e d  a m ount (4 ml) of 

the s u l p huric a c i d - p h o s p h a t e  e x t r a c t a n t  to 1  ml of the culture. 

For s t a n d a r d i z a t i o n  3.5 ml of the e x t r a c t a n t  plus 0.5 ml of an 

AT P  standard s o l u t i o n  are a d ded to 1 ml of the culture. This 

m i x t u r e  is t r e a t e d  as the proper culture.
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M e a s u r i n g  b i o l u m i n e s c e n c e  of  ATP

The l u m i n e s c e n c e  fro m  e x t r a c t e d  soil ATP e m i t t e d  after m i x i n g  of 

s a m p l e  and e n z y m e  is mos t  c o n v e n i e n t l y  m e a s u r e d  with a s e n s i t i v e  

p h o t o m u l t i p l i e r  e s p e c i a l l y  a d o p t e d  for b i o l u m i n e s c e n c e  

m e a s u r e m e n t s  (ref. X). A l t e r n a t i v e l y ,  a l i q u i d  s c i n t i l l a t i o n  

s p e c t r o m e t e r  can be used ( J e n kinson & Oades, 1979). Use of the

l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e t e r  is mor e  tim e  consuming t h a n  use

of a p h o t o m u l t i p l i e r  a d o p t e d  for b i o l u m i n e s c e n c e  m e a s u r e m e n t s ,  

as it is not p o s s i b l e  to m e a s u r e  the light e m i s s i o n  i m m e d i a t e l y  

a fter m i x i n g  of the ATP e x t r a c t  wit h  the e n z y m e  solution. V a l u e s  

can either be d e t e r m i n e d  fro m  the peak h e i g h t  of the l i ght 

e m i s s i o n  (Ra s m u s s e n  & N i e l s e n ,  1968), or f r o m  the i n t e g r a t i o n  of 

light over a p r e - s e t  time ( A t ) ,  s t a r t i n g  the time t after m i x i n g  

of the e n z y m e  wit h  the ATP solution. The f o l l o w i n g  v a lues of At  

and t have b e e n  use d  in soils:

1) Eila n d  (ref. X), A t  = 10 s or 30 s and t = 1 s,

2) G r e a v e s  et al. (1973), A t  = 5 s and t = 60 s,

3) J e n k i n s o n  & O a d e s  (1979), A t  = 6 s and t = 3600 s,

4) Lee et al. (1971a), A t  = 5 s and t = 10 s,

5) Paul & J o h n s o n  (1977), A t  = 60 s and t = 15 s,

6 ) St. John (1970), A t  = 30 s and t = 1 s.

Such p r o c e d u r e s  can be used o nly whe n  the l i g h t  emission of A TP 

f rom the v a r i o u s  s a m p l e s  s how the same time d e p e ndence. T he l i ght 

e m i s s i o n  of AT P  f rom a soil, from a c u l t u r e  of bacteria, a n d  f rom 

a d i s o d i u m  ATP s o l u t i o n  doe s  not a l w a y s  s h o w  the ^ s a m e  time 

d ep e n d e n c e ,  w h e n  c r u d e  l u c i f e r i n - l u c i f e r a s e  is used. T h e r e f o r e ,  

E i l a n d  & N i e l s e n  (ref. II) s u g g e s t e d  a m e a s u r e m e n t  of the t o tal 

light e m i s s i o n  by an it e r a t i v e  fit of e x p e r i m e n t a l  d a t a  or 

g r a p h i c a l l y  after p l o t t i n g  the data on a s e m i l o g a r i t h m i c  plot.

H owever, for d e t e r m i n a t i o n  of ATP in soi l  samples, the 

i n t e g r a t i o n  s y s t e m  is the mos t  c o n v e n i e n t  to us e  (ref. X). This 

r e q u i r e s  the use of p u r i f i e d  l u c i f e r i n - l u c i f e r a s e .
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C r u d e  or p u r i f i e d  e n z y m e s

The p r o c e d u r e s  for light m e a s u r e m e n t s  ca n  only be used, w h e n  the 

light e m i s s i o n  f r o m  s a mples and ATP s t a n d a r d s  s how the same time 

dependence (ref. II). This is not a l w a y s  the case, whe n  

m e a s u r e m e n t s  a re p e r f o r m e d  w i t h i n  the first 4 m in after i n j e c t i o n  

of crude e n z y m e s .  A p r o l o n g e d  d e l a y  in m e a s u r i n g  the light 

emission g i v e s  the A TP p r o d u c i n g  and c o n s u m i n g  e n z y m e s  in the 

crude p r e p a r a t i o n  an o p p o r t u n i t y  to operate. C r u d e  f i r e f l y  e n zyme 

contains a d e n y l a t e  k i n a s e  and n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  b oth 

of which m a y  c a t a l y s e  the f o r m a t i o n  of ATP f rom other n u c l e o t i d e s  

present in the e x t r a c t  (Rasmussen & N i e lsen, 1968). H o l m - H a n s e n  & 

Booth (1966) s u g g e s t e d  that A TP d e t e r m i n a t i o n s  m a d e  w i t h  crude 

enzyme can g i v e  r e s u l t s  b e t w e e n  5-35 % too high.

Due to t h e s e  e r r o r s  c a used by i m p u r i t i e s  in the c r ude enzyme, 

use of p u r i f i e d  e n z y m e s  mus t  be s t r o n g l y  r e c o m m e n d e d  for ATP 

d e t e r m i n a t i o n s  in soil. The r e a c t i o n s  of v a r i o u s  s a m p l e s  and ATP 

standards s h o w  the same type of k i n e t i c s  in this e n z y m e  in w h i c h  

the light i n t e n s i t y  remains r e l a t i v e l y  c o n s t a n t  d u r i n g  the 

m easuring p e r i o d .  Use of N R ^ © c a u s e d  a faster d e c l i n e  of e m i t t e d  

light, but the same r e a c t i o n  k i n e t i c s  of d i f f e r e n t  s a m p l e s  and 

ATP standards w e r e  s t ill observed. P u r i f i e d  e n z y m e s  e n s u r e  that 

ATP is s p e c i f i c a l l y  m e a s u r e d  and d i f f e r e n t i a l  m e a s u r e m e n t s  can be 

m a d e  with t he m o s t  c o n v e n i e n t  m e a s u r i n g  time, p r o v i d e d  that the 

m a x i m u m  light i n t e n s i t y  (the p l a teau) is reached.
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E f f e c t s  of  ions and t e m p e r a t u r e  

on t h e  l u m i n e s c e n c e  r e a c t i o n

S e v e r a l  ions reduce the light emission. A l e d o r t  et al. (1966) 

f o und an i n h i b i t i o n  by c a t i o n s  d e c r e a s i n g  in the following order 

of C a ++ > K +> N a + > R b +> L i + > c h l o l i n e + . A n i o n  i n h i b i t i o n  o c c urred in 

the o r der of I_> H 2 P 0 4 _> B r -> C 1 0 3 " > C l _> F _> H C 0 3 ->C 0 0 C H 3 *H 2 0 _ . 

D e n b u r g  & M c E l r o y  (1970) found that the following a n i o n s  

i n h i b i t e d  the reaction: S C N - > I- N O 3 - >  B r" > C l”.

The b u ffer e f fect on A TP a n a l y s i s  has b e e n  e x a m i n e d  by W e b s t e r  

et al. (1980). T h e y  f o und a higher light e m i s s i o n  in Tricine, 

T ris and g l y c y l g l y c i n e  than in p h o s p h a t e  and H e p e s  buffers.

I n t e r f e r i n g  ions hav e  bee n  d i l uted out (Van D y k e  et al., 1969; 

P a t t e r s o n  et al., 1970; ref. X), or r e m o v e d  by  cation e x c h a n g e  

r e sin (A u s m u s ,197 3 ; ref. I) or by S e p h a d e x  G - 1 0  column (Van Dyke 

et al., 1969). To a v o i d  a d s o r p t i o n  of e x t r a c t e d  ATP to i n o r g a n i c  

an d  o r g a n i c  p a r t i c l e s  in soil, c o m p o u n d s  a re included in the 

e x t r a c t a n t s ,  w h i c h  are k n own to be a d s o r b e d  to those p a r t i c l e s  

(J e n k i n s o n  & Oades, 1979; ref. X, V e r s t r a e t e  et a l .,1 9 8 3 ).M c E l r o y  

& S t r e h l e r  (1949) f o und that a pH of 7.5 a n d  a t e m p e rature of 

a p p r o x i m a t e l y  25°C are o p t i m a l  for m e a s u r i n g  luminescence. The 

r e a c t i o n  was i n h i b i t e d  by pH values b e l o w  5.5 (Seliger & McElroy, 

1960) and by t e m p e r a t u r e s  more than 35°C (McElroy & Strehler, 

1949 ) .
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ATP c o n t e n t  in so i l

For d e t e r m i n a t i o n  of ATP in soil, e i ther living m i c r o b i a l  cells 

of known A T P  c o n t e n t  or the p u r e  ATP c h e m i c a l  ca n  serve as a 

standard. S o m e  a u t h o r s  (e.g. Lee et al., 1971a; C o n k l i n  & 

MacGregor, 1972; C h r i s t i a n  et al., 1975; Paul & J o h nson, 1977) 

have added m i c r o b i a l  c e lls to the soil, w h i l e  o t h e r s  h a v e  a d d e d  

the pure A TP c h e m i c a l  (e.g. J e n k i n s o n  & Oades, 1979; refs I,III & 

X; V e r s t r a e t e  et al., 1983). The p u r e  c h e m i c a l  is to be 

preferred as it is easi e r  to mak e  a s t a n d a r d  w i t h  the c h e m ical, 

than to m a i n t a i n  a c u l t u r e  of m i c r o b i a l  c e lls w i t h  a c o n s t a n t  

content of ATP.

De t e r m i n a t i o n  of ATP c o n t e n t  in soils by use of v a r i o u s  ATP 

extraction p r o c e d u r e s  have s h own a wid e  range. J e n k i n s o n  & 

Oades (1979) r e p o r t e d  valu e s  of from 0.64 to 7.00 ug A T P / g  d.wt. 

soil using t he t r i c h l o r a c e t i c  a c i d - p h o s p h a t e - p a r a q u a t  method, 

Eiland (Table 7 ) found 0.37 to 7.52 ug A T P/g d.wt. by  the 

sulphuric a c i d - p h o s p h a t e - N R B  method, P aul & J o h n s o n  (1977) 0.11

to 4.73 ug A T P / g  wet soil, u s ing cold, b i c a r b o n a t e c h l o r o f o r m ,  

(ref. Ill) 0 . 0 8  to 0.40 ug A T P/g d.wt. wit h  T r i s - N R B  e x t r a c t a n t ,  

Ver s t r a e t e n  et al. (1983) 0.02 to 0.7 ug A T P / g  d.wt., and K n ight 

& Skujins (1981) 0 . 0 0 2 - 0 . 0 2 8  ug AT P/g d ry soil by col d  s u l p h u r i c  

acid; the s o i l s  e x a m i n e d  by K n i g h t  & S k u j i n s  (1981) wer e  arid 

soils, w h e r e  lower v a l u e s  s h o u l d  be e x p e c t e d  than for the other 

soils. H o wever it seems that t h ese r e s ults are e x c e p t i o n a l l y  low. 

The d i f ferent e x t r a c t i o n  m e t hods, u t i l i z i n g  c r u d e  or p u r i f i e d  

enzymes as w e l l  as d i f f e r e n t  p r o c e d u r e s  for m e a s u r i n g  light 

emission m i g h t  p a r t l y  e x p l a i n  the v a r y i n g  results. The 

methods g i v i n g  the h i g h e s t  a m o u n t s  of A TP w e r e  the s u l p h u r i c  

a c i d - p h o s p h a t e - N R B  m e t h o d  (ref. X), and the t r i c h l o r a c e t i c  a c id- 

p h o s p h a t e - p a r a q u a t  m e t h o d  ( J e n kinson & Oades, 1979).

3



Table 7 . B i omass C, recov e r y  of ATP, ATP content and biomass C/ATP values in some Danish 

and S w e dish soils (ref. X)

Proposed ATP method NRB®ATP method

Soil

(Location)

Biomass C ^

(yg C/g d.wt. soil)

Added ATP 

recovered 

( % )

ATP content 

of soil* 

(ug/g d.wt. soil)

Biomass

C/ATP

ratio

Added ATP 

recovered 

( % )

ATP content 

of soil* 

(yg/g d.wt. soil)

Biomass 

C/ATP1  ̂

ratio

Coarse sandy soil 89 93 0.37 240 28 0.09 1047

(Jyndevad, Denmark) I 76 92 0.35 217 ND ND ND

Fine sandy soil 163 68 1.31 124 40 0.16 1019

(Tylstrup, Denmark) I 62 91 0.13 477 ND ND ND

Sandy loam soil 169 94 1.04 163 42 0.13 1300

(Roskilde, Denmark) I 96 82 0.56 171 ND ND ND

Loam soil 193 55 1.35 143 29 0.05 3860

(Rønhave, Denmark) I 258 48 0.60 430 ND ND ND

Silt loam soil 202 88 1.44 140 61 0.05 4040

(Højer, Denmark) I 445 72 1.12 397 ND ND ND

Humus soil

(Forest soil Sweden)

ND 65 7.52 ND 30 0.72 ND

♦Corrected for recovery of added ATP by the internal ATP s t a ndard procedure.

1)' B i o m a s s  carbon e s t i m a t e d  by the CHCl^ f u m i gation method.

I. A group of soils s a m pled in S e p t ember 1981, a d j u s t e d  to 60 % of the w.h.c. and stored for

90 days at 5°C, and then i n c u bated for 5 days at 25°C.

II. A group of soils s a m pled in May 1981, a d j u s t e d  to 60 % of the w.h.c. and stored for 210

days at 5°C.

Results are means of t r i p l i c a t e  samples. ND = no d e t e r m ination.
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C. T H E  R A T I O  B E T W E E N  T H E  N U C L E O T I D E S  

A T P ,  ADP AND A M P  IN S O I L

I n t r o d u c t i o n

T h e  ATP c o n t e n t  of soil d e t e r m i n e d  by the l u c i f e r i n - l u c i f e r a s e  

m e t h o d  is b e l i e v e d  to be a u s e f u l  m e a s u r e  of soil m i c r o b i a l  

b i o m a s s  or a c t i v i t y  in v a r i o u s  e c o s y s t e m s .  M e a s u r e m e n t  of the
[ A TP] +  Vi [ A D P ]

ad e nylate e n e r g y  charge, A E C  = |ATP| + (ADP| + |AMP|

(Atkinson & W a l t o n ,  1967; At k i n s o n ,  1968; 1969, C h a p m a n  et al.,

1971), may g i v e  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  the m e t a b o l i c  s t ate

of the o r g a n i s m s .  The reaction's i n v o l v e d  in the p r o c e s s e s  are 

simplified in Fig. 3.

The AEC v a l u e  p r o v i d e s  a m e a s u r e  of the total amou n t  of

m e t a b o l i c  e n e r g y  m o m e n t a r i l y  s t o r e d  in the a d e n i n e  n u c l e o t i d e

pool. The t h e o r e t i c a l  range of A EC v a l u e s  is fro m  0 (all AMP) to

1 (all ATP) a l t h o u g h  t h ese e x t r e m e  v a l u e s  ma y  not be found. In 

a c t i v e l y  g r o w i n g  cell s ,  r e p o r t e d  AE C  v a l u e s  range f r o m  about 0.80

to 0.95 but in s t r e s s e d  and s e n e s c e n t  o r g a n i s m s ,  the v a l u e s  can

be  as low as 0 . 5 -0.7. Dea d  or d y ing c e l l s  have A EC less than 0.5 

(Karl, 1980; K a r l  & H o l m - H a n s e n ,  1977; W i e b e  & B a n croft, 1975). 

For e n d o s p o r e s  of b a c t e r i a  A EC v a l u e s  as low as 0.08 have been 

reported ( S e t l o w  & K o r nberg, 1970).

3 *
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I M e a s u r e m e n t s  of A T P  (reactions, see F i g . 2, p age 12).

II M e a s u r e m e n t s  of A DP p l u s  ATP ( r e a ction for c o n v erting A D P  to 

ATP) :

PK;K+;Mg2+ LDH;K+;Mg2 +
ADP+PFP -------  flTP4-pymuata ~ , ------- * ATP+laCtate

pH 7.75 /p H  7.75 '

NADH+H+ NAD+

I I I .M e a s u r e m e n t s  of AMP plus ADP p l u s  A T P  (reactions for 

c o n v e r t i n g  AMP to ATP):

M K ; K + ; M g 2  +
AMP + ATP 2 ADP

pH 7.75

P K ; K + ; M g 2 +  L D H ; K + ; M g 2 +
2 ADP + 2 PEP »"■■■"' i 2 ATP + 2 pyruvate •- ■■  ------ — *■ 2 ATP + 2 lactate

pH 7.75 /p H  7.75 A

NADH+H+ NAD+

Fig. 3. Scematic p r e s e n t a t i o n  of the r e a c t i o n s  for c o n v e r t i n g  ADP 

and AMP to A T P .

Pyruvate was reduced by NADH and LDH to p r o m o t e  the speed of the 

r e a c t i o n s .

The m i x t u r e s  i n c luding samples and s t a n d a r d s  were i n c u b a t e d  for 

30 min at 30°C and the ATP c o n c e n t r a t i o n s  measured.

Mi x t u r e s  for the r e a c t i o n s  (see APPEN D I X  II)

PEP = pho s p h o e n o l  pyruv a t e

NADH = ß - n i c o t i n a m i de - a denine d i n u c l e o t i d e

PK = p y r u v a t e  kinase

LDH = lactate d e h y d r o g e n a s e

MR = m y o kinase
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The v a l i d i t y  of the A EC c o n cept as a m e c h a n i s m  for the c o n t r o l  

of cellular m e t a b o l i s m  has bee n  a t t a c k e d  on t h e o r e t i c a l  g r o u n d s  

(Fromm, 1977). K n o w l e s  (1977) a r g u e d  that the u n i t l e s s  of the AEC 

limits the u s e f u l n e s s  of this parameter. It has a lso b een a r g u e d  

(Lowry et al., 1971) that the A E C  is an i n s e n s i t i v e  m e t a b o l i c  

indicator. D e s p i t e  of these obj e c t i o n s ,  most dat a  i n d icate that 

th e  relative m o l a r  c o n c e n t r a t i o n s  of the a d e n i n e  n u c l e o t i d e s  in 

actively m e t a b o l i z i n g  cells are m a i n t a i n e d  w i t h i n  the limits 

predicted by  t he AE C  h y p o t h e s i s  (e.g. C h a p m a n  & Atkinson, 1977; 

C h a pman et al., 1971).

The aim of t his s t u d y  was to d e v e l o p  a m e t h o d  to m e a s u r e  AE C  of 

the soil m i c r o b i a l  b i o m a s s  and e x a m i n e  the size of the A EC in 

s oils by e n z y m a t i c  c o n v e r s i o n s  of ADP and A MP to m o lar 

c o n c e n t r a t i o n s  of ATP, follo w e d  by q u a n t i t a t i v e  a n a l y s i s  of ATP 

by  the l u c i f e r i n - l u c i f e r a s e  system.

M a t e r i a l s  a n d  m e t h o d s  ( s e e  A P P E N D I X  I I  )

D i s c u s s i o n  o f  t h e  m e t h o d o l o g y

The adenine n u c l e o t i d e s  were b a s i c l y  e x t r a c t e d  fro m  soil w ith 

sulphuric a c i d - p h o s p h a t e , as used in the s u g g e s t e d  ATP method. 

Soil samples a n d  s t a n d a r d s  (ATP, A T P / A D P  and ATP/AMP) w ith

sterilized s o i l  w e r e  a d d e d  to the e x t r a c t i o n  agent, s h a k e n  for 15 

m i n  and h e a t e d  at 100° C for 2 min. The n  all m i x t u r e s  were 

neutralized a n d  a l i q u o t s  wer e  i n c u b a t e d  t o g e t h e r  w ith the 

different e n z y m e s  at 30°C for 30 min. W i t h o u t  a 

heat d e a c t i v a t i o n  step, part of the ATP in the soil e x t r a c t  was
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h y d r o l i z e d  dur ing the i n c u b a t i o n  in the reaction m i x t u r e s ,  

p r e s u m a b l y  due to a r e - a c t i v a t i o n  of e n z y m e s  in the n e u t r a l i z e d  

e x t r a c t s  d u r i n g  the i n c u b a t i o n  at 30°C for 30 min. Blind v a l u e s  

of s t e r i l i z e d  soil t r e a t e d  as the prop e r  soi l  samples wer e  used 

to c o r r e c t  for A TP p r e s e n t  in the reagents. To ensure t h a t  the 

s t e r i l i z e d  soil did not c o n t a i n  m e a s u r a b l e  amounts of the 

n u c l e o t i d e s ,  b l i n d  v a l u e s  w e r e  also m a d e  f r o m  the sulphuric a c i d -  

p h o s p h a t e  e x t r a c t a n t  a l one t r e a t e d  as th e  samples. The 

b a c k g r o u n d  light e m i s s i o n  from the e x t r a c t a n t  without s t e r i l i z e d  

soil was in m ost e x p e r i m e n t s  higher or s i m i l a r  to that of the 

e x t r a c t a n t  w ith s t e r i l i z e d  soil, i n d i c a t i n g  an inhibition of  the 

light e m i s s i o n  fro m  c o m p o u n d s  in some soil types.

M y o k i n a s e  is u sed in the p r o c e d u r e  to c o n v e r t  AMP to ADP. A 

v e r y  high e n d o g e n o u s  b a c k g r o u n d  light e m i s s i o n  was f o u n d  in 

p r e l i m i n a r y  e x p e r i m e n t s  w h e n  a high c o n c e n t r a t i o n  of m y o k i n a s e  (5 

Ug M K /50 ui) was used. This was p r o b a b l y  c a u s e d  by ATP b o u n d  to 

MK. It was also n e c e s s a r y  to redu c e  t he c o n c e n t r a t i o n  of 

( N H 4 )2 S 0 4 , to e n s u r e  a q u a n t i t a t i v e  c o n v e r s i o n  of AMP to ATP 

b e c a u s e  ( NH 4 )2 S O 4 i n h i b i t e s  the MK e n z y m e  r e a ction. The r e d u c t i o n  

was a c h i e v e d  by c e n t r i f u g a t i o n  of the MK solution. The 

s u p e r n a t a n t  was r e m oved and the p e l l e t  c o n t a i n i n g  MK was d i l u t e d .  

A final c o n c e n t r a t i o n  of 0.4 ug M K /50 ui w a s  chosen, w h i c h  

e n s u r e d  a q u a n t i t a t i v e  c o n v e r s i o n  of AMP to ATP.

To p r o m o t e  the speed of the r e a c t i o n s  for c o n v e r s i o n  of A M P  and 

A DP to ATP, both l a c t a t e d e h y d r o g e n a s e  (L D H ) an d  B - n i c o t i n a m i d e -  

a d e n i n e  d i n u c l e o t i d e  (NADH) w ere i n c l u d e d  in the m i x t u r e  for 

r e a c t i o n  II ( d e t e r m i n a t i o n  of ADP plu s  ATP) a n d  for r e a c t i o n  III 

(d e t e r m i n a t i o n  of AMP p lus ADP plu s  ATP). A T P  was i n c l u d e d  in 

s t a n d a r d s  used for r e a c t i o n  m i x t u r e s  II an d  III. A c o m p a r i s o n  

b e t w e e n  m i x e d  s t a n d a r d s  of A T P / A D P  (ratio 4/1) a nd ADP s t a n d a r d s  

gav e  s i m ilar results. A d d i t i o n  of ATP to r e a c t i o n  m i x t u r e  III 

p r o m o t e s  the c o n v e r s i o n  from AMP to ADP. K a r l  & H o l m - H a n s e n
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(1977) s u g g e s t e d  the use of a d d i t i o n  of ATP to m i x t u r e s  for

conversion of AM P  to ATP from soil samples. Use of LDH and NADH 

for d e t e r m i n a t i o n  of AEC valu e s  in seeds was p r o p o s e d  by Lun n  & 

Madsen (1981). The e f f i c i e n c y  of the c o n v e r s i o n  of ADP and AMP 

to ATP w as a l w a y s  9 5 -100 %. Thi s  is in a g r e e m e n t  wit h  m any 

papers, w h e r e  c o n v e r s i o n  e f f i c i e n c y  was b e t w e e n  90 and 100 %

(Karl & H o l m - H a n s e n ,  1978; K i m m i c h  et al., 1975; L u n d i n  & Thore, 

1 9 7 5 ) .

Karl & H o l m - H a n s e n  (1978) p r o p o s e d  the use of a heat 

d e a c t i v a t i o n  s t e p  for l o w - l e v e l  a d e n i n e  n u c l e o t i d e  a n a l y s e s  

after i n c u b a t i o n  of the r e a c t i o n  tubes, p r ior to the ATP assays. 

They found t h a t  in a b s e n c e  of heat d e a c t i v a t i o n  b e f o r e  a d d i t i o n  

of crude f i r e f l y  l u c i f e r i n - l u c i f e r a s e ,  b oth the l i n e a r i t y  of the 

standard c u r v e  and the lower limit of ATP d e t e c t i o n  w e r e  g r e a t l y  

affected. T h i s  was c a u s e d  by im m e d i a t e  p r o d u c t i o n  (0-3 s) of ATP

in the p r e s e n c e  of p h o s p h o e n o l  p y r u v a t e  (PEP) and p y r u v a t e

kinase, p r e s u m a b l y  f rom A DP c o n t a i n e d  w i t h i n  the c r u d e  l u c i f e r i n -  

luciferase e n z yme.

In the s u g g e s t e d  method, w h e r e  p u r i f i e d  l u c i f e r i n - l u c i f e r a s e  

enzyme was used, it was not n e c e s s a r y  to use the heat 

d e a c t i v a t i o n  s t e p  a f ter i n c u b a t i o n  of the r e a c t i o n  tubes.

The s e n s i t i v i t y  of the m e t h o d  c an be i m p r o v e d  by i n c r e a s i n g  the 

co n c e n t r a t i o n  of the l u c i f e r i n - l u c i f e r a s e  reagent by use of a 

smaller v o l u m e  of b u f f e r  (e.g. 5 ml i n s tead of 8 ml). It is very

important to use a very s e n s i t i v e  p h o t o m u l t i p l i e r .  The 

Lumacounter a p p l i e d  (M 2080) had a d e t e c t i o n  limit of less than 

0 . 2 x l 0 - 1 5  m o l e s  ATP, w h i l e  a new m o d e l  (Biocounter M 2010) was

not sensitive e n o u g h  (lower limit 0 . 4 x l 0 - 1 5  m o l e s  ATP).

Recovery of a d d e d  ATP, ADP and A MP gave 80.9 %, 84.8 % and 

88.9 %, r e s p e c t i v e l y ,  for the fresh s a ndy loa m  soil (Table 7). 

The same t r e n d s  wit h  p e r c e n t a g e  of r e c o v e r y  i n c r e a s i n g  in the

following o r d e r ,  ATP <  ADP <  AMP, w e r e  a lso found in the

different p r e i n c u b a t e d  soils a l t h o u g h  the p e r c e n t a g e  of r e c o v e r y

w a s  not the same. S i m i l a r  trends b e t w e e n  the three n u c l e o t i d e s  

w e r e  reported by  B r o o k e s  et al., (1983).
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A d e n i n e  n u c l e o t i d e s  a n d  a d e n y l a t e  e n e r g y  

c h a r g e  in s e l e c t e d  s o i l s

S ome c h a r a c t e r i s t i c s  of the soils u sed for the a d e nine n u c l e o t i d e  

e x p e r i m e n t s  are g i v e n  in T a b l e  8 . A s a n d y  l o a m  soil was s t u d i e d  

in g r eat d e t a i l s  c o m p a r i n g  d i f f e r e n t  soil t r e a t m e n t s  (Table 9 ). 

The "fresh" soil a n a l y s e d  3 h after s a m p l i n g  h a d  an AEC of 0.83

a nd ATP, ADP and AMP w e r e  65.6 %, 33.9 % a n d  0.5 % of A T (ATP

p lus ADP plu s  AMP), r e s p e ctively. W h e n  the s oil was a i r - d r i e d  for 

10 days at 25°C, A T d e c r e a s e d  from 2.18 to 0 .56 nmol ATP/g d.wt. 

soil. A EC d e c r e a s e d  in the same p e r i o d  f r o m  0 .83 to 0.46 a n d  the 

r e l a t i v e  p r o p o r t i o n s  of the three n u c l e o t i d e s  w e r e  17.9 % (ATP), 

55.4 % (ADP) and 26.7 % (AMP) of Arp. A i r - d r y i n g  of the soi l  is 

k n own to kill p art of the soil m i c r o o r g a n i s m s  ( P o wlson & 

J e n k i n s o n ,  1976). This a g r e e s  w i t h  the l o w  A EC value w h e r e  

m i c r o o r g a n i s m s  b e g i n  to die. After the a i r - d r i e d  soil was 

r e m o i s t e n e d  to 60 % of w.h.c. and i n c u b a t e d  for 24 h at 25°C, AT

i n c r e a s e d  fro m  0.56 to 1.80 nmol /g d.wt. s oil a nd AEC rose fro m

0.46 to 0.73, i n d i c a t i n g  a f o r m a t i o n  of n e w  biomass on the 

e x p e n s e  of d ead m i c r o o r g a n i s m s  and s u b s t r a t e  li b e r a t e d  f r o m  the 

soil by the d r y i n g  and re w e t t i n g  p r o c e d u r e s .  A T and A EC w e r e  

after the 24 h i n c u b a t i o n  p e riod o n l y  s l i g h t l y  lower than t h o s e  

o b t a i n e d  for the "fresh" soil. ATP, A D P  a nd AMP were 55. 0  %,

35.6 % and 9.4 % of A T , resp e c t i v e l y .  The r e l a t i v e  p r o p o r t i o n s  of 

the a d e n i n e  n u c l e o t i d e s  w e r e  fairly s i m i l a r  to those f o und for

the "fresh" soil. The i n c rease in c o n t e n t  of nmol ATP/g d.wt.

soil was not c o u n t e r b a l a n c e d  by a d e c r e a s e  in ADP and AMP. 

T h e r e f o r e ,  A TP m a y  be p r o d u c e d  f rom d e g r a d a t i o n  of s u b s t r a t e  by 

de nov o  s y n t hesis. B r o o k e s  et al. (1983) o b t a i n e d  similar A EC 

v a l u e s  in a park g r ass soil, a l t h o u g h  not e x a ctly the same 

e x p e r i m e n t a l  c o n d i t i o n s  w e r e  used. H o w e v e r ,  after r e w e t t i n g  of 

a i r - d r i e d  soil and i n c u b a t i o n  for 2.5 h t h e y  f o und that A TP was

o nly p r o d u c e d  by c o n v e r s i o n  of ADP and AM P  to ATP.



Table 8- Some ch ar act er is t i cs  of the soils used

S o i  1 

( L o c a t  i o n )

S o i l

t r e a t m e n t s

/

pH

: cac i 2 ;

M o i s t u r e  

( A t  s a m p l i n g  

) t  i m e  )

O r g a n i c  C T o t a l  N C / N

r a t i o

P . 
i

lag p / g  

d . w t . s o i l

K . 
i

y g  K / g  

d . w t . s o i l

C o a r s e  s a n d y  s o i  1  ̂

( J y n d e v a d ,  D e n m a r k )

P l o u g h i n g  a n d  

NPK f e r t i l i z e r s

6 . 4 1 1 . 6 1 . 9 0 . 1 1 1 7 . 7 2 5 8 1 0 5

S a n d y  l o a m  s o i l  

( A s k o v ,  D e n m a r k )

P l o u g h i n g  a n d  

s l u r r y  m a n u r e

6 . 7 1 9 . 2 2 . 1 0 . 1 7 1 2 . 3 1 7 4 94

S a n d y  l o a m  s o i l  ^  ) 

( A s k o v ,  D e n m a r k )

P l o u g h i n g  a n d  

NPK f e r t i l i z e r s

6 . 6 1 9 . 3 2 . 3 0 . 1 8 1 2 . 5 2 1 6 1 0 8

S a n d y  l o a m  s o i l  ^ ' 

( R o s k i l d e ,  D e n m a r k )

P l o u g h i n g  a n d  

NPK f e r t i l i z e r s

6 . 4 1 8 . 8 1 . 9 0 . 1 5 1 2 . 7 3 0 0 1 2 9

S i l t y  l o a m  s o i l  ^  

( H ø j e r ,  D e n m a r k )

P l o u g h i n g  a n d  

NPK f e r t i l i z e r s

6 . 5 1 8 . 6 1 . 8 0 . 1 9 9 . 7 2 2 1 2 0 3

3 \
H u m u s  s o i l  ' 

( S w e d e n )

No t r e a t m e n t 3 . 6 2 1 0 . 0 4 0 . 6 0 . 6 0 6 7  . 7 0 . 6 x l 0 3 6 . 0 x l 0 3

M e a n s  o f  d u p l i c a t e  s a m p l e s .

1 )  T h e  a r a b l e  s o i l s  w e r e  s a m p l e d  i n  J u n e ,  1 9 8 3 ,  f r o m  t h e  0 - 5  cm l a y e r ,  a n d  c a r r y  c o n t i n u o u s  b a r l e y  w i t h  a m u s t a r d  c a t c h  

c r o p .  T h e  f i e l d  e x p e r i m e n t  w a s  i n i t i a t e d  i n  1 9 7 3 .

2 )  T h e  a r a b l e  s o i l s  w e r e  s a m p l e d  b y  A u g u s t ,  1 9 8 3 ,  f r o m  t h e  0 - 2 0  cm l a y e r .  A f o u r  y e a r s  r o t a t i o n  o f  s u g a r b e e t s  ( 1 9 8 2 ) ,  

I t a l i a n  r y e g r a s s  ( 1 9 8 3 )  a n d  b a r l e y  ( 1 9 8 4 )  w e r e  a p p l i e d .  T h e  f i e l d  e x p e r i m e n t  w a s  i n i t i a t e d  i n  1 9 7 3 .

3 )  T h e  h u m u s  s o i l  f r o m  a f o r e s t  w a s  s a m p l e d  i n  J u n e ,  1 9 8 3 .

T h e  e x a m i n e d  p l o t s  a r e  n o t  t h e  s a m e  a s  t h o s e  m e n t i o n e d  i n  T a b l e  2 .

S e e  T a b l e  2 a n d  A P P E N D I X  I I  p a g e  1 6 8 ,  f o r  t h e  s o i l  t e x t u r e s .



Table 9. A d e n i n e  n u c l e o t i d e s  and a d e n y l a t e  energy charge values of a sandy loam soil

Sandy loam soil Soil a d e nine Total soil Soil adenine AEC

(Roskilde) n u c l e o t i d e  content a d e nine n u c l e o t i d e  n u c l e o t i d e  content values

(nmol/g d.wt. soil) content (A^.) as %  of Â .

ATP ADP AMP (nmol/g d.wt. soil) ATP ADP AMP

"Fresh"so i 1 ̂  c o n t a i n i n g  1.43 0.74 0.01 2.18 65 . 6 33.9 0. 5 0.83

60 % of w .h . c .2 )

A i r - d r i e d  soil after 0.10 0.31 0.15 0.56 17.9 55.4 26.7 0.46

i n c u b a t i o n  for 10 days 

at 25 °C

Ai r - d r i e d  soil a f ter 0.99 0.64 0.17 1.80 5 5.0 35.6 9.4 0.73

i n c u bation for 10 days 

at 25°C, r e m o i s t e n e d  to 

60 X o f  w . h . c . 2  ̂ and 

i n c u b a t e d  for 24 h at 25°C

Means of d u p l i c a t e  samples.

1) The soil was a n a l y s e d  3 h after sampling.

2) w.h.c. = water h o l ding capacity.

Recovery of added ATP, ADP, AMP for the "fresh" soil were 80.9 % ,  84.8 % and 88.9 % ,  

r espectively.
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The effects on AT and AEC of g l u c o s e  a d d e d  to a s a n d y  loam

soi l  was e x a m i n e d  (Table 10). A f ter sa m p l i n g ,  the soil was

m o i s t e n e d  to 60 % of the w.h.c. and s t o r e d  for 90 day s  at 5°C. 

T he soil w a s  the n  i n c u b a t e d  for 5 days at 25°C, w h e r e  g l u c o s e  

(1.0 % of s oil d.wt.) was a d ded f o l l o w e d  by i n c u b a t i o n  at 25°C

for further 3 days. A c o n t r o l  w i t h o u t  g l u c o s e  wa s  i n c u b a t e d

similarly. T h e  c o n t e n t s  of A TP and ADP i n c r e a s e d  due to the

incubation w i t h  g l u cose, w h e r e a s  the c o n t e n t  of AMP r e m a i n e d

fair l y  constant. The A T i n c r e a s e d  with 29.6 % due to the soil

incubation w i t h  glucose. The A EC value i n c r e a s e d  f r o m  0.65 in

the soil w i t h o u t  g l u c o s e  to 0.70 in the soil w i t h  g l u c o s e  added. 

Th e  small i n c r e a s e  in the soil a d d e d  g l u c o s e  is c o n s i s t e n t  w ith 

the a s s u mption that the soil m i c r o o r g a n i s m s  to a large e x t e n t  are 

o l d  dormant or r e s t i n g  c e lls w i t h  an AEC of a b o u t  0.7, and o n l y  a 

m i nor part is in a c t i v e  grow t h  w i t h  an AEC of about 0.8. The A EC 

value, w h ich is an a v e r a g e  v a lue for the total b i o m a s s  wil l  then 

d e pend on the p r o p o r t i o n  of y o u n g  c e lls to ol d  and r e s t i n g  cells.

Thus, Leps & E n s i g n  (1979a) f o und that a d d i t i o n  of g l u c o s e  to 

s pherical c e l l s  of a pure c u l t u r e  of the b a c t e r i u m  A r t h r o b a c t e r  

c r y s t a l l o p o i e t e s  i n c r e a s e d  b oth the A TP c o n t e n t  per c ell and 

their rate of e n d o g e n o u s  m e t a b o l i s m .  The AT P  c o n t e n t  f l u c t u a t e d  

a nd then r e m a i n e d  at a level h i g h e r  tha n  m a i n t a i n e d  d u r i n g  

starvation w h i l e  e n d o g e n o u s  m e t a b o l i s m  q u i c k l y  declined. Lep s  & 

E n sign (1979b) a l s o  e x a m i n e d  the A E C  value of A^_ c r y s t a l l o p o i e t e s  

d uri n g  growth a n d  starvation. A EC of r o d - s h a p e d  c e lls rose d u r i n g  

the first 4 h of  growth, then r e m a i n e d  c o n s t a n t  d u r i n g  s u b s e q u e n t  

g row t h  and d e c r e a s e d  in the s t a t i o n a r y  g r o w t h  phase. D u r i n g  

starvation b o t h  s p h e r i c a l  and r o d - s h a p e d  c e l l s  e x c r e a t e d  A MP but 

n ot ATP or ADP. A E C  w as 0.73 a f ter 168 h of s t a r v a t i o n .  B oth cell 

forms r e m ained m o r e  than 90 % viable. A d d i t i o n  of g l u c o s e  to 

starving c e l l s  r e s u l t e d  in an i n c rease b o t h  in the A TP c o n t e n t  

a nd in the A E C  value.



TablelO. A d e nine n u c l e o t i d e s  and a d e n y l a t e  energy values of a sandy loam soil without 

and with a d d ition of glucose

Askov sandy loam Soil adenine Total soil Soil adenine AEC

soil n u c l e o t i d e  content adenine n u c l e o t i d e  n u c l e o t i d e  content values

NPK f e r t ilized (nmol/g d.wt. soil) content (A^.) as 5 of A^

ATP ADP AMP (nmol/g d.wt. soil) ATP ADP AMP

W i t hout a d d i t i o n  1.10 1.28 0.29 2.67 41.2 47.9 10.9 0.65

of g l ucose

With a d d i t i o n  1.68 1.49 0.29 3.46 48.9 37.9 9.4 0.70

of glucose

M eans of d u p l i c a t e  samples.

The soil was s a m pled in June 1983, a d j u s t e d  to 60 % of the water holding capacity, 

stored for 90 days at 5°C and i n c u bated for 5 d.ays at 25°C. G l u cose (1 % of soil d.wt.) was 

added to one soil portion and soil without and with g l u cose was further i n c ubated for 

3 days at 25°C.
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T he minor i n c r e a s e  of A EC in the soil wit h  g l u c o s e  a d d e d  

c o m p a r e d  to the A E C  of the soil w i t h o u t  g l u c o s e  are c o n s i s t e n t  

w i t h  these o b s e r v a t i o n s ,  w h e n  it is a s s u m e d  that o n l y  a c e r t a i n  

p a r t  of the m i c r o o r g a n i s m s  in soil are y o u n g  c e lls c a p a b l e  of 

m u c h  growth. T he r e s ults from the soils als o  s u g g e s t  that high 

a m o u n t s  of e x t r a c e l l u l a r  A MP p r o b a b l y  not are p r e s e n t  in soil.

The c o n t e n t s  of ATP, A DP and AM P  and A E C  v a l u e s  in d i f f e r e n t  

soils are s h o w n  in T a b l e  11. The ATP c o n t e n t  i n c r e a s e d  whe n  the 

s o i l s  were i n c u b a t e d  at 25°C for 24 h, as c o m p a r e d  to i n c u b a t i o n  

at 5°C. T h i s  a g r e e s  w i t h  other r e s ults (Chapter E; ref. X). The 

p e r c e n t a g e s  of ATP, ADP and A MP of A T s h o w e d  that a raise in

t em p e r a t u r e  f r o m  5°C to 25°C re s u l t e d  in an i n c r e a s e  in the

p e r c e n t a g e  of A T P  a nd a d e c r e a s e  in the p e r c e n t a g e  of either AMP 

or ADP. T h e  A E C  v a l u e s  w ere i n c r e a s e d  in the soils, w hen the 

t em p e r a t u r e  w a s  raised. AE C  in the soils i n c u b a t e d  at 5°C ranged 

f r o m  0.58 to 0.74 and s u g g e s t s  a b i o m a s s  c o n s i s t i n g  m a i n l y  of 

d o r m a n t  o r g a n i s m s .  At 25°C, A E C  r a n g e d  f rom 0.78 to 0.83 in 

d i f f e r e n t  s o i l s  a nd s u g g e s t  an i n c r e a s e d  m e t a b o l i s m  for some of 

t he organisms. T he t o tal soil a d e n i n e  n u c l e o t i d e  c o n t e n t  (AT ) was 

n e a r l y  the s a m e  in s o ils i n c u b a t e d  at 5°C and 25°C, i n d i c a t i n g  a 

c o n v e r s i o n  of A D P  or A M P  to ATP and that A TP not was p r o d u c e d  by 

de novo s y n t h e s i s .  T h e r e f o r e ,  the b i o m a s s  was not i n c r e a s e d  under 

t h ese e x p e r i m e n t a l  con d i t i o n s .

T h ese r e s u l t s  e x p l a i n  other e x p e r i m e n t s ,  w h e r e  i n c r e a s e  in ATP 

c o n t e n t  in soil was o b s e r v e d  w i t h i n  2-3 h, w h e n  the soil

t e m p e r a t u r e  w a s  r a i s e d  (Chapter E, Fig. 12). It w as not l i kely

t hat the soi l  b i o m a s s  i n c r e a s e d  so m u c h  d u r i n g  such a short 

period.

C h a pman et al. (1971) found that AEC in e x p o n e n t i a l l y  g r o w i n g  

c e lls of E s c h e r i c h i a  coli was near 0.8. W h e n  g r o w t h  s t o p p e d  due 

to e x h a u s t i o n  of the c a r b o n  s o u r c e  in the medium, the AEC 

d e c r e a s e d  to 0.6-0.7. After a d d i t i o n  of glucose, the A EC rose 

r a p i d l y  to the level of the g r o w i n g  cells. C h a p m a n  & A t k i n s o n  

(1977) d i s c u s s e d  the p o s s i b i l i t y  that A E C  v a l u e s  for normal 

m e t a b o l i z i n g  c e l l s  are near 0.9 and the v a l u e s  p u b l i s h e d  in a



Tablell. A d e nine n u c l e o t i d e s  and a d e n y l a t e  energy charge values in some D a nish and 

Swedish soils

Soils T e m p e r a t u r e  Soil adenine Total soil Soil adenine AEC

(Location) of p r e incu- n u c l e o t i d e  content adenine n u c l e o t i d e  n u c l e o t i d e  content values

bated soils (nmol/g d.wt. soil) content (A^.) as %  of A ^

°C ATP ADP AMP (nmol/g d.wt. soil) ATP ADP AMP

Coarse sandy soil 5 0 . 56 0.35 0 . 36 1 .27 44 . 1 27.6 28 . 3 0 . 58

(Jyndevad, Denmark) 25 0.72 0.53 N.D. 1 . 25 57.6 42.4 N.D. 0 . 79

Sandy loam 5 2.25 0.53 1 . 46 4 . 24 53 . 1 12 . 5 34.4 0.59

(Askov , D e n m a r k ) 25 2.85 1 . 40 0 . 30 4.55 62 . 6 30 . 8 6 . 6 0.78

Silt loam soil 5 2 . 49 1.82 0. 30 4 .61 53 . 9 39 . 5 6 . 6 0 . 74

(Højer , D e nmark ) 25 3.45 1 .09 0 . 30 4 . 84 66 . 0 20.9 6 . 2 0.83

Humus soil 5 13.27 8.04 4.82 26.13 50.8 30 . 8 18.4 0 . 66

(Sweden ) 25 17.90 9 . 74 N.D. 27.64 64 . 8 35 . 2 N.D. 0.82

Means of t r i p l i c a t e  samples.

N.D. = Not detectable.

See Table 6 for c h a r a c t e r i s t i c s  of the soils.

The soils were a d j u s t e d  to 60 % of the water holding capacity, stored for 90 days at 

5°C and then in c u b a t e d  for further 24 h at 5°C and 25°C, respectively.
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range of p a p e r s  e.g. the results of C h a p m a n  et al. (1971) are 

somewhat l o w  b e c a u s e  of an u n r e c o g n i z e d  loss of A TP d u r i n g  

h a n dling by u se of poor e x t r a c t i o n  metho d s .  N i v e n  et al. (1977) 

o b s erved that a c u l t u r e  of B e n e c k e a  n a t r i e g e n s  m a i n t a i n e d  its A EC 

at a r e l a t i v e l y  c o n s t a n t  level for s e v e r a l  h o u r s  after s u b s t r a t e  

depletion. B a l l  & A t k i n s o n  (1975) r e p o r t e d  that S a c c h a r o m y c e s  

c e r e v i s i a e  c e l l s  g r o w n  on d i f f e r e n t  c a r b o n  s o u rces and under 

aerobic or a n a e r o b i c  c o n d i t i o n s  m a i n t a i n e d  A EC a b ove 0.8. W h e n  

this e u k a r y o t i c  o r g a n i s m  was g r o w n  a e r o b i c a l l y  on e t h a n o l  or 

glucose a nd a l l o w e d  to pass into the s t a t i o n a r y  phase, w i t h

U t i l i z a t i o n  of a c c u m u l a t e d  ethanol, it m a i n t a i n e d  a n o rmal v a l u e  

(0.8-0.9) of the A EC d u r i n g  p r o l o n g e d  s t a r vation. W i e b e  & 

Bancroft (1975) d e t e r m i n e d  A EC in the upper layers of salt m a r s h  

sediments, a n d  f o u n d  v a l u e s  b e l o w  0 . 6  for the a v e r a g e  co m m u n i t y ;  

these low v a l u e s  ma y  p a r t l y  be due to the b o i l i n g  N a H C O 3  

ex t r a c t i o n  m e t h o d  u sed (Bancroft et al., 1976).

M u l t i c e l l u l a r  a n i m a l s  appear to m a i n t a i n  h i g h  AEC v a l u e s  in the 

range b e t w e e n  0.75 and 0.9 until the y  are m o r i b u n d  (for a r e v i e w  

see C h a p m a n  et al., 1971). Karl et al. (1978) f o und in two 

species of c o p e p o d s  a h i gher ATP c o n t e n t  of the c e l l u l a r  c a r b o n  

(C/ATP rati o s  '*''■ 30-40) than r e s ults r e p o r t e d  in u n i c e l l u l a r

m i c r o o r g a n i s m s ;  the c o r r e s p o n d i n g  A E C  v a l u e s  in the c o p e p o d s  

ranged from 0 . 8 9 - 0 . 9 3 .  The poo l  of a n i m a l s  in a soil m ay thus 

con t r i b u t e  to a s o m e w h a t  h i g h e r  c o m m u n i t y  A E C  v a lue than e x p e c t e d  

for b a c t e r i a  a n d  fungi in soil. Better e x t r a c t i o n  m e t h o d s  using 

cold acid e x t r a c t a n t s ,  p r e s e r v e  a g r e a t e r  p e r c e n t a g e  of a d e n i n e  

n u c l e o t i d e s  as ATP, than m e t h o d s  b a s e d  on b o i l i n g  w i t h  n e u t r a l  

ext r a c t a n t s  (Karl & H o l m - H a n s e n ,  1977; Karl et al., 1978). This 

is p r o b a b l y  b e c a u s e  a c i d i c  e x t r a c t a n t s  a re m o r e  e f f e c t i v e  in 

d e n a t u r i n g  A T P - a s e s .

Brookes et al. (1983) found that the soil biomass, a l t h o u g h  

m a i n l y  a r e s t i n g  p o p u l a t i o n ,  has an A TP c o n t e n t  and an A EC 

of the same s i z e  of that of a c t i v e l y  g r o w i n g  m i c r o o r g a n i s m s  in

v i tro and t h e y  s u g g e s t e d  that in soil m e t a b o l i c a l l y  a c t i v e  and
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in a c t i v e  p o p u l a t i o n s  h ave similar ATP c o n t e n t s  and AEC values. 

This seems to be c o n s i s t e n t  wit h  the r e s ults o b t a i n e d  for some of 

the soils i n c u b a t e d  at 25°C b e f o r e  e x t r a c t i o n  (Tables 9 and 11) 

However, the s o m e w h a t  lower AE C  valu e s  o b t a i n e d  for the o t her 

soils (Tables 10 and 11) i n d icate that A E C  v a l u e s  might be lower 

than that of a c t i v e l y  g r o w i n g  m i c r o o r g a n i s m s  a l t h o u g h  the ATP 

co n t e n t  in old c e l l s  m a y  be c o m p a r a b l e  to t hat of active g r o w i n g  

mi c r o o r g a n i s m s .  T his i n d i c a t e  rather c o m p l e x  m e c h a n i s m s  r e l a t e d  

to the p h y s i c a l  soil c o n d i tions.

M a r t e n s  (1983) f o und that A E C  v a l u e s  in fiv e  a g r i c u l t u r a l  soils 

wer e  0.3-0.4. T his is values, w h e r e  the m i c r o b i a l  p o p u l a t i o n s  

sh ould die. He did not m e n t i o n  the soil t e m p e r a t u r e  but the ver y  

low AEC v a lue c o u l d  be c a u s e d  by  a less e f f e c t i v e  e x t r a c t i o n  

m e t h o d  ( s l ightly a l k a l i n e  C H C l 3 - N a H C O 3  ext r a c t a n t )  or by 

m e t h o d o l o g i c a l  p r o b l e m s  in d e t e r m i n a t i o n  of a ll three a d e n i n e  

n u c l e o t i d e s .

A factor of i m p o r t a n c e  for the size of the A E C  value in a soil 

is the soil a n i m a l s  b e c a u s e  t hey m a i n t a i n  a h i g h  AEC until there 

are mo r i b o u n d .  A EC in e n d o s p o r e s  of b a c t e r i a  h as been found to be 

as low as 0.08 (Setlow & K o r n b e r g ,  1970). B u t  spores m i ght not 

have a s i g n i f i c a n t  e f fect on the AEC of -the t o t a l  biomass as only 

a minor part of the soil o r g a n i s m s  s u r v i v e  as spores.

Wh e n  the d i f f e r e n t  f a c t o r s  m e n t i o n e d  are t a k e n  into account, 

the c o n t e n t  of a d e n i n e  n u c l e o t i d e s  and the A E C  v a l u e s  r e p orted in 

this work see m  to a g r e e  wel l  w i t h  the g e n e r a l  c o n c e p t  of the soil 

biomass, w h e r e  m ost of the soil m i c r o o r g a n i s m s  are s t a rving or 

d o r m a n t  p o p u l a t i o n s  livi n g  most of the t i m e  in a s u b s t r a t e -  

d e p l e t e d  e n v i r o n m e n t .
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D.  E X T R A C T I O N  OF A T P  F R O M  B A C T E R I A  A ND F U N G I  

G R O W N  IN T H E  P R E S E N C E  OF B E N T O N I T E

I n t r o d u c t i o n

C l a y  m i n e r a l s  a f f e c t  m i c r o b i a l  g r o w t h  but the i n f l u e n c e  d e p e n d s  

v e r y  much u p o n  the type of the c l a y  m i n e r a l  a nd the a m ount in the 

s y s t e m  (Lynch & C o t noir, 1956; E s t e r m a n n  & M c L aren, 1959), as 

w e l l  as on t he m i c r o o r g a n i s m s  p r e s e n t  (E s t e r m a n n  et al., 1959). 

Ex t e n s i v e  s t u d i e s  have b een m a d e  on the e f f e c t s  of c l a y  on

m i c r obial b i o m a s s  and a c t i v i t y  (e.g. N o v ä k o v a  & E t t l e r , 1 9 7 4 ;

Ma r s h m a n  & M a r s h a l l  1981a; 1981b) but t h ere is still a lack of

un d e r s t a n d i n g  of the m e c h a n i s m s  involved.

Extraction of A TP fro m  soil has s o m e t i m e s  b e e n  f r a ught w i t h  low 

A T P  r e c o veries w h i c h  are e i t h e r  due to a poor e x t r a c t i o n  

e f f i c i e n c y  or due to a d s o r p t i o n  p h e n o m e n a  (see C h a p t e r  B).

C o n k l i n  & M a c G r e g o r  (1972) and A n d e r s o n  & D a v i e s  (1973) found 

t h a t  clay m i n e r a l s  a f f e c t e d  soil ATP in such a w ay that c o m p l e t e  

d e s o rption of A T P  c o u l d  not be achieved. H o w ever, they w e r e  not 

a b l e  to e s t a b l i s h  a r e l a t i o n s h i p  b e t w e e n  c l a y  c o n t e n t  and ATP 

recovery f r o m  soil. Cla y  m i n e r a l s  a d s o r b  p h o s p h a t e  a n i o n s  by 

e x c hange of O H - g r o u p s ,  p r o b a b l y  those w h i c h  are l i nked to 

a l u m i n u m  ions at the c r y s t a l  e d ges (Muljadi et al., 1966).

Similarly, t r i p h o s p h a t e  a n i o n s  are a d s o r b e d  to c lay (Lyons, 

1964). Graf & L a g a l y  (1980) found that a d e n o s i n e - 5 - p h o s p h a t e s  are

4
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a d s o r b e d  to c l a y  m i n e r a l s  at ver y  low n u c l e o t i d e  c o n c e n t r a t i o n s  

and that p art of the ATP not re c o v e r e d  w e r e  d e p h o s p h o r y l a t e d  to 

A D P  (45 % of A T P  a d ded to a s u s p e n s i o n  of c a l c i u m  m o n t m o r i l l o n i t e  

w as thus r e c o v e r e d  as ADP).

The a im of this study wa s  to e x a m i n e  the e f f e c t s  of b e n t o n i t e

on the e x t r a c t i o n  of A TP f r o m  b a c t e r i a  and f u n g i  as well as the

ef f e c t s  on a A TP s o d i u m  salt. B a c t e r i a  a n d  fungi w e r e  g r o w n

in a m i n e r a l  m e d i u m  w ith and w i t h o u t  0.5 % a nd 1.0 % of the

c l a y  m i n e r a l  b e n t o n i t e  p r ior to ATP e x t r a c t i o n  and d e t e r m i n a t i o n .  

The e x t r a c t i o n  of ATP f r o m  dried c e l l s  a n d  pure ATP in the 

p r e s e n c e  and a b s e n c e  of b e n t o n i t e  was a lso e x a mined.

M a t e r i a l s  a nd  m e t h o d s  ( s e e  A P P E N D I X  I I I )



51

A T P  c o n t e n t  o f  a b a c t e r i u m  and  a f u n g u s

Addition of 0.5 % and 1.0 % b e n t o n i t e  to a c u l t u r e  of P s e u d o m o n a s  

fluorescens g r o w n  in a l i quid m e d i u m ,  r e s u l t e d  in m a x i m u m  0 2  

uptake a f t e r  2 day s  of i n c u b a t i o n  ( 1 1 . 8  and 1 0 . 0  ug o 2 /h/ml, 

re s p e ctively), and after 14 day s  of i n c u b a t i o n  the r e s p i r a t i o n  

rate d e c r e a s e d  to 2-3 ug 0 2 /h/ml in all the c u l t u r e s  ( F i g . 4). The 

cultures w i t h  b e n t o n i t e  m a i n t a i n e d  a h i g h e r  r e s p i r a t i o n  d u r i n g  

the first 2 day s  t h a n  the c u l t u r e  w i t h o u t  b e n t o n i t e  but fro m  the 

third to t he f o u r t e e n t h  da y  onl y  small d i f f e r e n c e s  w e r e  o b s e r v e d  

between the c u l t u r e s .  The c u l t u r e  g r o w n  in a b s e n c e  of b e n t o n i t e  

had the m a x i m u m  0 2 u p t a k e  after 3 days of i n c u b a t i o n  (8.5 yg 

0 2 /h/ml) a n d  then d e c r eased.

The n u m b e r  of b a c t e r i a  and the AT P  c o n t e n t  in the c u l t u r e s
Q

added b e n t o n i t e  r e a c h e d  the m a x i m u m  after 3 days (30-40 x 10

ba c t eria/ml and 1 . 4-1.7 ug A T P / m l ) ( F i g s  5 and 6 ), and then
Q

decreased to 8-12 x 10 b a c t e r i a / m l  and 0 . 3 -0.4 jjg A T P / m l  a f ter 6 

days. F r o m  the s i x t h  to the e l e v e n t h  day, b a c t e r i a l  n u m b e r  and 

ATP c o n t e n t  s l i g h t l y  in c r e a s e d  or r e m a i n e d  co n s t a n t ,  and then 

decreased a g a i n  f r o m  the e l e v e n t h  to the f o u r t e e n t h  d ay to 6 - 8  x
O

10 b a c t e r i a / m l  a nd 0 . 2 -0.4 yg ATP/ml. A f t e r  i n c u b a t i o n  for 41
Q

and 49 days, the n u m b e r  of b a c t e r i a  was 4-5 x 10 b a c t e r i a / m l  and

the ATP c o n t e n t  was 0 . 2 - 0 . 3  ug ATP/ml. The c u l t u r e s  with

bentonite m a i n t a i n e d  a higher b a c t e r i a l  n u mber a f ter third,

fourtione a n d  f o u r t i n i n e  days of i n c u b a t i o n  than the c u l t u r e  

without b e n t o n i t e .  B a c t e r i a l  n u m b e r s  in the c u l t u r e  w i t h o u t  

bentonite i n c r e a s e d  d u ring the first 2 d ays of i n c u b a t i o n  to
Q

13 X 10° b a c t e r i a / m l ,  r e m a i n e d  f a i r l y  c o n s t a n t  up to the sixth

day and t h e n  s l o w l y  d e c r e a s e d  to the l o west level a f ter 41 and 49
Q

days ( 2  x 1 0  b a c t e r i a / m l ) .

The r e s u l t s  sho w  that the p r e s e n c e  of a c l a y  m i n e r a l

te m p o r a r i l y  s t i m u l a t e  the resp i r a t i o n ,  and p r e s e r v e  a high e r

4 '
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F i g .  4

Fig .

Culture age -  days

Oxygen uptake in c u l tures of P^. flu o r e s c e n s  grown 

in liquid m e d i u m  in absence and p r e s e n c e  of bentonite. 

(O)  0 % ,  (A) 0 . 5  % and ( A )  1 . 0  % bentonite,

s.e. = s t a n d a r d  error.

Culture age -  days

5. Numbers of b a c t e r i a  d e t e r m i n e d  by p l a t e  counts in 

cu l tures of Ps. fluorescens grown in liquid medium 

in a b s ence and presence of bentonite.

(O)  0 % ,  (A) 0.5 % and ( A )  1.0 % bentonite.

s.e. z s t a n d a r d  error.
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Culture a g e - d a y s

Fig. 6 . ATP c o n t e n t s  in cultures of Ps. fluorescens 

in liquid m e d i u m  in absence and p r e s e n c e  of 

( O)  0 % ,  ( A )  0 . 5  % and (A) 1 . 0  % bentonite.

s.e. = s t a n d a r d  error.

grown

be n tonite .
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n u m b e r  of b a c t e r i a  d u r i n g  g r o w t h  in a liquid m e d ium. The 

r e s p i r a t i o n  rate of the b a c t e r i a  was, h o w e v e r ,  far f r o m  being 

co n s t a n t .  Th e  g r e a t e s t  v a r i a t i o n s  w e r e  o b s e r v e d  in the c u l t u r e s  

a d ded b e n t onite.

N o v a k o v a  & E t tler (1974) also found that a d d i t i o n  of b e n t o n i t e  

i n c r e a s e d  the r e s p i r a t i o n  rate in the e a r l y  p h a s e s  of i n c u b a t i o n .  

The n u mber of m i c r o o r g a n i s m s  did not i n c r e a s e  due to t he clay 

a d d i t i o n  at the b e g i n n i n g  of the e x p e r i m e n t s .  However, they 

t e n d e d  to rise later on d u r i n g  the i n c u b a t i o n  period.

The A TP c o n t e n t  w as in the c u l t u r e  w i t h o u t  be n t o n i t e  d u r i n g  the 

0-14 days of i n c u b a t i o n  s i g n i f i c a n t l y  p o s i t i v e l y  c o r r e l a t e d  to 

the C>2 u p t a k e  (r = 0.92; p <  0.01). T his w a s  not found f or the 

c u l t u r e s  w i t h  b e n t o n i t e ,  w h ere the 0 2 u p t a k e  reached the m a x i m u m  

v a lues e a r l i e r  tha n  the ATP content. However, a c l ose 

r e l a t i o n s h i p  b e t w e e n  AT P  c o n t e n t  and n u m b e r  of b a c teria (0-49

days of incubation) was found in the c u l t u r e s  with b e n t o n i t e

(average r e s u l t s  f r o m  the c u l t u r e s  w i t h  0.5 % a nd 1.0 % 

b e n t o n i t e : r  = 0 .8 8 ; p <  0 .0 1 ), as o p p o s e d  to the culture w i t h o u t  

be n t o n i t e ,  w h e r e  A T P  c o n t e n t  and numb e r  o f ’ bacteria w a s  not 

s i g n i f i c a n t l y  c o r r e l a t e d .

P r e s e n c e  of c l a y  had a p r e s e r v i n g  e f f e c t  on the n u m b e r  of 

b a c t eria; the n u m b e r  of cells w e r e  d u r i n g  th e  41th and 4 9 t h  day 

h i g h e r  in the c u l t u r e s  wit h  b e n t o n i t e  than in the culture w i t h o u t  

b e n t onite. This was not the case for the A T P  content d u r i n g  the 

41th and 49th day, w h e r e  similar ATP c o n t e n t s  were f o u n d  in 

p r e s e n c e  and a b s e n c e  of bentonite. It m a y  be  because of a n  ATP 

c o n t e n t  in n o n - v i a b l e  cells.

The ATP c o n t e n t  per cel l  in c u l t u r e s  w i t h  b e n t o n i t e  w as in the

range of 0 . 2 - 0 . 8  x 1 0 - ^ pg A T P / c e l l  w i t h  t he highest c o n t e n t

d u r i n g  the e x p o n e n t i a l  g r o w t h  (Fig. 7). T h e  culture w i t h o u t  

b e n t o n i t e  s h o w e d  the same trends, the e x c e p t i o n  w e r e  after 

41 and 49 days of i n c u bation, w h e r e  some d e c r e a s e s  oc c u r r e d .



F i g .  7 .  ATP c o n t e n t  p e r  c e l l  i n  c u l t u r e s  o f

Ps . f l u o r e s c e n s  grown i n  l i q u i d  medi um 

i n  a b s e n c e  and p r e s e n c e  o f  b e n t o n i t e .  

( O)  0 %,  ( A )  0 . 5  % and  

( A )  1 . 0  % b e n t o n i t e .

F i g .  8 . The r a t i o  b e t w e e n  b i o m a s s  C and ATP i n  

c u l t u r e s  o f  P_s. f l u o r e s c e n s  grown i n  

l i q u i d  medi um i n  a b s e n c e  and p r e s e n c e  

o f  b e n t o n i t e .

( O)  0 %,  ( A )  0 . 5  % and 

( A )  1 . 0  X! b e n t o n i t e
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D ' E u s t a c h i o  et al. (1968) found a r e l a t i v e l y  constant l e v e l  of
_ Q

0.5 X  10 *  ug A T P / c e l l  t h r o u g h o u t  all p h a s e s  of g r o w t h  for 

t h i r t e e n  s p e c i e s  of b a c t eria. However, L ee et al. (1971b) u s i n g

A e r o b a c t e r  a e r o g e n e s  in a s e d i m e n t - f r e e  s y s t e m  observed a hig h
_ Q

AT P  c o n t e n t  of 4.0 x 10 u g / cell d u r i n g  the l a t e  l a g - early log 

p h ase a f ter 5 h in a n u t r i e n t  broth m e d i u m ,  f o l l o w e d  by a r a pid
_Q

d e c l i n e  to less than 1 . 0  x 1 0  J well b e f o r e  the late log p h a s e  

was reached, and a f u r t h e r  d e c l i n e  to 0.3 to 0.5 x 10~^ u g / c e l l  

in the e a r l y  s t a t i o n a r y  phase. A l t h o u g h  in the early g r o w t h  

stages, the A TP c o n t e n t  of b a c t e r i a  c e l l s  c a n  r e ach levels h i g h e r  

than at the later and less a c tive g r o w t h  s t a g e s ,  this i n i t i a l

hig h  level w as ver y  short, and the A TP c o n t e n t  dropped r a p i d l y

and e q u i l i b r a t e d  w i t h i n  a r e l a t i v e l y  n a r r o w  range.

The ratio b e t w e e n  b i o m a s s  C and A TP v a r i e d  in the p r e s e n c e  of 

b e n t o n i t e  b e t w e e n  153 and 585 (Fig. 8 ); w i t h o u t  b e n t o n i t e ,  

b i o m a s s  C / A T P  ratios of the same m a g n i t u d e  w e r e  found w i t h  some

e x c e p t i o n a l  low v a l u e s  a f t e r  i n c u b a t i o n  for 41 and 49 days. The

ratios in the c u l t u r e s  a d d e d  b e n t o n i t e  w e r e  in the same o r d e r  of 

m a g n i t u d e  as those found in soil (124-240), w h e n  biomass C was 

d e t e r m i n e d  by the C H C I 3  f u m i g a t i o n  m e t h o d  a n d  ATP w i t h  the 

l u c i f e r i n - l u c i f e r a s e  m e t h o d  (ref. X).

The 0 2 u p t a k e  and the AT P  c o n t e n t  of a f u n g u s  C l a d o s p o r i u m  sp. 

w ere m e a s u r e d  d u r i n g  the i n c u b a t i o n  for 2 w e e k s  (Figs 9 a nd 10).

B e n t o n i t e  in the c u l t u r e s  s t i m u l a t e d  the r e s p i r a t i o n  and the ATP

c o n t e n t  d u r i n g  the f i rst 2-3 days, but thereafter h a d  no 

influence. However, the c u l t u r e  a d ded 0.5 % b e n t o n i t e  c o n t a i n e d  

mor e  ’ATP, than the c o n t r o l  and the c u l t u r e  w i t h  1.0 % b e n t o n i t e .  

The h i g h e s t  v a l u e s  w ere r e a ched after 2 to 3 d a y s  of i n c u b a t i o n  

and they then d e c r e a s e d  to a c o n s t a n t  l e v e l  after 1 0  days. 

A l t h o u g h  m i n o r  d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  the c u l t u r e s  in 

ab s e n c e  and p r e s e n c e  of b e n t o n i t e ,  the r e s u l t s  sho w  a f a i r l y  goo d  

c o r r e l a t i o n  b e t w e e n  the r e s p i r a t i o n  rate a n d  the ATP c o n t e n t  

(for all results, r = 0.91; p <  0.001).
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C ulture  age -  days

Fig. 9. O x y g e n  u p take in c u l t u r e s  of C i a d o s p o r i u m  s j d . grown

in liqu i d  m e dium in absence and p r e s e n c e  of bentonite. 

(O) 0 % ,  (A) 0.5 % and (A) 1.0 % bentonite,

s.e. = s t a n d a r d  error.

Culture a g e - d a y s

Fig. 10. ATP c o n t e n t s  in c u l t u r e s  of C i a d o s p o r i u m  s d . grown

in l i q u i d  medi u m  in absence and p r e s e n c e  of bentonite. 

(O) 0 ?o, (A) 0.5 % and ( A )  1.0 bentonite,

s.e. = s t a n d a r d  error.
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A T P  c o n t e n t  a n d  n u m b e r  o f  c e l l s  in b a c t e r i a l  c u l t u r e s  

a i r - d r i e d  in p r e s e n c e  an d  a b s e n c e  o f  b e n t o n i t e

B a c t e r i a l  c e l l s  (P s . f l u o r e s c e n s ) a i r - d r i e d  in the p r e s e n c e  of 

b e n t o n i t e  for 7 day s  had an A TP c o n t e n t / c e l l  v e r y  similar to that 

of a n o n - d r i e d  c u l t u r e  (Table 12). B e n t o n i t e  had a p r e s e r v i n g  

e f f e c t  on the v i a b i l i t y  of the c e lls in the d r i e d  state. T h e  h i g h  

ATP c o n t e n t  and low numb e r  of b a c t e r i a  f o u n d  in the c u l ture d r i e d  

for 1 and 2 w e e k s  c o u l d  be c a u s e d  by e x i s t e n c e  of "free" ATP 

m o l e c u l e s  or e x i s t e n c e  of c e lls not a b l e  to m u l t i p l y  but s t i l l  

c o n t a i n i n g  ATP. This is p o s s i b l y  the e x p l a n a t i o n  of the 

u n r e a l i s t i c a l l y  hig h  ATP c o n t e n t / c e l l  (Table 12) .

R e c o v e r y  of A TP ( d i s o d i u m  salt s o l u t i o n s )  a d ded to s a m p l e s  of 

sand wit h  and w i t h o u t  b e n t o n i t e  and a i r - d r i e d  'were examined (Fig.

11). I m m e d i a t e l y  after a d d i t i o n  of ATP to s a m p l e s  of sand, AT P  

was f u lly re c o v e r e d ,  w h i l e  less A TP was r e c o v e r e d  in the s a m p l e s  

m i x e d  w i t h  b e n t o n i t e  (Fig. 11). It is p o s s i b l y  because p a r t s  of 

the A TP was h y d r o l i z e d  to AD P  in p r e s e n c e  of bentonite or that 

the e x t r a c t i o n  e f f i c i e n c y  was reduced. G r a f  & Lagaly (1980)



Table 12. The i n f l uence of drying c u l tures of . f l u o rescens with and without presence 

of be n t o n i t e  on the ATP con t e n t / c e l l

B e n t onite T reatments Number o f

0'/0 of the cultures cells

B a c t e r i a / yg ATP/ y g ATP/cell

ml medium ml medium

0.00 The batch culture 14 x 10 8 0 . 24 0 .2 x l 0 ~ 9

0. 50 was i n c u b a t e d  for 8 X 1 0 8 0 . 30 0 . 4 x l 0 -9

1 .00 6 days 11 X 10 8 0 . 32 0 .3 x l 0 -9

0.00 After in c u b a t i o n  for 3 x l 0 7 0.13 4 . 0 x l 0 -9

0 . 50 6 days, the c u l t u r e s  were 4 X 1 0 8 0. 12 0 . 3 x l 0 -9

1 . 00 dried for 7 days at 25°C ^^ 3 x l 0 8 0.10 0 . 3 x l 0“9

0.00 After i n c u b a t i o n  for 4 x l 0 3 0.11 2 7 . 5 x l 0 -6

0 . 50 6 days, the c u l t u r e s  were 6 x l 0 6 0.13 2 1 . 7 x l 0 -9

1 . 00 dried for 14 days at 25°C ^ 5 x l 0 6 0.08 1 6 . 0 x l 0 ' 9

ATP is e x t r a c t e d  with su l p h u r i c  a c i d-phos pha t e and N R B ^ ( r e f .  X).

1) The c u l tures were c e n t r i f u g e d  and the s u p e r n a t a n t  removed before drying.
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_■  0.8 
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ra 06
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“  0 .4

1.0
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H
<

0.2

0.0

•  = 25 %  bentonite +  75 %  sand 

+  1.0 ^ig pure ATP

O = 100 % sand +  1.0 ;ig  pure ATP 

X s . e .

0 1 2 
63 64  65

2 8  Days of drying 
99  %  d.wt:

T i g . 11. R e c o v e r y  of ATP from s a mples of sand in the p r e s e n c e

and absence of b e n t o n i t e  after d r y i n g  of the mixtures, 

s.e. = s t a n d a r d  error.

o b s e r v e d  this for a range of clay s u s p e n s i o n s .  After two d a y s  at 

25°C, n e a r l y  all ATP had d i s a p p e a r e d  fro m  the sand, w h e r e a s  ATP 

in the s a n d - c l a y  m i x t u r e  d e c r e a s e d  m u c h  s l o w e r  reaching zer o

after 28 days. T h ese r e s ults i n d icate that extr a c e l l u l a r  A T P  can 

be a d s o r b e d  ont o  b e n t o n i t e  w hen it is d r i e d  an d  that A TP w a s

h y d r o l i z e d  v ery s l o w l y  in the a d s o r b e d  state.

A l t h o u g h  A TP is a c o m p o n e n t  of l i ving c e l l s  a n d  presumed to be

a b s e n t  from dea d  c e l l s  (Hamilton & H o l m - H a n s e n ,  1967), the

results fro m  the e x p e r i m e n t s  s u g gest that e x t r a c e l l u l a r  A TP c an 

a c c u m u l a t e  in dry cla y  soils p r o t e c t e d  by a d s o r p t i o n  to the c l a y  

m i n e r a l s .
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E. A T P  C O N T E N T  OF S O I L S  AS I N F L U E N C E D  

BY E N V I R O N M E N T A L  F A C T O R S

I n t r o d u c t i o n

W h e n  soil s a m p l e s  w e r e  a n a l y s e d  for ATP i m m e d i a t e l y  after removal 

fr o m  the field, c o n f u s i n g  r e s ults w e r e  o f t e n  o b t a i n e d  w h i c h  m i g h t  

be related to soil t e m p e r a t u r e  or m o i s t u r e  content. T h e r efore, 

m e a s u r e m e n t s  w e r e  p e r f o r m e d  u n der l a b o r a t o r y  c o n d i t i o n s ,  to 

e x a m i n e  some p o s s i b l e  f a ctors w h i c h  m a y  i n f l u e n c e  the r e s ults of 

A T P  d e t e r m i n a t i o n s  in soil, e.g. soil t e m p e r a t u r e ,  soil m o i s t u r e  

content, c l a y  c o n t e n t  (see C h a p t e r  D), a e r o b i c - a n a e r o b i c  

c o n d itions a nd f r e e z i n g  of soil samples.

M a t e r i a l s  a n d  m e t h o d s  ( s e e  A P P E N D I X  IV )
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E f f e c t  of  s o i l  t e m p e r a t u r e  on ATP

D e t e r m i n a t i o n s  of the A TP c o n t e n t  over a 24 h period show e d  that 

the c o n t e n t  c o u l d  v a r y  m u c h  w i t h i n  a few h o u r s  (Fig. 12). ATP 

c o n t e n t  as d e t e r m i n e d  by  ref. I, air t e m p e r a t u r e  m e a s u r e d  2 cm  

a b o v e  the surface, soil t e m p e r a t u r e  an d  s oil m o i s t u r e  w e r e  

d e t e r m i n e d  in April, 1979, e v ery 2 h d u r i n g  a 24 h p e r i o d  in 

t h ree d e p t h s  (0-3 cm, 3-10 cm  and 10-20 cm) of a fallow g a r d e n  

soil. The h i g h e s t  ATP c o n t e n t s  were f o und in the top layer and 

the l o west ones in the 10-20 cm depth, w i t h  A T P  contents of the

3-10 cm d e p t h  in between. ATP c o n t e n t s  in the soil i n c r e a s e d

a b o u t  f o u r - f o l d  fro m  7 am  to 17 pm, and t h e n  decreased a g a i n  to 

the initial v a l u e s  at 21 pm. Air and soil t e m p e r a t u r e  (0-3 cm  

depth) r e a c h e d  m a x i m u m  v a l u e s  4 h b e f o r e  the A T P  content in this 

depth, w h e r e a s  the m a x i m u m  soil t e m p e r a t u r e s  w e r e  reached in the

d e e p e r  laye r s  at the same time as the m ax A T P  contents. Soil

m o i s t u r e  v a r i e d  b e t w e e n  7.5 % and 10.5 % of d.wt. soil a nd pH 

( C a C l 2 ) of the soils a v e r a g e d  6.5.

If the soil b i o m a s s  m a i n l y  c o n s i s t s  of d o r m a n t  cells, it is not 

p o s s i b l e  to get a f o u r - f o l d  i n c rease in the s i z e  of the b i o m a s s  

d u r i n g  10 h, as i n d i c a t e d  by the ATP c o n c e n t r a t i o n s .  A r e a s o n a b l e  

e x p l a n a t i o n  c o u l d  be that the soil t e m p e r a t u r e  affect the ATP 

c o n t e n t  in the m i c r o o r g a n i s m s ,  as also i n d i c a t e d  in e x p e r i m e n t s  

w h e r e  c o n t e n t s  of a d e n i n e  n u c l e o t i d e s  a n d  AEC v a lues w e r e  

d e t e r m i n e d  in soil (see C h a p t e r  C).

The i n f l u e n c e  of a soil p r e i n c u b a t i o n  for 5 days at 25°C of a 

s a n d y  loam soil and a c o a r s e  s a ndy soil u n d e r  four d i f f e r e n t  

m a n a g e m e n t  t r e a t m e n t s  is shown in T a ble 1 3 . T he ATP c o n t e n t  in
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A i a ir  tem peratu re  
•  ■ soil tem pera tu re  ( 0 -3 c m  d ep th  ) 
o = soil tem pera tu re  (  3-10cm  depth ) 
□ = soil te m p e ra tu re ( 1 0 - 2 0 cm dapth  )

F i g .  1 2 .  ATP c o n t e n t ,  a i r  and s o i l  t e m p e r a t u r e  and  

m o i s t u r e  c o n t e n t  i n  a g a r d e n  s o i l  me a s u r e d  

o v e r  a 24 h p e r i o d .

s . e .  = s t a n d a r d  e r r o r ( s e e  p a g e  1 8 8 ) .
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the soils w ere m e a s u r e d  at the a m b ient f i e l d  t e m p e r a t u r e  of 5°C 

and then a g a i n  a f ter a p r e i n c u b a t i o n  of the s o i l s  for 5 days at 

25°C. The m o i s t u r e  c o n t e n t s  at the s a m p l i n g  time w ere not 

a d j u s t e d  in t h ese e x p e r i m e n t s .  The p r e i n c u b a t i o n  resulted in an 

i n c r e a s e d  ATP c o n t e n t  in m ost of the soil s a m p l e s  and the ratios 

b e t w e e n  the A TP c o n t e n t s  b e f o r e  and a f ter c h a n g i n g  of the soil 

t e m p e r a t u r e  v a r i e d  for the d i f f e r e n t  soil s a m p l e s  (0 .6 - 6 .2 ). 

The r e s ults fro m  the s a n d y  loam soil c o u l d  s u g g e s t  that the ATP 

c o n t e n t  ma y  be used as an a c t i v i t y  m e a s u r e ,  w hen d e t e r m i n e d  

i m m e d i a t e l y  a f ter s a m p l i n g  at the a m b i e n t  f i e l d  te m p e r a t u r e  and 

the ATP c o n t e n t  m a y  be a p p l i e d  as a m e a s u r e  of the size of the 

b i o m a s s  after p r e i n c u b a t i o n  of the soil for 5 d a y s  at 25°C with a 

m o i s t u r e  c o n t e n t  e q u i v a l e n t  to 60 % of w . h .c..

To v e r i f y  the o b s e r v a t i o n s  m e n t i o n e d  above, s a n d y  loam soil and 

s a ndy soil were s t o r e d  wit h  60 % of w.h.c. for 60 days at 5°C and 

then i n c u b a t e d  for 5 days at 5°C and 25°C, r e s p e c t i v e l y  (Fig. 

13). ATP c o n t e n t  and b i o m a s s  ( C H C I 3  f u m i g a t i o n )  were m e a s u r e d  

d a i l y  d u r i n g  5 days in the soils i n c u b a t e d  at 5°C and 25°C. The 

ATP c o n t e n t  in the s a n d y  l oam soil i n c r e a s e d  1.5 times f rom 0.67 

(0 day, soil t e m p e r a t u r e  5°C) to 1.00 ug A T P / g  d.wt. soil after 3 

days of i n c u b a t i o n  at 25°C and then r e m a i n e d  f a i r l y  c o n stant to 

the fifth day. The A TP c o n t e n t  in the soil i n c u b a t e d  at 5°C, only 

i n c r e a s e d  from 0.67 (0 day) to 0.75 ug A T P / g  d.wt. soil after 3 

days, and the n  r e m a i n e d  at that level to the f i fth day. In the

sa ndy soil A TP c o n t e n t  in c r e a s e d  fro m  0.4 5  (0 day, soil

t e m p e r a t u r e  5°C) to a b out 0.54 ug AT P/g d.wt. soi l  after 1 day of 

i n c u b a t i o n  at 25°C, and then both soil s a m p l e s  at 5°C and 25°C 

s l i g h t l y  d e c r e a s e d  up to the fifth day. The b i o m a s s  in the sandy 

loam and the s a ndy s o ils c o n t a i n e d  a r o u n d  186 ug and 90 ug 

b i o m a s s  C /g d.wt. soil, respectively. The s i z e  of the b i o m a s s e s  

as d e t e r m i n e d  by C H C I 3 f u m i g a t i o n  w e r e  i n d e p e n d e n t  of the soil

t e m p e r a t u r e  and als o  of the time of a n a l y s i n g  d u r i n g  the 5 days.



Table 13. The influence of preincubation of soil samples on the measurement of ATP contents

ATP content

Moisture 
Treatments content

(At sampling time)temperature of 5^C 
yg ATP/g d.wt. soil

Soil samples measured Soil samples stored 
at the ambient field

ATP content

at 25 C for 5 days 
pg ATP/g d.wt. 

soil

Soil storage at /Soil 
25 C for 5 days/ measured

/ directly 
ratio

Sandy loam soil 
Roskilde

Ploughing

Ploughing including 
a catch crop

Rotavation

Rotavation including 
a catch crop

Coarse sandy soil 
Jyndevad

Ploughing (1)
(2 )

19.4

19.5

18.5 

19.4

8 . 1
9.6

Ploughing including (1) 9.0
a catch crop (2) 9.3

Rotavation (1) 10.5
(2 ) 10.1

Rotavation including(l) 8.1 
a catch crop (2) 10.3

0.28

0.14

0.47

0.64

0.19
0.34

0.22

0.32

0.23
0.54

0.33
0.67

0.89

0.85

1.32

1.28

0 . 1 2
0.40

0.29
0.40

0.46
0.72

0.73
0.56

3.2

6.2

2.8

2.0

0 .6
1.2

1.3
1.3

2.0
1.3

2.2
0.8

<n
Ln

Coefficient of variation 
within soil sampling ( % )

9.6 5.f

Means of 4 replicated samples.

The soils were sampled in April, 1982, from the 0-20 cm depth.

(1) = Non irrigated soil; (2) = Irrigated soil.
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Fig. 13. The effect of soil t e m p e r a t u r e  on ATP content and 

biomass C (CHCl^ fumigation) in a R o s k i l d e  sandy 

loam and a J y n devad coarse sand s t o r e d  with 60 %  

of w.h.c. for 60 days at 5°C, and then incubated 

for 5 days at 5°C and 25°C, resp e c t i v e l y .  ATP 

content and b i o mass C were m e a s u r e d  every day 

during the 5 days period. (The soil samples used 

for b i o mass C were fumigated with C H C l ^  every day 

a c c o r d i n g  to the procedure).

R o s k i l d e  soil: O  ATP (5°C); •  ATP (25°C) and

□ Bio mass C (5°C and 25°C) 

Jy n devad soil: A  ATP (5°C); A  ATP (25°C) and

■ Bio mass C (5°C and 25°C) 

s.e. = s t a n d a r d  error.
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The results i n d i c a t e d  that the soil t e m p e r a t u r e  i n f l u e n c e  the 

A T P  content a n d  that a r e l a t i v e l y  c o n s t a n t  r a tio b e t w e e n  A TP

c o n t e n t  and b i o m a s s  C e x ists in a soil, whe n  the soil s a m p l e s

h a v e  been s t o r e d  at 25°C for 3-5 days b e f o r e  ATP is det e r m i n e d .

The effects of soil t e m p e r a t u r e  on the A TP c o n t e n t s  in R o s k i l d e  

s a ndy loam i n c u b a t e d  for 6 8  days at 5°C, 10°C and 15°C wi t h

d i f f erent m o i s t u r e  c o n t e n t s  ( 1 0  %, 16 %, 2 2  % and 28 %) and a lso

after a f u r t h e r  i n c u b a t i o n  of the soil p o r t i o n s  for 5 days at

2 5°C were e x a m i n e d  (Fig. 14). The A TP c o n t e n t s  w e r e  in c r e a s e d  

after p r e i n c u b a t i o n  of the s a m p l e s  for 5 days at 25°C, w h e n  the

s oils had b e e n  s t o r e d  at 5°C, 10°C and 15°C, r e s p e c t i v e l y .  The

s oil m o i s t u r e  o n l y  i n f l u e n c e d  the A TP c o n t e n t  to a m i n o r  extent. 

T h e s e  results i n d i c a t e  that the A TP c o n t e n t  of the b i o m a s s  in 

soil differ d e p e n d i n g  on g r o w t h  t e m p e r a t u r e ,  and that the soil 

temperature a p p e a r s  im p o r t a n t  for c a l c u l a t i o n  of c o n v e r s i o n  

factors b e t w e e n  A TP and biomass. The r e f o r e ,  the A TP c o n t e n t  

m e a sured at d i f f e r e n t  t e m p e r a t u r e s  w i t h o u t  an a d j u s t m e n t  of the 

temperature, c a n n o t  be used as an e x p r e s s i o n  of the size of the 

soil biomass. T h e s e  results a g ree w i t h  the A E C  e x p e r i m e n t s ,  

w h e r e  an i n c r e a s e d  t e m p e r a t u r e  f rom 5°C to 25°C s t i m u l a t e d  the 

A TP content w h e r e a s  the AE C  v a lue o nly in c r e a s e d  to a m i n o r

extent. T his i n d i c a t e d  that onl y  a small part of the b i o m a s s  was

in active g r o w t h ,  and the c h a n g e s  in A TP c o n c e n t r a t i o n  wa s  c a u s e d  

by  changes in c o n t e n t s  of ADP or AMP.

The C O 2 p r o d u c t i o n  from a r a b l e  s o ils i n c u b a t e d  at d i f f e r e n t  

t e m p e ratures (Fig. 15) was used for each soil type for

adjustment of the C 0 2 p r o d u c t i o n  fro m  the soil i n c u b a t i o n  

temperature to the a m b i e n t  soil t e m p e r a t u r e ,  in o r der to

c o m p a r e  the m i c r o b i a l  a c t i v i t y  d e t e r m i n e d  by C 0 2 p r o d u c t i o n  w i t h  

the ATP c o n t e n t  m e a s u r e d  at the a m b i e n t  field soil 

temperature. T he Q 1 0  v a r i e d  b e t w e e n  1.5 and 2.1 (5-25°C)

dependent of th e  t e m p e r a t u r e  i n t erval and the soil types. The C 0 2  

p r o d uction in a s a n d y  l o a m  soil (Fig. 15) had a Q-^q (5-15°c) of

5 '
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F i g .  1 4 .  The e f f e c t s  o f  s o i l  t e m p e r a t u r e  and s o i l  m o i s t u r e  on

t h e  ATP c o n t e n t s  i n  a R o s k i l d e  s a n d y  l oam s o i l  i n c u b a 

t e d  f o r  68 da y s  a t  5 ° C ,  10° C and 1 5 ° C  w i t h  d i f f e r e n t  

m o i s t u r e  c o n t e n t s  and a l s o  a f t e r  a f u r t h e r  i n c u b a t i o n  

o f  t h e  s o i l  p o r t i o n s  f o r  5 d a y s  a t  2 5 ° C .

— —  W i t h o u t  a s o i l  i n c u b a t i o n  f o r  5 days a t  2 5 ° C  

— — — -  W i t h  a s o i l  i n c u b a t i o n  f o r  5 d a y s  a t  2 5 ° C .

( O)  10 %,  ( A )  16 %,  ( A )  22 % and ( □ )  28 % m o i s t u r e

c o n t e n t s .

s . e .  = s t a n d a r d  e r r o r .
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Fig. 15. The effect of the soil t e m p e r a t u r e  on the CO^ pro d u c t i o n  

from d i f f e r e n t  soils.

(■) Co arse sand (Jyndevad), ( A )  Fine sand (Tylstrup)

(O) Sandy loam (Roskilde), (•) Loam (Rønhave)

( A )  Silty loam (Højer), 

s.e. = s t a n d a r d  error.



70

ab out 2.1 and the c o r r e s p o n d i n g  ATP c o n t e n t  (Fig. 14) a Q 1 0  of 

about 1.6. The r e s u l t s  in d i c a t e d  a f a i r l y  g o o d  r e l a t i o n s h i p  

b e t w e e n  A TP c o n t e n t  and C 0 2 p r o d u c t i o n  as i n f l u e n c e d  by d i f f e r e n t  

soil t e m p e r a t u r e s ,  a l t h o u g h  the ATP c o n t e n t  w i l l  be d e p e n d e n t  

b o t h  on the a c t i v i t y  and the b i o m a s s  of the s o i l  m i c r o o r g a n i s m s .  

T his is c o n s i s t e n t  w i t h  results from the A E C  work, w h e r e  an 

i n c r e a s e d  soil t e m p e r a t u r e  in c r e a s e d  A TP c o n t e n t  in the c e l l s  

and this was not a l w a y s  c o r r e l a t e d  to an i n c r e a s e d  biomass.

The t e m p e r a t u r e  e f f e c t  o b s e r v e d  on the A T P  c o n t e n t  in soil was 

further e x a m i n e d  in a p ure c u l t u r e  of the b a c t e r i u m  P s e u d o m o n a s  

f l u o r e s c e n s  g r o w n  in a N u t r i e n t  B r oth m e d i u m  a n d  at d i f f e r e n t  

t e m p e r a t u r e s  (Table 14). The same g r o w t h  s t a g e s  from c u l t u r e s  

g r o w n  at d i f f e r e n t  t e m p e r a t u r e s  w ere u sed at t he m e a suring t i m e s  

(de t e r m i n e d  by t u r b i d i t y  m e a s u r e m e n t s ) .  T he A T P  c o n t e n t / c e l l  was 

f a i r l y  c o n s t a n t  in the d i f f e r e n t  g r o w t h  p h a s e s  at the same g r o w t h  

t e m p e r a t u r e s .  W h e n  c e l l s  b e gin to die, t h e r e  was a t e n d e n c y  

t o w a r d s  a lower ATP c o n t e n t / c e l l  at 15°C and 25°C, as c o m p a r e d  to 

the same t e m p e r a t u r e  in e a r l i e r  g r o w t h  p h ases. This could e i t h e r  

be due to c o u n t s  of n o n - v i a b l e  cells or t hat the ATP c o n t e n t  

d e c r e a s e d  in old cells. The ATP c o n t e n t / c e l l  in e x p o nential and 

s t a t i o n a r y  g r o w t h  p h a s e s  was h i g h e s t  at 25°C a n d  lowest at 5°C, 

with ATP c o n t e n t / c e l l  fro m  g r owth at 10°C, 15°C and 20°C in

between. T h e s e  r e s ults s u p p o r t  the e x a m i n a t i o n s  in soil, w h e r e  

the t e m p e r a t u r e  s h o w e d  a m a r k e d  e f f e c t  on the ATP c o n t e n t  in 

cells. T ate & J e n k i n s o n  (1982b) e x a m i n e d  a p a r k  grass soil f r o m  

E n g l a n d  and a P l a c a q u o d  soil under n a t i v e  g r a s s e s  and shrubs f rom 

N e w  Z e a l a n d  and f o und s i m i l a r l y  that t e m p e r a t u r e  had a m a r k e d  

e f f e c t  on the A TP c o n t e n t  of the b i o m a s s  in soil. They f o und 

that i n c u b a t i o n  at 10°C re s ulted in a 16 % i n c r e a s e  in b i o m a s s  C 

and a 19 % i n c r e a s e  in ATP, w hen c o m p a r e d  to the freshly s a m p l e d  

soil. H o w e v e r  at 25° there was a 73 % i n c r e a s e  in ATP and o n l y  

23 % i n c r e a s e  for the biomass.



T a b l e  1 4 .  The i n f l u e n c e  o f  d i f f e r e n t  i n c u b a t i o n  t e m p e r a t u r e s  on t h e  ATP c o n t e n t / c e l l  o f  t h e  b a c t e r i u m  Pseudomonas f l u o r e s c e n s

G r owt h

t e m p e r a t u r e

°C

E x p o n e n t i a l  g r o w t h  phase S t a t i o n a r y  g r o w t h  phase Dead pha se

I n c u b a t i o n  A O - s t a i n e d  

t i m e  b a c t e r i a  

h number  x 

1 0 8 / m l

ATP 

c o n t e n t  

y g  ATP/ml

pg  ATP 

X 10 ' V c e l l

I n c u b a t i o n  A O - s t a i n e d  

t i m e  b a c t e r i a  

h number  x 

108 / m l

ATP 

c o n t e n t  

p g  ATP/ ml

Wg ATP 

x 10” ^ / c e l l

I n c u b a t i o n

t i m e

h

A O - s t a i n e d  

b a c t e r i a  

number  x 

108 / m l

ATP 

c o n t e n t  

yg  AT P/ ml

Ug ATP 

X 10~9 /  

c e l l

5 1 6 - 37 4 . 6 0 . 4 7 1 . 0 6 7 - 9 4 8 . 9 0 . 8 0 . 9 1 6 0 - 1 6 5 5 . 4 0 . 4 0 . 8

10 2 - 5 3 . 3 0 . 6 9 2 . 1 5 0 - 53 3 . 6 0 . 5 1 . 3 7 5 - 80 2 . 5 0 . 5 2 . 0

15 2 - 5 7 . 2 0 . 9 7 1 . 3 1 9 - 2 2 8 . 9 1 . 2 1 . 3 4 2 - 4 5 1 0 . 0 0 . 4 0 . 4

20 2 - 5 7 . 8 1 . 4 3 1 . 8 1 9 - 22 8 . 0 1 . 3 1 . 6 4 2 - 4 5 N. D . N. D. N. D.

25 2 - 5 6 . 4 1 . 6 6 2 . 6 19 - 2 2 4 . 7 1 . 4 3 . 0 4 2 - 4 5 1 . 4 0 . 2 1 . 4

N. D.  = No d e t e r m i n a t i o n .

A O - s t a i n e d  b a c t e r i a  = A c r i d i n e  o r a n g e  s t a i n e d  b a c t e r i a .

The c u l t u r e s  w e r e  i n c u b a t e d  a t  d i f f e r e n t  t e m p e r a t u r e s  and  we r e  mea s u r e d  a t  t h e  same o p t i c a l  d e n s i t y  i n  e a c h  g r o w t h  p h a s e .  R e s u l t s  a r e  a v e r a g e s  o f  

t h r e e  s a m p l i n g s  t a k e n  d u r i n g  t h e  m e n t i o n e d  i n c u b a t i o n  t i m e .  T r i p l i c a t e d  a n a l y s e s  w e r e  p e r f o r m e d  f r o m  e a c h  s a m p l e .

O p t i c a l  d e n s i t y  was u s e d  t o  f o l l o w  t h e  g r o w t h .
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E f f e c t  o f  t h e  s o i l  m o i s t u r e  c o n t e n t  on ATP

The A TP c o n t e n t  and the C 0 2 p r o d u c t i o n  i n c r e a s e d  w i t h  in c r e a s i n g  

m o i s t u r e  b o t h  in a s a n d y  l oam and a s a n d y  soil (Fig. 16). In t h e  

s a n d y  loam soil, the two p a r a m e t e r s  r e a s o n a b l y  well w e r e

c o r r e l a t e d  b e t w e e n  8 % and 26 % m o i s ture. T h e  soil with 1 %

m o i s t u r e  c o n t a i n e d  0.55 ug ATP/g d.wt. s oil and the C 0 2

p r o d u c t i o n  was c l o s e  to zero. The h i g h  AT P  c o n t e n t  and low C 0 2  

p r o d u c t i o n  m a y  be due to a large b i o m a s s  w i t h  a low m i c r o b i a l  

a c t i v i t y  or b e c a u s e  "free" ATP is p r e s e n t  and a d s o r b e d  to th e  

clay. In the c o a r s e  s a n d y  soil, ATP c o n t e n t  a n d  C 0 2 p r o d u c t i o n  

b o t h  i n c r e a s e d  w h e n  the m o i s t u r e  c o n t e n t  was i n c r e a s e d  from 0 % 

to 16 %. ATP r e m a i n e d  at 26 % m o i s t u r e  at the s a m e  level as f o u n d  

at 16 % m o i s t u r e ,  w h e r e a s  the C 0 2 p r o d u c t i o n  i n c r e a s e d  from 16 % 

to 26 % mo i s t u r e .  T he A TP c o n t e n t  and the C 0 2 production at 

d i f f e r e n t  m o i s t u r e  c o n t e n t s  wer e  not wel l  c o r r e l a t e d  in th e

c o a r s e  s a ndy soil.

The results i n d i c a t e  that ATP c o n t e n t  c a n n o t  be used as an 

a c t i v i t y  m e a s u r e  in d ry soils c o n t a i n i n g  cla y  a n d  in sandy s o i l s  

w i t h  d i f f e r e n t  m o i s t u r e  contents.

In a s a n d y  loam (Roskilde) p r e i n c u b a t e d  at d i f f e r e n t  m o i s t u r e  

c o n t e n t s  and t e m p e r a t u r e s  for 6 8  days, t he A T P  content as 

d e t e r m i n e d  by the N RB e x t r a c t i o n  m e t h o d  d e s c r i b e d  in ref. Ill , 

was n e g a t i v e l y  c o r r e l a t e d  to r e s p i r a t i o n  rate a n d  d e h y d r o g e n a s e  

a c t i v i t y  (Bååth, E., Eiland, F., L u n d gren, B. & Söderström, B., 

u n p u b l i s h e d ) .  A v e r y  h i g h  ATP c o n t e n t  was f o u n d  in the d r i e s t  

t r e a t m e n t  (10 % m o i s t u r e ) .  Knight & S k u j i n s  (1981) r e p o r t e d  

s i m ilar r e s u l t s  in two ari d  soils (silt l oam a n d  sandy l o am), 

w h e r e  the AT P  c o n t e n t  d e c r e a s e d  w i t h  i n c r e a s i n g  m o i s t u r e  c o n t e n t .  

T his was e v i d e n t  o n l y  in the water p o t e n t i a l  w h i c h  c o r r e s p o n d e d  

to a b out 10 % m o i s t u r e .  The used e x t r a c t i o n  m e t h o d  (ref. Ill),
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Fig. 16. ATP c o n tent and CC^ p r o d u c t i o n  in sandy loam 

(Roskilde) and coarse sandy soil (Jyndevad) 

m e a s u r e d  under d i f f erent m o i sture regimes 

after the soils were i n c ubated with different 

m o i s t u r e  c o n tents for 5 days at 25°C.

ATP c o n tent and O - -  CC^ p r o d u c t i o n  in sandy loam

■ ATP c o n tent and a» — CC^ p r o d u c t i o n  in coarse sand

s.e. = s t a n d a r d  error.
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however, g a v e  v e r y  low v a l u e s  of ATP in soil, p r o b a b l y  b e c a u s e  of 

a low e x t r a c t i o n  e f f i c i e n c y .  The low e x t r a c t i o n  ef f i c i e n c y  for 

the latter m e t h o d  m i g h t  be due to the c l a y  c o n t e n t  of the a r a b l e  

soils, s i n c e  the e x t r a c t i o n  e f f i c i e n c y  w i t h  t h i s  method d e c r e a s e d  

wit h  i n c r e a s i n g  c l a y  c o n t e n t  (ref. X). The m o r e  e f f ective ATP 

e x t r a c t i o n  m e t h o d  (ref. X), w h i c h  was u s e d  on the sandy loam, 

gave an i n c r e a s e d  A TP c o n t e n t  wit h  i n c r e a s i n g  moisture c o n t e n t  

(Fig. 16). V o g t  et al. (1980) r e p o r t e d  n e g a t i v e  c o r r e l a t i o n s

b e t w e e n  A T P  c o n t e n t s  and soil r e s p i r a t i o n  in summ e r  and a u t u m n  in

some f o r e s t s  in W a s h i n g t o n ,  U.S.A. T hey d id not explain t h ese

results, but it is l i k e l y  that a d s o r p t i o n  p h e n o m e n a ,  use of a 

less e f f e c t i v e  e x t r a c t i o n  m e t h o d  ( c h l o r o f o r m  a n d  Tris buffer) or 

that the soil r e s p i r a t i o n  was not r e c a l c u l a t e d  to the soil

t e m p e r a t u r e  at the s a m p l i n g  time, c o u l d  e x p l a i n  these results.
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E f f e c t  o f  a e r o b i c - a n a e r o b i c  c o n d i t i o n s  in s o i l  on A T P

A T P  content in a r a b l e  soils wa s  o n l y  s l i g h t l y  i n f l u e n c e d  by 

a n a e r o b i c  c o n d i t i o n s  w i t h i n  a s h o r t  i n c u b a t i o n  p e riod; a s a n d y  

l o a m  and a c o a r s e  s a n d y  soil w e r e  i n c u b a t e d  under a e r o b i c  and 

a n a e r o b i c  c o n d i t i o n s  for 2 days at 25°C (Table 15). On a v e r a g e  

of the two s o i l s  the C 0 2 p r o d u c t i o n  w as d e c r e a s e d  14 % a nd the

A T P  content 5 % a f t e r  a n a e r o b i c  i n c u b a t i o n  as c o m p a r e d  to the

c o r r e s p o n d i n g  a e r o b i c  incubation.

Reports in the l i t e r a t u r e  s t ate g e n e r a l l y  that the A T P  c o n t e n t

is p a r t i c u l a r l y  d e p e n d e n t  on g o o d  a e r a t i o n  in s t r i c t l y  a e r o b i c

o r g anisms suc h  as B a c i l l u s  s u b t i l i s , w h e r e  K l o f a t  et al. (1969) 

o b s e r v e d  a 1 5 - f o l d  d e c r e a s e  of ATP on i n c u b a t i o n  in a N 2- 

atmosphere. In A e r o b a c t e r  a e r o g e n e s  a 2 - fold d e c r e a s e  (Strange et 

al., 1963) a nd in E s c h e r i c h i a  coli a 1 . 5 - f o l d  d e c r e a s e  (Cole et 

al., 1967) in the A TP c o n t e n t  h as b e e n  o b s e r v e d  d u r i n g  the c h a n g e  

f r o m  a e r obic to a n a e r o b i c  con d i t i o n s .  The s m all d e c r e a s e  in ATP 

c o n t e n t  f o und in the soil e x p e r i m e n t s  is p r o b a b l y  due to the 

g r e a t  number of i n a c t i v e  m i c r o o r g a n i s m s  e x i s t i n g  in a soil and 

w i t h  only a s m a l l  n u m b e r  of m i c r o o r g a n i s m s  a c t i v e l y  growing.
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Table 15 . Effects of a n a e r o b i c  and aerobic c o n d i t i o n s  on ATP 

content and CC^ p r o d u c t i o n  in soil

ATP c o n t e n t * C O 2  production*

L o c ality 

(Soil type)

Aerobic

i n c u bation

ug ATP/ 

g d.wt. soil

A n a e robic 

incubation 

yg ATP/ 

g d.wt. soil

A e r o b i c

i n c u b a t i o n

yg C 0 2 / h / 

g d.wt. soil

An a e r o b i c

i n c u b a t i o n

yg C 0 2 / h / 

g. d.wt. soil

Jyndevad 

(Coarse sand)

1 . 3 6±0.12 1 .30±0.11 1 .0±0.06 0.910.0 3

Roskilde 

(Sandy loam)

1 .2 7 i 0 .01 1 .2 O i O .03 1 .1±0.10 0 . 9±0.06

Means of t r i p l i c a t e  samples ±standard deviation.

*ATP c o n tent and CO^ p r o d u c t i o n  m e a s u r e d  after 2 days of 

i n c u bation at 25°C.
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E f f e c t  o f  f r e e z i n g  o f  s o i l  s a m p l e s  on A T P

Soils with a v a r y i n g  c o n t e n t  of c l a y  and sand w ere kept at -20° C

for 1,7 and 14 day s  after a p r e i n c u b a t i o n  of "fresh" soil for 5

d a y s  at 25°C w i t h  60 % of w.h.c. (Fig. 17). ATP w as e x t r a c t e d

w i t h o u t  a l l o w i n g  the soils to thaw. F r e e z i n g  had g r e a t e r  e f f e c t

in the c l a y  a nd h u m u s  soils t han in the s a n d y  and s a ndy loam 

soils. The s a n d y  and the s a ndy l o a m  soils (Jyndevad, T y l s t r u p  and 

Roskide) d i d  not c h a n g e  s i g n i f i c a n t l y  d u r i n g  the 14 days period, 

w h e r e a s  the A T P  c o n t e n t  in R ø n h a v e  loa m  d e c r e a s e d  after 1 day of 

s t o r a g e  at -20° C, r e m a i n e d  at that level up to 7 days, and had 

d e c r e a s e d  a g a i n  a f ter 14 days. The Højer silt loam soil r e m a i n e d  

relatively c o n s t a n t  d u r i n g  the f i rst 7 days, u n a f f e c t e d  by the 

freezing, a n d  t hen d e c r e a s e d  in a s i m ilar mann e r  to the R ø n h a v e  

soil from 7 to 14 days of incubation. The g r e a t e s t  f l u c t u a t i o n s  

in ATP c o n t e n t  wer e  found in the h u mus soil, w h e r e  the ATP 

c o n t e n t  d e c r e a s e d  s t r o n g l y  from 1 to 14 days of incubation.

It a p p ears p o s s i b l e  to s t ore the e x a m i n e d  s a ndy soils and the 

s a n d y  loam soi l  for two w e e k s  w i t h o u t  s i g n i f i c a n t  c h a n g e s  in ATP. 

On  the c o n t rary, the A TP c o n t e n t  in h u mus soil and one loam soil 

c h a n g e d  v ery much, and it is not p o s s i b l e  to store these soil 

s a m ples at -20° C w i t h o u t  a p p r e c i a b l e  c h a n g e s  in ATP content. It 

is known tha t  c old shock to m i c r o b i a l  c e l l s  in a d d i t i o n  to the 

injury or d e a t h  of or g a n i s m s ,  is a c c o m p a n i e d  by the r e l ease of 

l o w  molecular w e i g h t  i n t r a c e l l u l a r  solutes, e.g. the n u c l e o t i d e s  

(Strange & Dark, 1962). It is p o s s i b l e  that p a r t s  of the 

l i b e rated A T P  f r o m  the c e lls in soils s t ored at -20° C are 

d e n a t u r a t e d  b y  A T P - a s e s .

Sp a rrow & D o x t a d e r  (1973) s t o r e d  soil e x t r a c t s  at -20° C after 

t he soil s u s p e n s i o n s  w ere e x t r a c t e d  w ith b u t a n o l - o c t a n o l . After 2 

d a y s  of s t o r a g e  the A TP c o n t e n t  i n c r e a s e d  s l i g h t l y  and then
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fre e z in g

Fig. 17. Effect of freezing soil s a m p l e s  at -20°C

after a pre incuba t ion of the "fresh" soils 

for 5 days at 25°C (time zero is the "fresh" 

soil).

A  Rønhave loam soil.

O  Roski l d e  sandy loam soil.

0  J y n d e v a d  irrigated coarse s a ndy soil.

A  Jynde v a d  non i r r igated coarse sandy soil.

□ Højer silty loam soil.

■ Tylstrup fine sandy soil.

O  Forest humus soil, 

s.e. = s t a n d a r d  error.
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d e c r e a s e d  a g a i n  up to 116 days. A h m e d  et al. (1982) f o und that 

storage of f r e e z e - d r i e d  soils at -15° C for 100 day s  led to 

s u b s t a n t i a l  l o s s e s  of ATP. Ros s  et al. (1980a) f o und in four 

soils f rom t u s s o c k  g r a s s l a n d s  that s t o r a g e  at -20° C was mos t  

s u i table for r e t a i n i n g  A TP c o n t e n t  and b i o m a s s  up to 28 days of 

s t o r a g e .

The r e s u l t s  i n d i c a t e  that d i f f e r e n t  soil types react in a 

d i f f erent m a n n e r  on the soil f r e e z i n g  but it s h o u l d  be p o s s i b l e  

to freeze som e  t y p e s  of soils w i t h o u t  a p p r e c i a b l e  c h a n g e s  in ATP. 

It is a d v i s a b l e  as a g e n e r a l  rule to d e t e r m i n e  the A TP c o n t e n t  in 

"fresh" soil w i t h o u t  p r e v i o u s  freezing.
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F. A T P  C O N T E N T  AS A M E A S U R E  OF M I C R O B I A L  

A C T I V I T Y  A ND S I Z E  OF B I O M A S S  IN S O I L

I n t r o d u c t i o n

T he use of A TP as a m e a s u r e  of soil m i c r o b i a l  b i o m a s s  depends, in 

part, on the a s s u m p t i o n  that A TP is p r e s e n t  as a r e l a t i v e l y  

c o n s t a n t  c o m p o n e n t  of the b i o m a s s  of d i v e r s e  m i c r o o r g a n i s m s  and

that it is n e i ther a s s o c i a t e d  with dea d  c e l l s  nor adsor b e d  onto

soil com p o n e n t s .  A l t h o u g h  m e a s u r e m e n t s  of the A T P  content d i f f e r s  

t h e o r e t i c a l l y  f rom the a c t i v i t y  m e a s u r e m e n t s ,  it has also bee n

u sed to e s t i m a t e  the a c t i v i t y  of the m i c r o o r g a n i s m s  in soil

(Ausmus, 1973; H e r s m a n  & Temple, 1979). A TP is a b i o c h e m i c a l  

c o m p o u n d  w h i c h  can be d e t e r m i n e d  m o m e n t a r i l y ,  w h e r e a s  the 

r e s p i r a t i o n  rate is a p r o c e s s  w h i c h  m u s t  -be m e a s u r e d  over a 

p e r i o d  of time.

To e v a l u a t e  the r e l a t i o n s h i p s  b e t w e e n  A TP c o n t e n t  and m i c r o b i a l  

b i o m a s s  and a c t i v i t y  in soil, c o r r e l a t i o n s  b e t w e e n  ATP c o n t e n t  

and r e s ults of other m e t h o d s ,  r e f l e c t i n g  m i c r o b i a l  b i omass and 

a c t i v i t y  in a range of a r a b l e  soils w e r e  e x a m i n e d .  Furthermore, 

c o n d i t i o n s  for use of the A TP m e t h o d  as an a c t i v i t y  or b i o mass 

m e a s u r e  are d i s c u s s e d ,  and d i f f e r e n t  m e t h o d s  a v a i l a b l e  are 

m e n t i o n e d .  R e s u l t s  f r o m  field e x p e r i m e n t s  ar e  included, to 

il l u s t r a t e  the p o s s i b i l i t y  of using the A TP c o n t e n t  as a m e a s u r e  

of m i c r o b i a l  a b u n d a n c e  in soil.
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M a t e r i a l s  a nd  m e t h o d s  ( s e e  A P P E N D I X  V)

C o r r e l a t i o n s  b e t w e e n  A T P  c o n t e n t  a n d  m i c r o b i a l  a c t i v i t y  

a n d  b i o m a s s  in f i e l d  s o i l s

The i n f l uence of a d d i t i o n  of m a n u r e

Microbial a c t i v i t y  and b i o m a s s  as wel l  as p h y s i c a l - c h e m i c a l

p a r a meters w e r e  m e a s u r e d  in a r a b l e  soils, w h e r e  the e f f e c t s  of

addition to the soil of f a r m y a r d  manure, s l u r r y  and i n o r g a n i c

fertilizers w e r e  e x a m i n e d  (refs IV, V & VI).

In these s t u d i e s ,  ATP c o n t e n t  was m e a s u r e d  at the a m b i e n t  soil 

temperature 24 h after sampling, w h i l e  0 2 upta k e  an d  C 0 2  

production w e r e  m e a s u r e d  after soil i n c u b a t i o n  at 25°C for 1 and

3 days, r e s p e c t i v e l y .  D e h y d r o g e n a s e  a c t i v i t y  was d e t e r m i n e d  after 

incubation at 30°C for 45 min, as d e s c r i b e d  in the p r o c edure.

C o r r e l a t i o n s  b e t w e e n  A TP c o n t e n t  and r e s ults of the o t her 

methods b e f o r e  and after a d j u s t m e n t  for time of soil s a m p l i n g  

and d i f f erent e x p e r i m e n t s  are seen in T a b l e  16 . Use of all data 

from all m a n u r e  e x p e r i m e n t s  w i t h o u t  any a d j u s t m e n t s  r e s u l t e d  in 

s i g n i f i c a n t l y  p o s i t i v e  c o r r e l a t i o n s  b e t w e e n  ATP c o n t e n t  and 

biomass d e t e r m i n e d  by C H C I 3 f u m i g a t i o n , a n d  b e t w e e n  ATP and N H 4 -N, 

while s i g n i f i c a n t l y  n e g a t i v e  c o r r e l a t i o n s  w e r e  o b s e r v e d  b e t w e e n  

AT? and b a c t e r i a  d e t e r m i n e d  by p l ate c o u nts, 0 2 uptake, C 0 2  

production, d e h y d r o g e n a s e  activity, N O 3 -N and soil pH, 

r e s p e c t i v e l y .

6



Table 16. C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  ATP content and other c h a r a c t e r i s t i c s  in 

soil from four field e x p e r i m e n t s  with addit i o n  of m a n u r e s

M e t h o d s

Co r r e l a t i o n  

All individual data 

from four exp e r i m e n t s  

without any a d j u s t 

ments

c o e f f i c i e n t s

With data after ad j u s t i n g  

for effects of time and 

d i f f e r e n t  e x p e r i m e n t s  

(Over manures)

A T P - B i o m a s s  (CHCl^ fumigation) 0 . 19 * * 0 . 3 1 * *
A T P - B a c t e r i a  (p 1 a t e c o u n t s  ) - 0 . 1 6 * * * - 0 . 2 5 * *  1 )

A T P - O 2  uptake - 0 . 4 2 * * * * 0 . 19 * *

A T P -CO^ p r o d u c t i o n -0  . 2 6 * * * * 0 . 4 1 * *
A T P - D e h y d r o g en ase a c t ivity - 0 . 5 2 * * * * 0 . 23 * *
A T P - T o t a l  C 0 . 09 0 . 1 9 * *

A T P - T o t a l  N 0 . 06 0 . 2 6 * *

a t p - n o 3 - n - 0 . 3 6 * * * 0 . 2 3 * *
A T P-NH -N 4 0 . 1 7 * * * 0.16*

a t p - h 2 o 0.07 0 . 4 3 * *
ATP-pH -0.13* 0 .01

**** _ p < 0.05, 0.01 and 0.001, respectively.

ATP content was d e t e r m i n e d  by the H ^ S O ^ - c a t i o n  e x c hange method (ref. I).

The n e g ative c o r r e l a t i o n  b e t ween the a d j usted values of ATP and b a c t e r i a  is caused 

by just 4 single values out of 144 values. If these 4 values are excluded, the 

c o r r e l a t i o n  c o e f f i c i e n t  b e c omes 0.026.
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After the n e c e s s a r y  s t a t i s t i c a l  c o r r e c t i o n s  (the e f f e c t s  of 

time of soil s a m p l i n g s  and d i f f e r e n t  e x p e r i m e n t s  w e r e  e l i m i n a t e d  

by  additive a d j u s t m e n t ;  see page 184, A P P E N D I X  V). The a d d i t i o n  

of manures t hen s h owed s i g n i f i c a n t l y  p o s i t i v e  c o r r e l a t i o n s  

be t w e e n  ATP an d  b i o m a s s  d e t e r m i n e d  by fumigation, 0 2 uptake, C 0 2  

production, d e h y d r o g e n a s e  activity, total o r g a n i c  C, total-N, 

N O 3 -N, N H 4 -N  and m o i s t u r e  content, resp e c t i v e l y ,  but ATP c o n t e n t  

and viable b a c t e r i a  w e r e  still n e g a t i v e l y  c o r r elated. The r e s ults 

indicate t hat great v a r i a t i o n s  in the r e l a t i o n s h i p  b e t w e e n  the 

AT P  content a nd the size of the m i c r o b i a l  b i o m a s s  and a c t i v i t y  

m a y  occur, d e p e n d e n t  on the time of s a m p l i n g  and d i f f e r e n t  

experiments (Table 16). F u r t h e r m o r e ,  the results i n d i c a t e  that 

there is a r e l a t i o n s h i p  b e t w e e n  the ATP c o n tent, m i c r o b i a l  

activity and b i o m a s s ,  in soil c o n t a i n i n g  a high a m o u n t  of e a s i l y  

dec o m p o s i b l e  o r g a n i c  m a t e r i a l  (Table 16). However, due to the 

adjustments (d i f f e r e n t  s a m pling times and e x p e r i m e n t s ) ,  the 

results have to be i n t e r p r e t a t e d  w i t h  caution.

The s e a sonal v a r i a t i o n s  in the r e l a t i o n s h i p s  b e t w e e n  ATP 

content and o t h e r  m e t h o d s  may in p art be c a u s e d  by d i f f e r e n c e s  in 

the soil t e m p e r a t u r e ,  b e c a u s e  the ATP c o n t e n t  was m e a s u r e d  wit h  

the ambient soil t e m p e r a t u r e■and 0 2 uptake, C 0 2 p r o d u c t i o n  and 

dehy d r o g e n a s e  a c t i v i t y  w ere m e a s u r e d  after a p r e - s e t  i n c u b a t i o n  

at different t e m p e r a t u r e s ,  as d e s c r i b e d  in the p r o c e d u r e s  for the 

latter m e t h o d s .  However, the c o r r e l a t i o n s  also i n d i c a t e  that 

additional f a c t o r s  m ay well have a f f e c t e d  the r e s ults (e.g.- 

effects of s oil m o i s t u r e  and c l a y  content).

6 *
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The influence of reduced tillage and use of a catch crop

The c o r r e l a t i o n  b e t w e e n  ATP c o n t e n t  a nd other m i c r o b i a l  

p a r a m e t e r s  were a l s o  e x a m i n e d  in two soil t y pes s u b j e c t e d  to 

d i f f e r e n t  c u l t i v a t i o n s  (Table 17). The e f f e c t  of p l o ughing and 

r o t a v a t i o n  and use of a catch cro p  (Sinapis alba L . ) on the 

m i c r o b i a l  b i o mass and a c t i v i t y  were e x a m i n e d  in fields r e g u l a r l y  

sown w i t h  b a rley (ref. IX). The ATP c o n t e n t  wa s  in a s a ndy loam 

soil (0-5 cm depth) s i g n i f i c a n t l y  p o s i t i v e l y  correlated to C O 2  

p r o d u c t i o n ,  d e h y d r o g e n a s e  activity, c e l l u l a s e  a c t i v i t y ,  

p h o s p h a t a s e  activity, n u mber of b a c t e r i a  d e t e r m i n e d  by p l a t e  

counts, b i o m a s s  d e t e r m i n e d  by C H C I 3 f u m i g a t i o n  and F D A - a c t i v e  

fungi (Table 17). However, in the 5-20 cm  depth, p o s i t i v e  

c o r r e l a t i o n s  were found onl y  b e t w e e n  ATP c o n t e n t  and p h o s p h a t a s e  

a c t i vity, number of b a c t e r i a  and the b i o m a s s  determined by C H C I 3  

fumigation. The A TP c o n t e n t  was neither c o r r e l a t e d  to p h y s i c a l -  

c h e m i c a l  p a r a m e t e r s  in R o s k i l d e  s a ndy loam nor to the m i c r o b i a l  

and p h y s i c a l - c h e m i c a l  p a r a m e t e r s  in the J y n d e v a d  sandy loa m  soil 

(depths, 0-5 cm and 5-20 cm); this m ay be a s c r i b e d  to the s m a l l  

v a r i a t i o n s  o b s e r v e d  b e t w e e n  soil t r e a t m e n t s  a n d  over time (ref. 

I X ) .



T a b l e  17. C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  ATP c o n t e n t  a n d  o t h e r  c h a r a c t e r i s t i c s  i n  s o i l  s a m p l e s  f r o m  

a f i e l d  e x p e r i m e n t  w i t h  f o u r  d i f f e r e n t  s o i l  t r e a t m e n t s  p e r f o r m e d  a t  R o s k i l d e  s a n d y  l o a m  o v e r  

t,h e  p e r i o d  1 9 7 9 - 1 9 8 0

L o c a t i o n  

( d e p t h )

A T P -  

8 i o m a s s  

( C H C l ^ f u m i -  

g a t  i o n )

A T P -  

CO^  p r o d . ^ ^

A T P -  

B a c t e r i a  

( p l a t e c o u n t )

A TP -  

D e h y d r o 

g e n a s e  a c 

t i v i t y

A T P -  

C e l  l u l a s e  

a c t i v i t y

A T P -

P h o s p h a t a s e

a c t i v i t y

A T P -  

FDA a c t i v e  

f u n g i

R o s k i l d e  

( 0 - 5  c m )

0 . 5 4 * * * 0 . 7 0 * * * * 0 . 6 7 * * * * 0 . 6 8 * * * * 0 . 7 2 * * * * 0 . 6 7 * * * * 0 . 4 5 * * * *

R o s k i l d e  

( 5 - 2 0  c m )

0 . 3 9 * * 0 .  12 0 .  2 2 * * 0 . 1 6 - 0 . 0 9 0 . 4 8 * * * * 0 . 0 8

# * f * * * } * * * *  -  p < 0 . 0 5 ,  0 . 0 1  a n d  0 . 0 0 1 ,  r e s p e c t i v e l y .

1 )  T h e  C 0 ^  p r o d u c t i o n  w a s  r e c a l c u l a t e d  t o  t h e  a m b i e n t  s o i l  t e m p e r a t u r e  ( s e e  F i g .  1 5 ) *  

ATP c o n t e n t  w a s  d e t e r m i n e d  w i t h  t h e  H ^ S O ^ - c a t i o n  e x c h a n g e  m e t h o d  ( r e f .  I ) .
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P h y s i c a l - c h e m i c a l  c h a r a c t e r i s t i c s  of the s o i l s  are s h o w n  in 

T a b l e  18. B i o m a s s  d e t e r m i n e d  by C H C I 3 f u m i g a t i o n ,  ATP c o n tent and 

C 0 2 p r o d u c t i o n  (Table 17) w e r e  d e t e r m i n e d  in the 0-5 cm d e p t h  

over the p e r i o d  1 9 8 1 - 1 9 8 2  in the a b ove m e n t i o n e d  e x p e r i m e n t s  

l o c a t e d  on 5 d i f f e r e n t  soil types. The soil s a m p l e s  were s t o r e d  

at the a m b i e n t  soil t e m p e r a t u r e  for 24 h a f t e r  sampling. T h e n  the 

soil s a m p l e s  w ere a d j u s t e d  to 60 % of the w . h . c .  and m i c r o b i a l  

and p h y s i c a l - c h e m i c a l  p a r a m e t e r s  d e t e r m i n e d .  A T P  content w as a l s o  

m e a s u r e d  a f ter a p r e i n c u b a t i o n  for 5 d ays at 25°C. W h e n  the 

results fro m  the d i f f e r e n t  times of s a m p l i n g s  w e r e  used (Table 

19), A TP c o n t e n t  m e a s u r e d  24 h after s a m p l i n g  w as s i g n i f i c a n t l y  

p o s i t i v e l y  c o r r e l a t e d  to the C O 2 p r o d u c t i o n  (r = 0.70; p <  0.01) 

(Fig. 18), w h e r e a s  t h ese m e a s u r e m e n t s  w e r e  not s i g n i f i c a n t l y  

c o r r e l a t e d ,  w h e n  A TP w as m e a s u r e d  after a p r e i n c u b a t i o n  p e r i o d  of 

the soils (r = 0.39)( Fig. 18). The ATP c o n t e n t s  d e t e r m i n e d  

w i t h o u t  a p r e i n c u b a t i o n  p e r i o d  of the soils ("directly") and als o  

after a p r e i n c u b a t i o n  of the soil w ere s i g n i f i c a n t l y  p o s i t i v e l y  

c o r r e l a t e d  to the b i o m a s s  d e t e r m i n e d  by the CH,CI3 f u m i g a t i o n  

m e t h o d  (Figs 19 and 20). H o w e v e r  a p r e i n c u b a t i o n  of the s o i l s  

b e f o r e  m e a s u r i n g  ATP r e s u l t e d  in a c l o s e r  r e l a t i o n s h i p  b e t w e e n  

ATP c o n t e n t  and b i o m a s s  (r = 0.97; p <  0 . 0 0 1 ) ( Fig. 20), t h a n  

b e t w e e n  A TP c o n t e n t  m e a s u r e d  w i t h o u t  a p r e i n c u b a t i o n  p e r i o d  

"directly" and the b i o m a s s  (r = 0.81; p <  0.001)(Fig. 19).



Table 18. Some p hy s ic a l -c h em i c al  cha ra cte r i st i cs  of the soils used

S o i l D a t e  o f M e a n  w e e k l y M o i s t u r e O r g a n i c  C T o t a l  N C / N N O j - N NH,  - N P . K .

( L o c a t i o n ) s a m p l i n g  a i r  t e m p e r a t u r e c o n t e n t r a t i o u g / g w g/g Mg P / g u q  K / g

a t t h e  s a m p l i n g a t  t h e  s a m p l i n g d . w t . d . w t . d . w t . d . w t .

t i m e

°c
t i m e

% %

s o i l s o i l s o i l s o i l

C o a r s e  s a n d y  s o i l 1 9 / 5 - 1 9 8 1 1 4 .  7 1 0 . 7 1 . 9 0 .  14 1 3 . 7 58 53 2 6 5 1 0 2

J y n d e v a d 2 1 / 9 - 1 9 8 1 1 3 . 2 1 2 . 5 1 . 7 0 . 1 0 1 7 . 9 13 6 2 1 5 1 2 4

A v e r a g e s  o f  i r r i 
g a t e d  a n d  n o n  
i r r i g a t e d  s o i l s

2 4 / 5 - 1 9 8 2 1 4 . 1 1 1 . 2 N . D . N . D . N . D . 4 5 18 2 6 8 N . D .

M e a n s 1 4 . 0 1 1 . 5 1 . 8 0 . 1 2 1 5 . 8 2 4 9 1 1 3

F i n e  s a n d y  s o i l 1 1 / 5 - 1 9 8 1 1 5 . 6 7 . 2 1 . 5 0 . 1 2 1 2 . 8 1 4 1 8 5 3 6 1 2 8 2

T y l s t r u p 1 9 / 9 - 1 9 8 1 1 4 .  3 1 9 . 7 1 . 6 0 . 1 2 1 3 . 0 8 6 3 3 2 2 7 5

1 0 / 5 - 1 9 8 2 1 0  . 7 1 9 . 3 N . D . N . D . N . D . 1 1 3 53 3 8 1 N . D .

M e a n s 1 3  . 5 1 5 . 4 1 . 6 0 . 1 2 1 2 . 9 3 5 8 2 7 9

S a n d y  l o a m  s o i l 4 / 5 - 1 9 8 1 1 0 . 7 1 8 . 0 1 . 7 0 . 1 5 1 1 . 4 1 3 7 7 4 2 6 9 1 6 1

R o s k i l d e 7 / 9 - 1 9 8 1 1 4 . 7 1 3 . 0 1 . 7 0 .  1 6 1 0 . 8 4 8 6 2 5 1 1 8 6

1 7 / 5 - 1 9 8 2 1 1 . 6 1 0 . 0 N . D . N . D . N . D . 4 3 1 0 2 9 9 N . D .

M e a n s 1 2 . 3 1 3 . 7 1 . 7 0 . 1 6 1 1 . 1 2 7 3 1 7 4

L o a m  s o i l 1 9 / 5 - 1 9 8 1 1 4 .  5 1 4 . 2 1 . 4 0 .  14 1 0 . 2 8 5 9 0 3 0 0 2 7 4

R ø n h a v e 2 1 / 9 - 1 9 8 1 1 4 . 0 2 4 . 8 1 . 6 0 . 1 5 1 0 . 5 10 10 2 6 7 2 7 4

2 4 / 5 - 1 9 8 2 1 4 . 0 1 9 . 0 N . D . N . D . N . D . 17 1 9 3 0 1 N . D .

M e a n s 14  . 2 1 9 . 3 1 . 5 0 . 1 5 1 0 . 4 2 8 9 2 7 4

S i l t  l o a m  s o i l 1 9 / 5 - 1 9 8 1 1 4 .  3 31  . 2 1 . 8 0 . 1 8 1 0 .  7 21 4 3 2 3 3 1 8 8

H ø j e  r 2 1 / 9 - 1 9 8 1 1 3 . 6 2 9 . 8 1 . 9 0 . 1 8 1 0 . 1 14 10 2 1 4 1 6 6

2 5 / 5 - 1 9 8 2 1 3 . 6 1 3 . 9 N . D . N . D . N . D . 1 9 0 8 5 2 5 2 N . D .

M e a n s 1 3 . 8 2 5 . 0 1 . 9 0 . 1 8 1 0 . 4 2 3 3 1 7 7

R e s u l t s  a r e  m e a n s  o f  d u p l i c a t e  s a m p l e s .  

N . D .  = No  d e t e r m i n a t i o n .



Table 19. B io mas s C, CC^ produ cti on,  ATP co ntent and biomas s C/ATP ratios in soils

Soil

(L oca t i on )

Date of

sampl ing

Bi o ma s s C* 

u g C/g d.wt. 

soil

CO^ prod.* 

ug C Q^ / q d.wt. 

soil 

(0-10 days)

ATP (1)* m eas u re d  

in soil w ith out  a 

p re i ncuba t i on 

p g A T P/g d.wt. 

soil

ATP (2)* me as ur e d 

in soil after a 

p r & i n c u ba t io n 

ug ATP/g d.wt. 

soil

B i omass C/ ATP  (2 ) 

ratios

Coars e sa ndy  soil 19/5-1981 104 179 0.31 0.44 236

Jy nd ev ad 21/9-1981 119 656 0.43 0 . 44 270

A v e r a g e s  of i r r i 
ga ted and non 
i r ri ga ted  soils

24 /5-1982 82 161 0.48 0.48 171

Means 102 332 0.41 0.45 226

Fine san dy soil 11/5-1981 117 199 0.32 0.49 239

Ty lstr up 19/9-1981 83 561 0.81 0.81 102

10 /5-1982 120 270 0

1

0.62 194

Means 107 343 0.53 0.64 178

Sandy loam soil 4 /5-1981 174 243 0.39 0.93 187

R osk il d e 7/9-1981 164 601 0.75 0.75 219

17 /5-1982 182 238 0 . 49 1.00 182

Means 173 361 0.54 0.89 196

Loam soil 19/5-1981 295 231 0.80 1.84 160

R ønhave 21/9-1981 153 739 1 .14 1 . 14 134

24 /5-1982 142 286 1.11 1 . 11 128

Me ans 197 419 1.02 1.36 141

Silt loam soil 1 9/5-1981 521 617 2 .32 3 . 60 14 5

Høje r 21/9-1981 229 979 1.73 1.41 162

25/5 165 505 1.05 1.05 157

Means 305 700 1.70 2.02 155

*) Mea ns of 8 a nal ys e s from the 0-5 cm depth (four soil c ul ti vat ion s, see ref. IX). All the soils were a d ju s te d  to

60 % of the wate r h old ing  c a p as i ty  24 h after sa mpl ing  and ATP c on ten t (1) mea sur ed.  Fu rth erm ore , C O 2 p ro d u c t i o n  

( u n f um i ga t ed  and fu migated soil) was started. Aft.er a soil pre in c u b a t ion for 5 days at 25°C, ATP c o nte nt (2) was 

m e a s u r e d  again. B io m as s  was d e t e r m i n e d  by CHCl^ fumig ati on and ATP c ont ent  by the H .S O . - P 0 . - N R B  e x t ra ct i on  m e tho d 

(re f. X) .
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T h e  r e l a t i o n s h i p  b e t w e e n  A T P  c o n t e n t  a n d  

m i c r o b i a l  a c t i v i t y  a n d  b i o m a s s  in s o i l

W h e n  ATP c o n t e n t  w as m e a s u r e d  in soil after s t o r a g e  of the soil 

for 24 h at t he a m b i e n t  soil t e m p e r a t u r e  and m o i s t u r e  content, 

and adjusted to 60 % of w.h.c. b e f o r e  m e a s u r e m e n t ,  c o r r e l a t i o n  

coe f f i c i e n t s  f r o m  the field e x p e r i m e n t s  (Tables 16 and 17) 

indicated t hat t h e r e  was an o v e r - a l l  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  

the ATP c o n t e n t  and the m i c r o b i a l  a c t i v i t y  ( r e c a l c u l a t i o n  of C O 2  

production to the a m b i e n t  soil t e m p e r a t u r e ) .  R e s u l t s  of the field 

studies were f a i r l y  c o n s i s t e n t  wit h  those o b t a i n e d  in l a b o r a t o r y  

studies u s i n g  p u r e  c u l t u r e s  of a b a c t e r i u m  (P s e u d o m o n a s  

f l u o r e s c e n s ) a nd a fung u s  (C l a d o s p o r i u m  s p . ) g r o w n  in liquid 

substrates. A T P  c o n c e n t r a t i o n s  f o l l o w e d  the c h a n g e s  in u p take 

in both o r g a n i s m s  if a v a i l a b l e  C was present. In a pure c u l t u r e  

a good c o r r e l a t i o n  b e t w e e n  r e s p i r a t i o n  rate and b i o m a s s  is to be 

e xpected e s p e c i a l l y  d u ring the first p e r i o d  of growth. W h e n  

different c o n c e n t r a t i o n s  of b e n t o n i t e  wer e  i n c l u d e d  in the

substrates t he r e l a t i o n s h i p  b e t w e e n  AT P  c o n t e n t  and 0 2 u p take 

still holds for the fung u s  but not for the b a c t erium.

The results s u g g e s t  that the ATP c o n tent is a r e a s o n a b l y

m e a sure of m i c r o b i a l  a c t i v i t y  whe n  d e t e r m i n e d  s h o r t l y  after 

sampling at the a m b i e n t  soil t e m p e r a t u r e  and soil m o i s t u r e  

content. H o w e v e r ,  AT P  c o n t e n t  c a n n o t  be u sed as an a c t i v i t y  

measure in d r y  c l a y  soils (Chapter D), as it was f o und that these 

soils can h a v e  a h i g h  ATP c o n t e n t  not related to the a c t i v i t y  and 

the size of b i o m a s s  present. It is p r o b a b l y  c a u s e d  by a d s o r p t i o n  

of ATP to c l a y  and other soil colloids.

The b i o m a s s  d e t e r m i n e d  by C H C I 3 f u m i g a t i o n  in d i f f e r e n t  soil

types was h i g h t l y  c o r r e l a t e d  to the A TP c o n t e n t  d e t e r m i n e d  after 

the soil m o i s t u r e  had bee n  a d j u s t e d  to 60 % of the w.h.c. and 

the soils p r e i n c u b a t e d  for 5 days at 25°C (Fig. 20). An o v e r - a l l
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f i g  A TP /g  d.wt. soil C measured "directly"}

Fig. 18. S c a t t e r g r a m  and linear re g r e s s i o n  t h r o u g h  the origin 

for ATP content and C 0 ^  p r o d u c t i o n  (0-10 days) from 

5 soils sampled at different times of the year (Table
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19). The soils were adjusted to 60 % of w.h.c. and 

measuring of the C O 2  p r o d u c t i o n  started. ATP content 

was m e a s u r e d  at the b e g i nning ("directly") and again 

after a p r e i n c u b a t i o n  period of the soils for 5 days 

at 2 5°C.

The c o r r e l a t i o n  coe f f i c i e n t  for A was s i g n i f i c a n t l y  

different from 0 (0.01 level) but this was not the 

case for B .

a v e rage b i o m a s s  C / A T P  ratio of 154 was found, w h e n  the r e s ults 

f r o m  the d i f f e r e n t  s a m p l i n g  t i mes w ere use d  (Table 19 ).

Although the b i o m a s s / A T P  rati o s  are not e x a c t l y  the sam e  in 

all soils, a c l o s e  linear r e l a t i o n s h i p  b e t w e e n  ATP and b i o m a s s  

w as found for the 5 D a n i s h  a r a b l e  soils s a m p l e d  at d i f f e r e n t  

times of the year. The r e g r e s s i o n  e q u a t i o n  t h r o u g h  the o r i g i n  

(Fig. 20) for the soils was; y = 154x, w h e r e  x is the ATP 

c o n tent of t he soil and y is the b i o m a s s  C content, bot h  in ug/g

d.wt. soil ( u n f u m i g a t e d  soil m e a s u r e d  in 0 - 1 0  days; k - f actor 

0.45). H o w e v e r ,  the b i o m a s s  C / A T P  ratios in the s a n d y  and sandy 

lo a m  soils w e r e  h i g h e r  than in the l o amy and silt l oam soils; 

therefore, t he r e g r e s s i o n  e q u a t i o n  t h r o u g h  the o r i g i n  and the 

c o r r e lation c o e f f i c i e n t  were d e t e r m i n e d  for two g r o u p s  of soils, 

g r o u p  Ij c o a r s e  sand, fine sand and s a n d y  l o a m  soils, g r o u p  II: 

loa m  and silt l o a m  soils. The soils in g r o u p  I s h o w e d  a c l ose 

rel a t i o n s h i p  b e t w e e n  the two p a r a m e t e r s  (r = 0.69; p <  0.05), 

y = 186x. T h e  s o ils in g r o u p  II was e v e n  m o r e  c l o s e l y  

correlated (r = 0.99; p <  0.001), y = 148x.



92

The higher A TP c o n t e n t  per unit b i o m a s s  C in soil g r o u p  II 

c o u l d  p o s s i b l y  be c a u s e d  by the p r e s e n c e  of "free" ATP m o l e c u l e s  

a s s o c i a t e d  w i t h  the clay. A c a l c u l a t i o n  of t he specific a c t i v i t y  

of the soil b i o m a s s  u s ing the r e s ults for C O 2  production a n d  

b i o m a s s  C (C0 2 p r o d u c t i o n / b i o m a s s  G ; T a b l e  19) indicated that 

the h i g h e r  A TP c o n t e n t  s e e m e d  not to be r e l a t e d  to a more a c t i v e  

m i c r o b i a l  p o p u l a t i o n .  T h e  s p e c i f i c  a c t i v i t y  w a s  lower in s o i l s  

f rom g r o u p  II than in s o ils from g r o u p  I.

pg ATP I  g d.wt. soil (measured "directly" )

Fig. 19. S c a t t e r g r a m  and linear re g r e s s i o n  t h r o u g h  the origin for 

ATP content and b i o m a s s  C (CHClj f u m i g a t i o n  method) 

de t e r m i n e d  in 5 soils sampled at d i f f e r e n t  times af the 

year (see Table 19). The soils were a d j u s t e d  to 60 %  

of w.h.c. and ATP and biomass C m e a s u r e d  "directly" 

without a p r e i n c u b a t i o n  period. B i o m a s s  C was m e a s u r e d  

in 0-10 days from u n f u m i g a t e d  soil, k = 0.45. The c o r r e 

lation c o e f f i c i e n t  is s i g n i f i c a n t l y  d i f f erent from 0 

(0.001 % -level).
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f i g  ATP/g d.wt. soil (measured after preincubation )

Fig. 20. S c a t t e r g r a m  and linear re g r e s s i o n  through the origin for 

ATP c o n t e n t  and biomass C (CHCl^ fumigation method) 

r e s u l t e d  from 5 soils sampled at different times of the 

year (Table 19). The soils were a d j usted to 60 % of 

w.h.c. and biomass C m e a s u r e d (u n f um i g a ted soil in 0-10 

days; k = 0.45). ATP content was d e t e r m i n e d  after p r e i n 

cu b a t i o n  of the soils for 5 days at 25°C. The c o r r e l a t i o n  

co e f f i c i e n t  for all the soils was s i g n i f i c a n t l y  different 

from 0 (0.001 % level). This was also found for the loam 

and silt loam soils (0.001 ?o level), whereas the c o r r e 

lation c o e f f i c i e n t  in the sandy and sandy loam soils was 

s i g n i f i c a n t l y  d i f f erent from 0 at 0.05 % level.
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T h e s e  p a r a m e t e r s  h ave to be i n t e r p r e t e d  w i t h  caution. If the 

b i o m a s s  is d e t e r m i n e d  wit h  a C 0 2 p r o d u c t i o n  f r o m  u n f u migated soil 

fro m  the 1 0 t h - 2 0 th da y  after sampling, i n s t e a d  of from the Oth- 

10th day, the b i o m a s s  b e c o m e s  higher. In R o s k i l d e  sandy l o a m  soil 

the b i o m a s s  i n c r e a s e d  thus w i t h  30 %, w h e n  C 0 2 p r o d uction f r o m  

u n f u m i g a t e d  soil 1 0 t h - 2 0 t h  day was u sed i n s tead of the C 0 2  

p r o d u c t i o n  from 0 t h - 1 0 t h  day. This r e s u l t e d  in higher c o n v e r s i o n  

f a c t o r s  b e t w e e n  b i o m a s s  C and ATP c o n t e n t .  Th e  a r b i t r a r y  k- 

factor can also be a sour c e  of error. H o w e v e r ,  the very c l o s e  

r e l a t i o n s h i p  r e g u l a r l y  o b s e r v e d  b e t w e e n  b i o m a s s  C and ATP c o n t e n t  

seems to i n d icate that the two p a r a m e t e r s  are related to the same 

f r a c t i o n  of livi n g  o r g a n i s m s  in soil.

B i o m a s s  C, C 0 2 p r o d u c t i o n  and ATP c o n t e n t  w e r e  d e t e r m i n e d  in 

B e l g i a n  soils w i t h  d i f f e r e n t  soil t e x t u r e s  ( E iland et al., 1983). 

The c o r r e l a t i o n s  b e t w e e n  the p a r a m e t e r s  w e r e  similar to t h e s e  

f rom D a n i s h  soils, and s u g g e s t  that the p r o p o s e d  ATP m e t h o d  is a 

u s eful tool for d e t e r m i n a t i o n  of the b i o m a s s  in soils.

O a d e s  & J e n k i n s o n  (1979) found, w i t h  two e x c e ptions, t h a t  the 

ATP c o n t e n t  of the soil b i o m a s s  was r e l a t i v e l y  c o n s t a n t  in 

d i f f e r e n t  soils s t o r e d  at 20°C for 5-130 days. If all the s o ils 

w er e  co n s i d e r e d ,  b i o m a s s  to ATP ratios in the range of 7 7 - 1 9 1  

w er e  found. J e n k i n s o n  et al. (1979) e x a m i n e d  6 English a n d  11 

A u s t r a l i a n  soils, and f o und a c l ose linear r e l a t i o n s h i p  b e t w e e n  

ATP and b i o m a s s  w ith an a v e r a g e  A T P/C r a t i o  of 138 after soil 

s t o r a g e  under a e r o b i c  c o n d i t i o n s  for 6 d a y s  at 25°C in l a rge 

c l o s e d  d r ums c o n t a i n i n g  soda-lime. T hey h ad e x c l u d e d  two E n g l i s h  

w o o d l a n d - s o i l s  and two A u s t r a l i a n  f o rest soils, w h i c h  all 

c o n t a i n e d  m ore ATP per g b i o m a s s  than in the o t h e r  soils. O n  the 

co n t rary, Ross et al. (1980b) found less c o n s i s t e n t  r e l a t i o n s h i p s  

be t w e e n  ATP and b i o m a s s  wit h  ATP to C r a tios of from 163 to 425 

in g r a s s l a n d  s o ils stor e d  o v e r n i g h t  at 4°C. Sparling (1981a) 

o b t a i n e d  ratios of b e t w e e n  201 to 858 in S c o t t i s h  soils s t o r e d  at 

5°C. E i l a n d  (ref. X) found ratios b e t w e e n  124 and 240 in five
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Danish s o ils s t o r e d  for 90 days at 5°C and then for 5 day s  at 

2 5 °C, wh ile the same soil types s t ored for 210 day s  at 5°C v a r i e d  

b e tween 171 a n d  477.

The ATP a n a l y s e s  (ref. X) w e r e  p e r f o r m e d  by m e a n s  of p u r i f i e d  

l u c i f e r i n - l u c i f e r a s e  enzyme, w h e r e a s  r e s u l t s  f rom all other 

papers wer e  a c h i e v e d  by use of c r ude enzyme. T ate & J e n k i n s o n  

(1982a) c o n c l u d e d  that the ATP results o b t a i n e d  by the p r o c e d u r e  

of J e n k i n s o n  & O a d e s  (1979), u s i n g  c r u d e  e n z y m e  s h ould be 

c o r rected by  a f a ctor of 1.24, g i v i n g  a b i o m a s s  C to A TP ratio of 

171 instead of 138, as found by J e n k i n s o n  et al. (1979).

The r a t i o s  of 186 and 148 found b e t w e e n  the b i o m a s s  C 

d e t e rmined by C H C I 3 f u m i g a t i o n  and ATP c o n t e n t  after 

p r e i n c u b a t i o n  of soil a d j u s t e d  to 60 % of the w.h.c. and 

incubated for 5 days at 25°C after s a m p l i n g  a g r e e d  r e a s o n a b l y  

well wit h  t h a t  of Tat e  & J e n k i n s o n  (1982a). As o b s e r v e d  in the 

e xperiments, the factor for c o n v e r s i o n  of A TP r e s ults into 

biomasses, as d e t e r m i n e d  by C H C I 3 f u m i g a t i o n  m ay not a l w a y s  be 

the same.

If the p r e t r e a t m e n t s  are changed, or if the soil has r e c e n t l y  

recieved l a r g e  a d d i t i o n  of s u b s t r a t e  or c o n t a i n s  a large a m ount 

of roots and root e x u dates, the ratio b e t w e e n  b i o m a s s  (fu m i g a t i o n  

method) a nd A T P  c o n t e n t  ma y  vary. In a d d i t i o n ,  dry c l a y  soils 

seem to m a i n t a i n  a pool of "free" ATP, a d s o r b e d  to the clay. 

However, t he A TP c o n t e n t  seems to be o ne of the m ost r e l i a b l e  

measure of s oil m i c r o b i a l  biomass, w h e n  ATP c o n t e n t  is m e a s u r e d  

after the s o i l s  hav e  bee n  a d j u s t e d  to s t a n d a r d  c o n d i t i o n s  and as 

far as the p r e c a u t i o n s  earlier m e n t i o n e d  are t a ken into account. 

Furthermore, it w as found that ATP c o n t e n t  m e a s u r e d  s h o r t l y  

after s a m p l i n g  g e n e r a l l y  is a m e a n i n g s f u l  m e a s u r e  of the a c t i v i t y  

of m i c r o o r g a n i s m s  under d i f f e r e n t  e n v i r o n m e n t a l  c o n d itions.

If the a i m  of a s t udy is to e x a m i n e  a p o s s i b l e  e f fect of 

different s oil t r e a t m e n t s  (e.g. m a n u r i n g  and d i f f e r e n t  soil 

tillage), t he soil s a m ples s h o u l d  be s u b j e c t e d  to s t a n d a r d
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c o n d i t i o n s  b e f o r e  the a n a l y s e s  are c a r r i e d  out. The soil s a m p l e s  

sh ould be a d j u s t e d  to 60 % of w.h.c. as f ast as p o s s i b l e  after 

sampling. It was found m ost c o n v e n i e n t  to d e t e r m i n e  the C 0 2  

p r o d u c t i o n  fro m  the a d j u s t e d  soils over a 24 h p e r i o d  and m e a s u r e  

the c o n c e n t r a t i o n s  in a g a s c h r o m a t o g r a p h . D e t e r m i n a t i o n  of 

m i c r o b i a l  a c t i v i t y  w i t h  t h ese a d j u s t m e n t s  h as the avantage that 

the r e s ults not are i n f l u e n c e d  by the a c t u a l  s oil t e m p e rature and 

m o i s t u r e  c o n t e n t  f o und at the s a m pling tim e  at d i f f e r e n t  times of 

the year. The a c t i v i t y  will then be d e p e n d e n t  on other factors,

e.g. the p r e s e n c e  of e a s i l y  d e c o m p o s i b l e  o r g a n i c  matter. The 

m i c r o b i a l  b i o m a s s  was a s s e s s e d  by d e t e r m i n a t i o n  of ATP c o n t e n t  

after the soils had bee n  p r e i n c u b a t e d  for 5 days at 25°C wit h  

60 % of w.h.c..

W h e n  s t u d i e s  of e f f e c t s  of c l i m a t i c  c o n d i t i o n s  on the soil

m i c r o b i a l  a c t i v i t y  and b i o m a s s  are wanted, e.g. d e t e r m i n a t i o n  of 

the e n e r g y  f low in a system, it is s u g g e s t e d  tha t  C 0 2 p r o d u c t i o n  

is m e a s u r e d  over a 24 h p e riod at the a m b i e n t  soil t e m p e r a t u r e  

and m o i s t u r e  c o n tent, as fast as p o s s i b l e  a f t e r  sampling. Thi s  

m e a s u r e  is of c a u s e  in f l u e n c e d  by the d i s t u r b a n c e  of the soil

w hen s a m p l e d  but giv e  a r e l ative m e a s u r e . o f  the soil m i c r o b i a l  

a c t i v i t y  d u r i n g  the year as i n f l uenced by soi l  tem p e r a t u r e  and

m o i s t u r e  content. I n s tead of m e a s u r i n g  C 0 2 p r o d u c t i o n ,  the A TP

co n t e n t  can be d e t e r m i n e d  s h o r t l y  after s a m p l i n g  without any soil 

treatments. This m e a s u r e  will not be i n f l u e n c e d  as much by the 

s a m p l i n g  p r o c e d u r e  as the C 0 2 p r o d u c t i o n  but it c a nnot be used in 

very dry soils c o n t a i n i n g  clay and in e x t r e m e  s a n d y  soils. The 

ATP m e a s u r e  is d e p e n d e n t  on the b i o m a s s  as w e ll, and therefore, 

it is not p o s s i b l e  to m e a s u r e  very low act i v i t i e s .  A goo d

c o r r e l a t i o n  b e t w e e n  ATP c o n t e n t  and m i c r o b i a l  a c t i v i t y  can onl y

be found w i t h i n  c e r t a i n  l i m i t a t i o n s  for the soils. It i's

p r o b a b l y  the e x p l a n a t i o n  for the m i s s i n g  c o r r e l a t i o n s  b e t w e e n

these p a r a m e t e r s  in the J y n d e v a d  c o a r s e  s a n d y  soil. The m i c r o b i a l
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biomass c a n  be d e t e r m i n e d  by the A TP c o n t e n t  a f ter a 

p r e i n c u b a t i o n  for 5 days at 25°C wi t h  60 % of w.h.c..

When the b i o m a s s  is d e t e r m i n e d  by A TP c o n t e n t  in soil types, 

w h ere the b i o m a s s  has not p r e v i o u s l y  bee n  a n a l y s e d  by the C H C 1 2  

fumigation m e t h o d ,  the c o n v e r s i o n  factor b e t w e e n  b i o m a s s  C and 

A T P  content s h o u l d  be examined. One factor ma y  not a l w a y s  wil l  be 

reliable, as o b s e r v e d  in the D a n i s h  soils.

7
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T h e  A T P  c o n t e n t  in r e l a t i o n  t o  t h e  a m o u n t s  of  c a r b o n  

a n d  m i n e r a l s  in s o i l  m i c r o o r g a n i s m s

W h e n  ATP m e a s u r e m e n t s  are u t i lized to a s s e s s  the m i c r o b i a l  

b i o mass, a m o u n t s  of c a r b o n  and d i f f e r e n t  p l a n t  nutrient e l e m e n t  

such as n i t r o g e n ,  p h o s p h o r u s ,  sulphur, p o t a s s i u m  and c a l c i u m  

i m m o b i l i z e d  in soil can be c a l c u l a t e d  by use of the ratios of  ATP 

to these e l e m e n t s  in m i c r o b i a l  cell m a t e r i a l .  Luria (1960) f o und 

that the rati o s  in an E s c h e r ichia coli c e l l  were: N:C = 0.28;

P :C = 0.06; S :C = 0.02; K : C  = 0.02 and C a : C  = 0.01. Lee et al. 

(1971b) o b t a i n e d  A T P : C : N : P : S  ratios of 1 : 2 5 0 : 4 2 : 8 . 6 : 2 . 6  by 

a v e r a g i n g  dat a  c i t e d  by o t her w o r k e r s  (Spector, 1956; S t r i c k l a n d  

et al., 1969). T h e s e  ratios are e q u i v a l e n t  to the following ones: 

N :C = 0.17; P :C = 0.03 and S:C = 0.01. T h e  latter a u t h o r s

a s s u m e d  that the ratios are the same for c e l l s  grown in l i q u i d  

c u l t u r e  and in soil. A n d e r s o n  & D o m s c h  (1980) e x a m i n e d  the 

av e r a g e  b i o m a s s  C to m i n e r a l  c o n tent r a tios of pure c u l t u r e s  of 

24 s p e c i e s  of soil m i c r o o r g a n i s m s  and f o u n d  the f o l l o w i n g  

factors: N :C =0.15; P :C = 0.116; K :C = 0 . 0 9 8  and Ca:C = 0.014.

T h e s e  f a c tors w ere used by Eiland (ref. VII) in estimation of the 

n u t r i e n t  e l e m e n t s  i m m o b i l i z e d  in the m i c r o b i a l  biomass (0 - 2 0  cm 

depth) in a r a b l e  soils from di f f e r e n t  f i eld ma n a g e m e n t  s y s tems. 

The N :C ratios o b t a i n e d  by Lee et al. (1971b) and by A n d e r s o n  & 

D o m s c h  (1980), wer e  of the same size but d i f ferent f r o m  the 

E s c e r i c h i a  coli data. The values for the p h o s p h o r u s  c o n t e n t  of 

the b i o m a s s  c a r b o n  w ere of d i f f e r e n t  size in the above m e n t i o n e d  

e x a m i n a t i o n s .  A n d e r s o n  & Domsch (1980) f o u n d  a much h i g h e r  

c o n t e n t  of P tha n  o b s e r v e d  in the other s t u d i e s  mentioned.
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The c o n t e n t s  of b i o m a s s  C and b i o m a s s  N in the m i c r o b i a l  

bi o m a s s  (depth, 0-20 cm) wer e  e s t i m a t e d  in d i f f e r e n t  D a nish 

a r able soils to 2 0 0 -800 kg C/h a  and 30-120 kg N/ha (refs VII & 

IX). The b i o m a s s  C was d e t e r m i n e d  by the C H C I 3 f u m i g a t i o n  m e t h o d  

(non f u m i g a t e d  soil in the 0 t h - 1 0 t h  day; k factor 0.45) and 

b i o mass N c a l c u l a t e d  by a N : C  factor of 0.15. E x a m i n a t i o n s  

p e r formed in o t h e r  a r a b l e  soils e i ther by the f u m i g a t i o n  m e t h o d  

or by the A T P  m e t h o d  fell inside the m e n t i o n e d  range. Total 

or g anic C r a n g e d  f r o m  36 t/ha to 64 t/ha in v a r i o u s  soils. C a r b o n  

immobilized in the m i c r o b i a l  b i o m a s s  c o n t a i n e d  0 . 4 - 1 . 6  % of the 

total o r g a n i c  c a r b o n  content. T h ese r e s u l t s  w e r e  s i m i l a r  to 

th ose from o t h e r  D a n i s h  soils e x a m i n e d  by S ø r e n s e n  (1983b), w h ere 

carb o n  in b i o m a s s  ranged from 0.5 to 1.4 % of the total C in 

native soil o r g a n i c  matter.

T
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S o m e  e x a m p l e s  t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  

o f  t h e  A T P  m e t h o d

D e t e r m i n a t i o n  of m i c r o b i a l  b i o m a s s  by  the ATP m e t h o d  is 

i l l u s t r a t e d  w i t h  soils f r o m  field e x p e r i m e n t s ,  which w e r e  

s u b j e c t e d  to d i f f e r e n t  soil t r e a t m e n t s  ( e f f e c t s  of slurry (SLU) 

or f a r m y a r d  m a n u r e  (FYM) a d d e d  to soil and p l o u g h e d  versus d i r e c t  

d r i l l e d  soil). The m i c r o b i a l  b i o mass was a l s o  determined in soil 

p r o f i l e s  u s ing the ATP method.

The e f f e c t s  of a m e n d m e n t  w ith SLU or FYM to coarse sandy soil 

and s a ndy l oam soil wer e  examined. C h a r a c t e r i s t i c s  of the s o i l s  

are s h own in T a b l e  20 and m i c r o b i a l  b i o m a s s  (ATP content) and 

a c t i v i t y  as d e t e r m i n e d  by the C 0 2 p r o d u c t i o n  a re shown in Fig. 

21. The c o n t e n t s  of total o r g a n i c  C, total N, phosphorus and 

p o t a s s i u m  wer e  g e n e r a l l y  higher in FYM tha n  in SLU t r e a t m e n t s ,  

w h e n  the soils wer e  a m e n d e d  with hig h  a m o u n t s  of m a n u r é s  

(100 t/ha/yr, 200 t / ha/2 yrs and 400 t/ha / 4  y r s ) , (Table 20 ).

The ATP c o n t e n t  and the C 0 2 p r o d u c t i o n  w e r e  in the coarse s a n d y  

soil h i gher in FYM a m e n d e d  soils than in SLU a nd NPK f e r t i l i z e d  

s o ils (Fig. 21). In the sandy loam soil the A T P  content w a s  of 

a p p r o x i m a t e l y  the same size in SLU and FYM a m e n d e d  soils b u t  a 

lower c o n t e n t  w as found in NPK f e r t i l i z e d  soil; the C 0 2  

p r o d u c t i o n  was h i gher in FYM than in S LU amended a nd NPK 

f e r t i l i z e d  soils. The soil b i o mass (ATP c o n t e n t )  in the s a n d y  

loa m  soil was a b out two times that of the s a n d y  soil (average of 

all tre a t m e n t s ) .  The m i c r o b i a l  a c t i v i t y  as d e t e r m i n e d  by t he C 0 2  

p r o d u c t i o n  f o l l o w e d  the same trend in b e t w e e n  the two soil t y p e s  

for SLU and NPK a m e n d e d  soils. In FYM a m e n d e d  sandy soil t h e r e  

was found an a c t i v i t y  in the order of that in the c o r r e s p o n d i n g  

s a n d y  loa m  soil.

More than one soil s a m p l i n g  is n e c e s s a r y  to assess e f f e c t s  of 

soil m a n a g e m e n t  p r a c tices. These r e s u l t s  an d  results f r o m  

p r e v i o u s l y  p u b l i s h e d  p a p e r s  (refs IV, VI & VII) indicate that
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Table20, Some c h a r a c t e r i s t i c s  of the soils

Soils and PH Organic Total C/N
P i Ki

t rea tmen t s (C a C 1 2 ) C N ratio Mg/g ng/g

(») (K) d.wt. soil d.wt. soil

Lundgård
coarse sandy soil

NPK fertilizers 
80 kg N/ha/yr

6.0 1 . 3 0.10 13.8 276 50

25 t SLU/ha/yr 6.5 1 . 3 0.11 12.4 282 54

50 t SLU/ha/yr 6 . 3 1.5 0.12 12.8 264 84

100 t SLU/ha/yr 6.2 1.8 0 . 14 13.3 318 104

200 t SLU/ha/2 yrs 6.0 1 . 6 0.12 13.4 279 114

400 t SLU/ha/4 yrs 6 .1 1 . 7 0.13 13.4 330 71

25 t FYM/ha/yr 6.0 1 . 5 0.11 13.2 333 86

50 t FYM/ha/yr 6.2 1 . 7 0.12 13.4 387 86

100 t FYM/ha/yr 6.2 1 . 8 0.16 11.5 468 115

200 t FYM/ha/2 yrs 6.0 2 . 1 0.17 12.4 573 218

400 t FYM/ha/4 yrs 6.2 2 . 1 0.17 12.4 570 121

Askov sandy loam 
soil

NPK Fertilizers 
80 kg N/ha/yr

6.2 2 . 2 0.17 13.3 225 63

25 t SLU/ha/yr 6.3 2.6 0 .19 13.6 207 97

50 t SLU/ha/yr 6.5 2 . 5 0.19 12.8 219 135

100 t SLU/ha/yr 6.8 2 . 6 0. 19 13.4 276 173

200 t SLU/ha/2 yrs 6.4 2 . 7 0.21 13.0 249 153

400 t SLU/ha/4 yrs 6.4 2 . 4 0. 20 12 . 2 249 129

25 t FYM/ha/yr 6.1. 2 . 7 0.20 13.5 267 74

50 t FYM/ha/yr 6.6 2 . 7 0.21 12.9 294 89

100 t FYM/ha/yr 6 . 3 3.5 0 .26 13.6 495 279

200 t FYM/ha/2 yrs 6.2 3.0 0.23 12.9 519 210

400 t FYM/ha/4 yrs 6.5 2 . 7 0.22 12.4 441 101

Resul ts  are means of dupli cat e samples.

The soils were sa m p l e d  8/ 3- 19 84 (depth, 0-20 cm).

B u l k  d e n s i t y  i n  0 -2 0  cm d e p t h :  Lundgård s o i l  1 .5 0 g /  c m ̂

and Askov soil 1.55 g/cm^
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C o a rs e  s a n d y  s o i l  ( L u n d g ä r d )

10 11 12

S lu rry NPK F a rm y a rd  m a n u re

Fig. 21. ATP content and CC^ pro d u c t i o n  in soil from field e x p e 

riments a m e n d e d  with slurry or farmyard manure. The 

soils were s a m pled 8/3-1984 (depth, 0-20 cm) from coar s e  

sandy soil (Lundgård) and sandy loam soil (Askov).
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The r e s u l t s  are means of 4 r e p l i c a t e d  a n a lyses (2 

s a m p l e s  were analysed from each of 2 re p l i c a t e d  

plots). M a t e r i a l s  and m e t hods (see A P P ENDIX V).

I , 7 =  (Control) 80 kg N / ha/yr in NPK f e r t ilizers 

2 , 3 , 4 =  25, 50 and 100 t/ha/yr in slurry, r e s p e c 

tively

5 , 6 =  2 0 0  t/ha/2 yrs and 400 t/ha/4 yrs in slurry, 

r e s p e c t i v e l y

8, 9, 10 = 25, 50 and 100 t/ha/yr in farmyard manure, 

r e s p e ctively

II, 12 = 200 t/ha/2 yrs and 400 t/ha/4 yrs in farmyard

manure, res p e c t i v e l y  

200 t slurry or farmyard m a n u r e / h a / 2  yrs applied last 

time 1 2 / 1 1 - 1 9 8 2  ( 1 0 0  t) and 8 / 8 - 1 9 8 3  (100 t).

400 t slurry or farmyard m a n u r e / h a / 4  yrs applied last 

time 3/12-1980.

high doses of SLU and FYM r e s u l t e d  in an i n c r e a s e d  numb e r  of 

m i c r o o r g a n i s m s ;  the e f fect is not p e r m a n e n t  but r e s t r i c t e d  to a 

period of s o m e  m o n t h  after addition.

The e f f ects of p l o u g h i n g  and d i r e c t  d r i l l i n g  wer e  also

examined. C h a r a c t e r i s t i c s  of the soils are s h o w n  in T a ble 21 and 

ATP content a n d  C 0 2 p r o d u c t i o n  are shown in Figs 22 and 23 fro m  

two soil s a m p l i n g s .  T h ere were in some of the s o ils bot h  in the

0 - 2  cm and 2 - 1 0  cm  d e pth a s l i g h t l y  high e r  c o n t e n t  of total

or g anic C a n d  t o tal n i t r o g e n  in dire c t  d r i l l e d  soil than in

ploughed soil (Table 21 ). This is p r o b a b l y  due to s m a s h e d  p l ant 

residues in the s u r f a c e . The b i o m a s s  as d e t e r m i n e d  by the ATP

content was for all soils and s a m p l i n g s  (Figs 22 and 23) higher

or about the same in the 0 - 2  cm d e p t h  as c o m p a r e d  to the

2-10 cm depth. D i r e c t  d r illed soil had in the 0-2 cm d e p t h  a
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Table 21 . Some c h a ra c t er i st i c s of the soils

Soils, plant growth, 

treatments and 

depth

PH

(C aC l 2 )

Organic

C

(%)

Total

N

(%)

C/N

ratio

P . 
i

M g/g
d.wt.
soil

K . 
i

pg/g

d.wt.
soil

Bulk
density

g/cm"*
soil

Korntve d coarse sand

(Barley) Depth

Pl oug hed  0- 2 cm 5.4 1.0 0.09 10.3 300 63 1.44

" 2-10 cm 6.0 0.9 0.09 10.7 300 53 1.44

Direct dri lled 0- 2 cm 6.7 1 . 2 0.10 11.6 492 115 1.47

" 2-10 cm 5 .4 1.0 0.09 11.8 336 88 1.47

(Rye) Depth

Ploughed 0- 2 cm 5.9 1.1 0.11 10. 5 402 175 1.44

" 2-10 cm 6.0 1.0 0.09 10.4 342 115 1.44

Direct dri lled 0- 2 cm 6.6 1 . 3 0.11 12.1 540 148 1.47

" " 2-10 cm 6.0 1 .1 0.10 11.8 360 115 1.47

Ballu m sandy loam 

(Barley) Depth 

Ploughed 0- 2 cm 5.9 1 . 2 0.13 9.6 588 198 1 . 5i

" 2-10 cm 5.7 1 . 3 0.12 10.3 570 118 1.51

Direct dri lled 0- 2 cm 5.5 1 . 4 0.14 9.7 570 296 1.51

" " 2-i0 cm 5.8 1.4 0.13 10.5 588 159 1.51

(Wheat) Depth

P l oug he d 0- 2 cm 5.6 1 .4 N.D. N.D. 615 270 1.51

11 2-10 cm 5.8 1.3 N.D. N'.D. 546 145 1.51

Direct drilled 0- 2 cm 6.0 1 . 5 N.D. N.D. 588 300 1.51

" " 2-10 cm 6.0 1.3 N.D. N.D. 546 189 1.51

Højer silty loam 

( B a r l e y ) Depth 

Ploug he d 0- 2 cm 6.9 1.9 0. 20 9.5 330 259 1.35

" 2-10 cm 7.1 1 . 7 0.19 8.7 330 173 1.35

Direct drill ed  0- 2 cm 6.9 2.0 0.21 9.3 354 303 1.48

" " 2-10 cm 7.0 1.8 0. 20 - 9.1 330 200 1.48

(Wheat) Depth

Ploughe d 0- 2 cm 7.2 1 . 7 0.18 9.3 270 230 1.35

" 2-10 cm 7.3 1.6 0. 18 8.9 264 110 1.35

Direct drille d 0- 2 cm 7.2 1 . 8 0.19 9.3 312 275 1.48

" " 2-10 cm 7.2 1.6 0. 18 9.0 270 121 1.48

Results are means of d u p l i c a t e s a m p l e s .

N.D. = Not de te rmined. The soils were sampled 25/7-1983.
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l a r g e r  b i o m a s s  t h a n  p l o u g h e d  soil or s o m e t i m e s  v e r y  similar 

biomasses. T h e r e  w as an e f fect of the c r o p  in Højer (soil 

s a m p l i n g  2 2 / 5 - 1 9 8 4 ,  Fig. 23), w h e r e  p l o t s  w i t h  s p r i n g  b a r l e y  

c o n t a i n e d  a h i g h e r  b i o m a s s  than p l ots w i t h  w i n t e r  w h e a t  b oth in 

t he 0 - 2  cm a nd 2 - 1 0  c m  depth.

O n l y  small d i f f e r e n c e s  w ere found b e t w e e n  the m a n a g e m e n t  

p r a c t i c e s  in t he 2-10 cm  d e pth for all the soils. T he m i c r o b i a l  

a c t i v i t y  d e t e r m i n e d  by the C O 2 p r o d u c t i o n  in the 0 - 2  cm d e pth 

f o l l o w e d  e s s e n t i a l l y  the t r ends found for the b i o m a s s  d e t e r m i n e d  

b y  ATP c o n tent in all soils. In the 2-10 cm  d e p t h  onl y  small 

d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  soils and t r e a t ments.

Powlson & J e n k i n s o n  (1981) s u g g e s t e d  that m i c r o b i a l  b i o m a s s  

s h o u l d  give a m e a s u r a b l e  r e s p o n s e  to c h a n g e s  in soil m a n a g e m e n t  

p r a c t i c e s  lon g  b e f o r e  d i f f e r e n c e s  in total c a r b o n  or n i t r o g e n  

b e c a m e  m e a s u r a b l e .  A l t h o u g h  m o r e  soil s a m p l i n g s  are necessary, 

the results f r o m  the ATP and the C O 2 m e a s u r e m e n t s  s eem to 

indicate that a c h a n g e  fro m  p l o u g h e d  to d i r e c t  d r i l l e d  soil 

r e s ulted in a s l o w  a c c u m u l a t i o n  of o r g a n i c  m a t t e r  in the 0 - 2  cm 

depth. However in the 2-10 cm d e p t h  little d i f f e r e n c e s  wer e  

o b s e r v e d  b e t w e e n  the two m a n a g e m e n t  p r a c t i c e s  as d e t e r m i n e d  by 

A T P  content a n d  C O 2 p r o d u c t i o n ,  and the c o n c l u s i o n  by P o w l s o n  & 

J e n k i n s o n  (1981) that d i r e c t  d r i l l i n g  had little o v e r a l l  effe c t  

o n  the amount of o r g a n i c  m a t t e r  in the soil a g r e e d  r e s o n a b l y  

w e l l  with these results.

In Danish e x p e r i m e n t s  the y i eld of g r a i n  has o f t e n  bee n  found 

to be lower in d i r e c t  d r i l l e d  soil than in p l o u g h e d  soil 

(K.J. Rasmussen, u n p u b l i s h e d ) .  The e x p l a n a t i o n s  c o u l d  be as 

follows: 1) T h e  h i g h  m i c r o b i a l  a c t i v i t y  and b i o m a s s  o c c a s i o n a l l y

f o u n d  in the t o p ' 2  cm  layer of d i r e c t  d r i l l e d  soils ma y  leed to 

a n a e r o b i c  soil c o n d i t i o n s ,  2 ) the large soil b i o m a s s  in this 

l a y e r  imm o b i l i z e  i n o r g a n i c  n i t r o g e n  f e r t i l i z e r  w h e n  s u p p l i e d  in 

the spring, or 3) t h e r e  is a lower m i n e r a l i z a t i o n  in the d e eper 

layer, d i f f i c u l t i e s  for the p l ant roots etc.'
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Fig. 22. ATP content and CO,

Højer

* 2  p r o d u c t i o n  in field experiments, where 

pl o u g h e d  and direct drilled t r e a t m e n t s  were compared in 

3 soil types c r opped with spring barley, rye or w i n t e r  

wheat. The soils were sampled 2 5 / 7 - 1 9 8 3  (depth, 0-2 cm 

and 2-10 cm). The results are means of 4 replicated 

an a lyses (2 s a mples were a n a l y s e d  from each of 2 r e p l i 

cated plots). M a t e r i a l s  and m e t h o d s  (see APPENDIX V).
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3.0

2.0

1.0

0.0

14 -

0 - 2  cm 1« Ploughed 

2 - 1 0  cm 2 - Direct drilled

1 2  1 2
Barley Rye

Korntved

1 2  1 2
Barley Wheat

Ballum Højer

12

10

0 - 2  cm 1 = Ploughed

2 -1 0  cm 2 = Direct drilled

1 2  1 2
Barley Rye

Korntved Ballum

1 2  1 2
Barley Wheat

Højer

Fig. 23. ATP c o n t e n t  and CO^ p r o d u c t i o n  in the field ex p e r i m e n t  

m e n t i o n e d  in Fig. 22.

These s a m p l e s  were taken 2 2 / 5 - 1 9 8 4  from the same plots 

as in Fig. 22 and treated similarly. M a t e r i a l s  and 

methods (see A P P E N D I X  V).
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T h ese e x p e r i m e n t s  sho w  that c h a n g e s  in land p r a c t i c e s  

p r e d o m i n a n t l y  are m i r r o r e d  in the m i c r o b i a l  b i o m a s s  and a c t i v i t y  

in the 0 - 2  cm soil layer.

The m i c r o b i a l  a b u n d a n c e  was e x a m i n e d  in tw o  soil p r o f i l e s  in 

G u d u m  and in Borsholm. The soil type in G u d u m  was in the 

d i f f e r e n t  dept h s  as follows: 0 . 0 -2.0 m l o a m  soil; 2 . 0 - 9 . 0  m

c a l c a r e o u s  loam; 9 . 0 -9.5 m fine sand; 9.5 - 1 3 . 0  m clay w i t h  lime 

and 13 . 0 - 3 8 . 0  m  w h i t e  chalk. The soil p r o f i l e  in B o r sholm w a s  a 

loam soil in the 0 .0 - 1 .5 m depth and l o amy s a n d  in the 1 .5-6.0 m 

d e p t h .

The v e r t i c a l  d i s t r i b u t i o n  of ATP c o n tent, numb e r  of b a c t e r i a  

and F D A - a c t i v e  fungi was d e t e r m i n e d  in the t w o  soil p r o f i l e s  

(Fig. 24). The ATP c o n t e n t  was m e a s u r a b l e  down to 24.5 m 

in the G u d u m  profile, in d i c a t i n g  that the method is v e r y  

sensitive. B a c t e r i a  as d e t e r m i n e d  by p l a t e  counts c o u l d  be 

o b s e r v e d  to about the same depth; b e l o w  14 m, only very s m a l l  

c o l o n i e s  a p p e a r e d  on the plates. A c r i d i n e  o r a n g e  stained b a c t e r i a  

(A O - b a c t e r i a ) were m e a s u r a b l e  d o w n w a r d s  to 13 m  depth and FDA- 

s t a i n e d  fungi to 5 m.

N u m b e r s  of A O - b a c t e r i a  in B o r s h o l m  p r o f i l e  w a s  lower t han the 

number f o und in Gudum. In contrast, ATP c o n t e n t  did not d i f f e r  

ver y  muc h  b e t w e e n  the two profiles.

The r e s ults from the a g r i c u l t u r a l  m a n a g e m e n t  systems and the 

p r o f i l e s  in this s e s s i o n  are onl y  t h o u g h t  to be examples, to sho w  

h ow the ATP m e t h o d  c an be used for d i f f e r e n t  b i o l o g i c a l  

i n v e s t i g a t i o n s .  The m e n t i o n e d  e x a m i n a t i o n s  a re all p a r t s  of 

s t u d i e s  g o i n g  on and will later be r e p o r t e d  in details.
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Plate counts of bacteria 
ATP, ng/g d.wt. soil number x 106/g  d.wt. soil

FD A -sta ined  fungi 
pg C /g d.wt. soil

■" Gudum

— — — Borsholm

AO-stained bacteria 
number x 108/ g  d.wt. soil

a®a

Fig. 24. Vertical d i s t r i b u t i o n  of ATP content, plate counts of 

bacteria, F D A - s t a i n e d  fungi and number of A O - b a c t e r i a  

in a soil p r o file (Gudum) down to 25.5 m. ATP content 

and A O - b a c t e r i a  were also analysed in a profile down 

to 6.5 m (Borsholm). M a t e r i a l s  and m e t h o d s  (see 

APPENDIX V).
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M e t h o d s  f o r  d e t e r m i n a t i o n  o f  m i c r o b i a l  

a c t i v i t y  a nd  b i o m a s s  in s o i l

T h e  ATP c o n t e n t  has in this work bee n  r e l a t e d  to results of o t h e r  

m e t h o d s ,  w h i c h  e x p r e s s  m i c r o b i a l  a c t i v i t y  or biomass in soil. 

T h e r e f o r e ,  the a im w i t h  this s e c t i o n  is to g i v e  a short r e v i e w  

o ver the m ain grou p s  of o r g a n i s m s  in soil a nd different m e t h o d s  

u sed for d e t e r m i n a t i o n  of m i c r o b i a l  a c t i v i t y  a n d  biomass in soil.

Many d i f f e r e n t  o r g a n i s m s  are living in soil, i n c l u d i n g  

m i c r o o r g a n i s m s  and animals. The m i c r o o r ganisms,, b e l o n g i n g  to 

i n n u m e r a b l e  g e n e r a  and species, ca n  be d i v i d e d  into the f o l l o w i n g  

m a j o r  groups: B a c t e r i a  in c l u d i n g  a c t i n o m y c e t e s , fungi, a l g a e  and

protozoa. T he soil f a una other than p r o t o z o a  is m a i n l y  

r e p r e s e n t e d  by ne m a t o d e s ,  e n c h y t r a e i d s , earthworms and 

ar t h r o p o d s .  B a c t e r i a  and fungi p r e d o m i n a t e  in numbers and in the 

v a r i e t y  of a c t i v i t i e s  over the o t her g r o u p s  of m i c r o o r g a n i s m s .  

D i f f e r e n t  e x a m i n a t i o n s  s u g g e s t  that fungi m a k e  up a d o m inant part 

of the biomass. It h as b e e n  f o und (ref. IX) that the 

f u n g i / b a c t e r i a  ratio in four D a n i s h  soils a v e r a g e d  80/20, as 

d e t e r m i n e d  by the m e t h o d  s u g g e s t e d  by  A n d e r s o n  & Domsch (1975). 

T h e y  found in three G e r m a n  a r a b l e  soils that the f u n g i / b a c t e r i a  

rati o s  wer e  70/30, 65/35 and 80/20. The a c t i v i t y  of the soil

b i o m a s s  seems to be s e v e r e l y  limited by n u t r i e n t  a v a i l a b i l i t y  and 

m a n y  soil o r g a n i s m s  a p p a r e n t l y  have v ery low respiration r a t e s  or 

s p end most of their l i f e t i m e  in d o r m a n t  or r e s t i n g  phases (Gray & 

W i l l i a m s ,  1971; Gray, 1976).

The size of the m i c r o b i a l  b i o m a s s  do not nec e s s a r i l y  g i v e  a 

m e a s u r e  of the a c t i v i t y  of the m i c r o b i a l  populations. S e v e r a l  

m e t h o d s  exist for d e t e r m i n a t i o n  of m i c r o b i a l  a c t i v i t y  and b i o m a s s  

in soil (Fig. 25). A d e t a i l e d  d e s c r i p t i o n  of m e t h o d s  for
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Fig.  2 5 .  So m e  m e t h o d s  f o r  d e t e r m i n a t i o n  o f  m i c r o b i a l  

a c t i v i t y  and b i o m a s s  in s o i l .

M i c r o b i a l  a c t i v i t y  | M i c r o b i a l  b io m a s s

R e s p i r a t i o n  ( 0  u p t a k e  j D i r e c t  m e a s u r e m e n ts  ( l i g h t —

and CC>2 p r o d u c t i o n )  j o r  f l u o r e s c e n c e  m i c r o s c o p y !

R e s p i r a t i o n  us in g  isotopical -J C h l o r o f o r m  f u m i g a t i o n
ly l a b e l l e d  s u b s t r a t e s  4 C) j t e c h n i q u e

M i c r o c a l o r i m e t r y  1 D i l u t i o n  p l a t e  c o u n t

t e c h n i q u e

A d e n y l a t e  e n e r g y  c h a r g e  i

(AEC)  ( s e e  C h a p t e r  C) |
S u b s t r a t e - i n d u c e d

r e s p i r a t i o n

1
ATP c o n t e n t ( s e e  Chapter F) 1

ATP c o n t e n t  ( s e e  Chapter  F)

■
1

Enzyme a c t i v i t i e s  (e .g .  amy-j

las e ,  c e l l u l a s e ,  d e h y d r o g e -  j 

nase ,  p h o s p h a t a s e  and j 

u re a s e )  J

DNA c o n t e n t

M u r a m i c  a c i d  c o n t e n t
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m e a s u r i n g  m i c r o b i a l  b i o m a s s  and a c t i v i t y  w i t h  all their 

a s s o c i a t e d  p r o b l e m s ,  is b e y o n d  the scope of t his work. Therefore, 

on l y  a v e r y  b r i e f  o u t l i n e  of d i f f e r e n t  m e t h o d s  are given. A

r e v i e w  of m e t h o d s  for d e t e r m i n a t i o n  of the m i c r o b i a l  b i o mass is 

w o r k e d  out by J e n k i n s o n  & Ladd (1981). T he o v e r - a l l  m i c r o b i a l  

a c t i v i t y  has u s u a l l y  b e e n  e s t i m a t e d  f r o m  t he rate of C 0 2

p r o d u c t i o n  or by  the rate of 0 2 u p take of s o i l  samples in the

l a b o r a t o r y  (e.g. Pe t e r s e n ,  1926; A n t o u n  & J e n s e n ,  1979; refs V  &

IX). C 0 2 p r o d u c t i o n  has a lso been m e a s u r e d  in the field w i t h o u t  

r e m o v i n g  of the soil (e.g. Redmann, 1978; D e J o n g  et al., 1979). 

M i c r o b i a l  a c t i v i t y  can a lso be d e t e r m i n e d  by  iso t o p i c a l l y  

l a b e l l e d  s u b s t r a t e s  (e.g. Sørensen, 1983a) and by 

m i c r o c a l o r i m e t r y ,  w h e r e  the heat o u t p u t  of the soil b i o mass is 

m e a s u r e d  (M o r t e n s e n  et al., 1973; L j u n g h o l m  et al., 1979; 

Sp a rling, 1981a, 1981b). M e a s u r i n g  of a d e n y l a t e  energy c h a r g e

(Brookes et a l . , 1 9 8 3 ;  Martens, 1983; Eiland, see Chapter C), A TP 

c o n t e n t  ( see C h a p t e r  F ), or enzy m e  a c t i v i t i e s  (refs III, IV, 

V, VI & IX; N a n n i p i e r i  et al., 1978; D o m s c h  et al., 1979; 

S p a r l i n g  et al., 1981; Ros s  et al., 1982), h a v e  als o  been used as 

a c t i v i t y  m e a s u r e s ,  a l t h o u g h  these m e t h o d s  do not give a d i r e c t  

m e a s u r e  of the m i c r o b i a l  activity.

E s t i m a t e s  of the b i o v o l u m e  of soil b a c t e r i a  a n d  fungi have been 

mad e  by d i r e c t  m i c r o s c o p i c  methods. F u n g a l  b i o m a s s  has b een 

d e t e r m i n e d  by s t a i n i n g  w i t h  p h enol a n i l i n e  b l u e  and m e a s u r e d  by 

light m i c r o s c o p y  (Jones & Mollison, 1948; J e n k i n s o n  et al., 1976) 

or p h a s e - c o n t r a s t  m i c r o s c o p y  (Frankland, 1974). Use of 

an e p i f l u o r e s c e n c e  m i c r o s c o p e  and f l u o r e s c e n t  dyes, e.g. a c r i d i n e  

o r a n g e  (Strugger, 1948; Trol l d e n i e r ,  1973), f l u o r e s c e i n  

i s o t h i o c y a n a t e  (Babiuk & Paul, 1970), and w a t e r - s o l u b l e  a n i l i n e  

blu e  (Paul & Johns o n ,  1977) m a kes it e a s i e r  to separ a t e  

m i c r o o r g a n i s m s  f r o m  the soil p a r t icles. T h e r e  are o f t e n  

d i f f i c u l t i e s  in d i s t i n g u i s h i n g  b e t w e e n  l i v i n g  a n d  dead cells by 

use of t h ese m e t h o d s  and a number of a s s u m p t i o n s  have to be mad e
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b e f o r e  counts c a n  be c o n v e r t e d  into w e i g h t s  or volumes. A t t e m p t s  

h a v e  been m a d e  to d e t e r m i n e  the a c tive fungal b i o m a s s  by s t a i n i n g  

w i t h  flu o r e s c e i n  d i a c e t a t e  (FDA) (Söderström, 1977), as w ell as a 

d e t e r m i n a t i o n  of the F D A - a c t i v e  b a c t e r i a l  b i o m a s s  (Lundgren, 

1 9 8 1 ) .

T he c h l o r o f o r m  f u m i g a t i o n  m e t h o d  ( J e n kinson & P o w lson, 1976) is 

an empirical m e t h o d  b a sed on a c o n s t a n t  m i n e r a l i z a t i o n  of k i l l e d  

m i c r o o r g a n i s m s  a n d  not n e s c e s s a r i l y  i n d i c a t i n g  the true b i o m a s s  

u n d e r  all c i r c u m s t a n c e s .  V a r i o u s  i n c u b a t i o n  p e r i o d s  hav e  bee n  

se l e c t e d  for d e t e r m i n a t i o n  of the CC>2 p r o d u c t i o n  f r o m  f u m i g a t e d  

a n d  non f u m i g a t e d  s a m p l e s  i n c u b a t e d  at 25°C (J e n k i n s o n  & Powls o n ,  

1976; Ross et al., 1980b). Use of a k-factor of 0.45 (J e n k i n s o n  

& Powlson, 1980; J e n k i n s o n  & Ladd, 1981) for c o n v e r t i n g  v a l u e s  of 

CC>2 -C flush to b i o m a s s  C c o n t e n t s  has also bee n  d i s c u s s e d  and 

changed. O r i g i n a l l y ,  J e n k i n s o n  (1976) s u g g e s t e d  the use of a k- 

factor of 0.50. The k-fac t o r  and the above m e n t i o n e d  b a c k g r o u n d  

C O 2 value f r o m  n on f u m i g a t e d  s a m ples are bot h  c r i t i c a l  v a l u e s  in 

the method. In a d d i t i o n ,  it was found that this m e t h o d  d id not 

w o r k  in aci d  w o o d l a n d  soils (Jenkinson, 1976). However, the 

m e t h o d  has p r o v e d  usef u l  for d e t e r m i n a t i o n  of m i c r o b i a l  b i o m a s s  

in arable s o ils (e.g. ref. X).

The d i l ution p l a t e  c o unt t e c h n i q u e  only a c c o u n t s  for a small 

p a r t  of the t o t a l  c o n t e n t  of m i c r o o r g a n i s m s  in soil as d e t e r m i n e d  

b y  direct m i c r o s c o p y  c o u n t i n g  methods. This d i s c r e p a n c y  is b a s e d  

on the fact t hat the n u t rient m e d i u m  used for the p l ate c o u n t 

m e t h o d  exert a s e l e c t i v e  effect, and c o n s e q u e n t l y  onl y  a small 

p a r t  of the t o t a l  m i c r o f l o r a  will m u l t i p l y  in the media. On the 

contrary, m i c r o s c o p i c  m e t h o d s  (e.g. a c r i d i n e  o r a n g e  s t a i n e d  

bacteria) i n c l u d e  b oth a c t i v e  and i n a ctive o r g a n i s m s  as well 

as dead ones.

D e t e r m i n a t i o n  of the b i o mass can also be o b t a i n e d  by the m e t h o d  

of Anderson & D o m s c h  (1978) from the r e s p i r a t i o n  rate a f ter 

a d d i t i o n  of i n c r e a s i n g  c o n c e n t r a t i o n s  of glucose. The r e s ults 

f r o m  this m e t h o d  h ave been found to be c l o s e l y  c o r r e l a t e d  to the

s
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b i o m a s s ,  as m e a s u r e d  by the C H C I 3 f u m i g a t i o n  m e t h o d  ( A n d e r s o n  & 

D o m s c h , 1 9 7 8 ) .

ATP c o n t e n t  u sed as a m e a s u r e  of b i o m a s s  or a c t i v i t y  in s o i l  is 

d i s c u s s e d  e a r l i e r  in this s e c t i o n  (Chapter F). The ATP c o n t e n t  

f r o m  soil o r i g i n a t e s  from all the soil m i c r o o r g a n i s m s  and 

p r o b a b l y  also f rom small soil animals. W h e n  soil s a m p l e s  are 

p r e i n c u b a t e d  as s u g g e s t e d  for b i o mass m e a s u r e m e n t s ,  it is a s s u m e d  

t hat s m all p l ant roots in the soil are d e a d  a n d  only to a m i n o r  

e x t e n t  i n f l u e n c e  the ATP content.

D e t e r m i n a t i o n  of n u c l e i c  acid c o n t e n t  (D N A  a n d  RNA) in s o i l  has 

b e e n  t r ied as m e a s u r e  of the b i o m a s s  (e.g. Anderson, 1979) as 

w e l l  as m u r a m i c  aci d  fro m  p r o k a r y o t i c  o r g a n i s m s  (Millar & 

Casida, 1970). But none of these m e t h o d s  have s h own good 

p r o s p e c t s  for use as m e a s u r e s  of soil m i c r o b i a l  biomass (for a 

r e v i e w  see J e n k i n s o n  & Ladd, 1981).

Each m e t h o d  for m e a s u r i n g  the a c t i v i t y  a n d  the size of soil 

b i o m a s s  hav e  n a t u r a l l y  its limitations. P l a t e  counts of b a c t e r i a ,  

and F D A - a c t i v e  fungi a c c o u n t  o n l y  for a v e r y  small p r o p o r t i o n  of 

the size of the b i o m a s s  d e t e r m i n e d  by m i c r o s c o p i c  counts using 

a c r i d i n e  orange, by the C H C I 3  f u m i g a t i o n  m e t h o d ,  d e t e r m i n a t i o n  of 

A TP conte n t ,  or by the s u b s t r a t e - i n d u c e d  r e s p i r a t i o n  m e t h o d .  The 

b a c t e r i a l  p r o p o r t i o n  d e r i v e d  from p l a t e  c o u n t s  represented only

5 % of the v a l u e  o b t a i n e d  fro m  the C H C I 3  f u m i g a t i o n  b i o m a s s  in 

R o s k i l d e  s a n d y  loa m  soil, 0-20 cm d e p t h  (ref. IX). F D A - a c t i v e  

fungi in the same e x p e r i m e n t  a c c o u n t e d  for onl y  0 . 8  % of the 

b i o m a s s  d e t e r m i n e d  by f u m i g a t i o n  (ref. IX). (Because of a 

c a l c u l a t i o n  error, r e sults of F D A - a c t i v e  f u n g i  in refs VII a n d  IX 

s h o u l d  be d i v i d e d  w ith 10 ). It seems that t he different m e t h o d s  

are e x p r e s s i o n s  of d i f f e r e n t  parts of the s o i l  biota. J e n k i n s o n  

and L a d d  (1981) s u g g e s t e d  that four m e t h o d s  (direct counts, ATP 

c o n t e n t ,  the f u m i g a t i o n  m e t h o d  and the s u b s t r a t e - i n d u c e d  

r e s p i r a t i o n  method) are a v a i l a b l e  for m e a s u r i n g  soil b i o m a s s ,  

a l t h o u g h  m u c h  wor k  has to be done to e l u c i d a t e  the c o n d i t i o n s  

u nder w h i c h  a m e t h o d  ma y  or may not be used.
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G. C O N C L U S I O N S  AND P E R S P E C T I V E S

An improved m e t h o d  has bee n  d e v e l o p e d  for q u a n t i t a t i v e  

d e t e r m i n a t i o n  of soil AT P  and A TP f rom c u l t u r e s  of m i c r o o r g a n i s m s  

by  the l u c i f e r i n - l u c i f e r a s e  enzyme system. The m e t h o d  is simple, 

r a p i d  and g i v e s  r e p r o d u c i b l e  r e s ults p r o b a b l y  r e p r e s e n t i n g  the 

t o t a l  amount of A T P  in soil after c o r r e c t i n g  for r e c o v e r y  of ATP 

b y  use of i n t e r n a l  sta n d a r d s .  In ad d i t i o n ,  no t o xic r e a g e n t s  are 

inclu d e d  in the p r o c e d u r e .  ATP is e x t r a c t e d  fro m  the soil by 

v i g o r o u s  s h a k i n g  w i t h  a s u l p h u r i c  a c i d - p h o s p h a t e  s o l ution. It 

w a s  found t hat m o s t  ATP c o uld be r e m o v e d  f rom a s a n d y  l o a m  soil 

w i t h  an e x t r a c t a n t  to soil ratio of 1 0 :1 ; t h e r efore, this ratio 

w a s  always u s e d  for n u c l e o t i d e  e x t r a c t i o n s  f rom soil. S h a k i n g  was 

f o u n d  to be m o s t  s u i t a b l e  for the s o ils e x a mined, p r o v i d e d  soil 

d i s p e r s i o n  o c c u r s .  The a d v a n t a g e  of s h a k i n g  soil s u s p e n s i o n s  

i n s tead of u se of u l t r a s o n i f i c a t i o n  is that m a n y  soil s a m p l e s  can 

b e  analysed s i m u l t a n e o u s l y .  In soils, w h e r e  soil d i s p e r s i o n  do 

n o t  occur, it is p o s s i b l e  to use u l t r a s o n i f i c a t i o n  for 1  or 2  

m i n  instead of shaking. P h o s p h a t e  and n u c l e o t i d e - r e l e a s i n g  

reagent (nr^D) a r e  i n c l u d e d  in the p r o c e d u r e  to c o m p e t e  w i t h  ATP 

m o l e c u l e s  for a d s o r p t i o n  onto the soil colloids. T he s u l p h u r i c  

a c i d - p h o s p h a t e  soil s u s p e n s i o n  is n e i t h e r  f i l t e r e d  nor 

c e n t r i f u g e d  a f t e r  the e x t r a c t i o n  of ATP, as n o r m a l l y  use d  in 

o t h e r  ATP m e t h o d s  for q u a n t i t a t i v e  ATP d e t e r m i n a t i o n s  (e.g. Paul

& Johnson, 1977; ref. I; J e n k i n s o n  & Oades, 1979). A f t e r  s h a k i n g  

th e  soil s u s p e n s i o n ,  an a l i q u o t  is t a ken i m m e d i a t e l y  f rom the 

u p p e r  part of the s u s p e n s i o n  and a d d e d  to a h e a v i l y  b u f f e r e d  

s o l u t i o n  c o n t a i n i n g  T r i s  and EDTA, to n e u t r a l i z e  a nd d i l u t e  the 

soi l  suspension. T h e n  an a l i q u o t  of the latter m i x t u r e  is 

tra n s f e r r e d  int o  the N R ^ S ) r e a g e n t  and the ATP c o n t e n t  m e a s ured. 

Th e  "direct" e x t r a c t i o n  pr o c e d u r e ,  w h e r e  the soil p a r t i c l e s  are 

m a i n t a i n e d  in the m i x t u r e  w i t h o u t  a ny f i l t e r i n g  or c e n t r i f u g e  

step, ensures t hat A TP m o l e c u l e s  a d s o r b e d  to the soil c o m p o n e n t s  

a r e  not r e m oved t hus r e s u l t i n g  in a m o r e  c o m p l e t e  e x t r a c t i o n  of

8*
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ATP. If low a m o u n t s  of ATP in soil are d e t e r m i n e d ,  less d i l u t i o n  

of the soil s u s p e n s i o n  need to be a p p l i e d  in t he steps a f t e r  the 

aci d  e x t r a c t i o n  pro c e d u r e .  P o r t i o n s  of a c i d  suspensions (e.g. 

•0.5 ml) are a d d e d  to a T r i s - E D T A  b u f f e r  (e.g. 2 ml), a n d  pH

is a d j u s t e d  wit h  NaOH.

The m e t h o d  d e v e l o p e d  for e x t r a c t i o n  of A TP f r o m  soil ca n  also 

be u s e d  to e x t r a c t  ATP from m i c r o b i a l  c u l t u r e s .  If small a m o u n t s  

of ATP is det e r m i n e d ,  less s u l p h u r i c  a c i d - p h o s p h a t e  (4-8 ml) can 

be a d d e d  to the c u l t u r e  (1 ml) to i n c r e a s e  the amount of A T P  for 

the m e a s u r e m e n t .

A m e t h o d  has a lso b een d e v e l o p e d  for d e t e r m i n a t i o n  of a d e n y l a t e
[ATP] +  '/i [ A D P ]

e n e r g y  c h a r g e  (AEC) in soil d e f i n e d  as A E C  = |ATP| + |ADP| + ,AM1)|

(all ATP, AEC = 1; all AMP, AEC = 0). The a d e n i n e  n u c l e o t i d e s  are 

b a s i c l y  e x t r a c t e d  w ith s u l p h u r i c  a c i d - p h o s p h a t e ,  as used in the 

s u g g e s t e d  ATP m e t hod. For s e t ting up s t a n d a r d  curves, ATP 

s t a n d a r d s  and m i x t u r e s  of A T P / A D P  and A T P / A M P  standards åre a d ded 

to p o r t i o n s  of aci d  s u s p e n s i o n s  w i t h  s t e r i l i z e d  soil. T h e s e

m i x t u r e s  are t r e a t e d  as the proper soil s a m p l e s .  Blind v a l u e s  of 

s t e r i l i z e d  soil t r e a t e d  as the p r o p e r  soil s a m p l e s  are u s e d  to 

c o r r e c t  for ATP in the reagents. To e n s u r e  tha t  the s t e r i l i z e d  

soil not c o n t a i n s  m e a s u r a b l e  a m o unts of n u c l e o t i d e s ,  blind v a l u e s  

are a l s o  m ade wit h  the e x t r a c t i o n  a g ent a l o n e  treated as the 

samples. The b a c k g r o u n d  light e m i s s i o n  f r o m  the e x t r a c t a n t

w i t h o u t  soil was in mos t  e x p e r i m e n t s  h i g h e r  or similar to the

l i ght e m i s s i o n  f rom the e x t r a c t a n t  w i t h  sterilized soil,

i n d i c a t i n g  an i n h i b i t i o n  of the light e m i s s i o n  from c o m p o u n d s  in 

s ome of the soil types. After shaking, all m i x t u r e s  are h e a t e d

(100°C for 2 min) and cooled. T his is n e c e s s a r y  to a v oid

h y d r o l y s i s  of A T P  in the soil e x t r a c t s  d u r i n g  the i n c u b a t i o n  in

the r e a c t i o n  m i x t u r e s ,  p r e s u m a b l y  due to a r e - a c t i v a t i o n  of

e n z y m e s  in the n e u t r a l i z e d  extracts. All m i x t u r e s  are then

a d j u s t e d  to pH 7.5 w i t h  T r i s - E D T A  b u f f e r  a n d  NaOH. ADP in the 

n e u t r a l i z e d  e x t r a c t s  is c o n v e r t e d  to A TP by incubation in H e e p e s  

b u f f e r  w i t h  KC1, p h o s p h o e n o l p y r u v a t e  k i n a s e - l a c t a t e  d e h y d r o g e n a s e
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a n d  ß - n i c o t i n a m i d e - a d e n i n e  dinu c l e o t i d e .  A MP is c o n v e r t e d  to ATP 

by use of th e  m e n t i o n e d  r e a gents p lus m y o k i n a s e .  To p r o m o t e  the 

s p e e d  of the r e a c t i o n s  for c o n v e r s i o n  of AMP and ADP to ATP both 

l a c tate d e h y d r o g e n a s e  and 8 - n i c o t i n a m i d e - a d e n i n e  d i n u c l e o t i d e  

a r e  included. To r e duce an i n h i b i t i o n  fro m  (NH 4 )2 S O 4 in a 

s o l ution of m y o k i n a s e ,  it is c e n t r i f u g e d ,  the s u p e r n a t a n t  

removed, a n d  the p e l l e t  c o n t a i n i n g  m y o k i n a s e  diluted. After 

incubation of the m i x t u r e s ,  the ATP c o n t e n t  is m e a s u r e d  by the 

l u c i f e r i n - l u c i f e r a s e  m e t hod. The a m o u n t s  of ATP e n z y m a t i c a l l y  

p r o d u c e d  f r o m  A D P  and A MP are c a l c u l a t e d  as d i f f e r e n c e s  b e t w e e n  

t he m e a sured v a l u e s  a nd molar c o n c e n t r a t i o n s  of the a d e n i n e  

nuc l e o t i d e s  (ATP, ADP and AMP) are used to c a l c u l a t e  a d e n y l a t e  

e n e r g y  charge.

Adenine n u c l e o t i d e s  and a d e n y l a t e  e n e r g y  c h a r g e  v a l u e s  were 

s t u d i e d  in d i f f e r e n t  soils. A m o ist R o s k i l d e  s a ndy loa m  soil 

a n a l y s e d  3 h a f ter s a m p l i n g  had an A EC v a l u e  of 0.83 and the 

c o n t e n t  of ATP, ADP and A MP was 65.6 %, 33.9 % and 0.5 % of the

t o t a l  amount of A T (ATP plus ADP plus AMP), resp e c t i v e l y .  After 

a i r - d r y i n g  for 10 days at 25°C, A T d e c r e a s e d  fro m  2.18 to 0.56 

n m o l / g  d.wt. soil. A E C  d e c r e a s e d  in the same p e r i o d  f rom 0.83 to 

0.46. R e m o i s t e n i n g  of the a i r - d r i e d  soil and i n c u b a t i o n  for 24 h 

at 25°C r e s u l t e d  in an incre a s e  in A T from 0.56 to 1.80 nmol / g  

d.wt. soil a n d  A E C  rose from 0.46 to 0.73, i n d i c a t i n g  a f o r m a t i o n  

of  new b i o m a s s  on the e x p e n s e  of dead m i c r o o r g a n i s m s  and 

su b s t r a t e  l i b e r a t e d  f r o m  the soil by the d r y i n g  and r e w e t t i n g  

p r o c e d u r e s .

Addition of g l u c o s e  to a Askov s a n d y  loa m  soil and i n c u b a t i o n  

for 3 days at 25°C re s u l t e d  in an i n c r e a s e  in the A EC v a l u e  from 

0.65 in the s o i l  w i t h o u t  g l u cose to 0.70 in the soil w i t h  g l u c o s e  

added. The s m a l l  i n c r e a s e  is c o n s i s t e n t  wit h  the a s s u m p t i o n  that 

the soil m i c r o o r g a n i s m s  to a large exte n t  are old d o r m a n t  and 

r e s t i n g  cells w i t h  an A EC of about 0.7, and o nly a m i n o r  part is 

in active g r o w t h  w i t h  an A EC value of a b out 0.8. The A EC value, 

w h i c h  is an a v e r a g e  v a l u e  for the total b i o m a s s  will then d e pend 

on  the p r o p o r t i o n  of y o u n g  cells to old and r e s ting cells.
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The c o n t e n t  of ATP, ADP and AMP as wel l  as t he AEC values w e r e  

d e t e r m i n e d  in d i f f e r e n t  soils a d j u s t e d  to 60 % of w.h.c., s t o r e d  

for 90 days at 5°C and then i n c u bated for f u r t h e r  24 h at 5°C and 

25°C, r e s p e c t i v e l y .  T he A TP c o n t e n t  i n c r e a s e d  w h e n  the soils w e r e  

i n c u b a t e d  at 25°C for 24 h, as c o m p a r e d  to i n c u b a t i o n  at 5°C. The 

p r o p o r t i o n s  of ATP, AD P  and AMP of AT s h o w e d  that a r a ise in 

t e m p e r a t u r e  fro m  5°C to 25°C re s u l t e d  in an  increase in the 

p e r c e n t a g e  of ATP and a d e c r e a s e  in the p e r c e n t a g e  of either A M P  

or ADP. The A E C  v a l u e s  w ere i n c r e a s e d  in th e  soils, w h e n  the 

t e m p e r a t u r e  was raised. AE C  in the soils i n c u b a t e d  at 5°C r a n g e d  

f ro m  0.58 to 0.74 and s u g g e s t s  a b i o m a s s  c o n s i s t i n g  m a i n l y  of 

d o r m a n t  o r g a nisms. At 25°C, AEC v a l u e s  r a n g e d  from 0.78 to 0.83 

in the d i f f e r e n t  soils and suggest an i n c r e a s e d  m e t a b o l i s m  and 

g r o w t h  for some of the organisms. The t o t a l  soil a d e n i n e  

n u c l e o t i d e  c o n t e n t  (AT ) w as n e arly the same in soils i n c u b a t e d  at 

5°C and 25°C, i n d i c a t i n g  a c o n v e r s i o n  of A DP or AMP to ATP. T his 

i n d i c a t e s  that the b i o m a s s  is f a irly s i m i l a r  in a soil s t o r e d  for 

a s h ort p e r i o d  at the two t e m p e r a t u r e s ,  as a l s o  observed b y  a 

d e t e r m i n a t i o n  of the soil b i o m a s s  ( C H C I 3 f u m i g a t i o n  method) in a 

R o s k i l d e  s a n d y  loa m  and a sandy s a n d y  l o a m  s o i l  incubated for 5 

day s  at 5°C and 25°C, respectively.

It is l i kely that the s o m ewhat high A E C  v a l u e  found in s o m e  of 

the soils c o u l d  be c a u s e d  by a large p o p u l a t i o n  of soil a n i m a l s .  

T h e y  are k n o w n  to m a i n t a i n  a hig h  A EC v a l u e  until the y  are 

m o r i b u n d .  A l t h o u g h  the ATP c o n tent c h a n g e d  in the soils d e p e n d e n t  

on the soil c o n d i t i o n s ,  the results sho w  t h a t  the soil b i o m a s s  

m a i n t a i n s  a f a i r l y  h igh ATP c o ntent and s o m e t i m e s  a very h i g h  AEC 

v a l u e  c an be o b s e rved.

T he r e s ults i n d i c a t e  that tem p e r a t u r e ,  soil m o i s t u r e  and e n e r g y  

s u p p l y  are f a c t o r s  w h i c h  are im p o r t a n t  for t he amount of a d e n i n e  

n u c l e o t i d e s  and for the s ize of AEC in soils. W h e n  the d i f f e r e n t  

f a c t o r s  m e n t i o n e d  are t a ken into a c c ount, the content of a d e n i n e  

n u c l e o t i d e s  and the A E C  values r e p o r t e d  s e e m  to agree well with 

the g e n e r a l  c o n c e p t  of the soil b i o mass, w h e r e  the main p a r t  of 

the soil m i c r o o r g a n i s m s  are starv i n g  or d o r m a n t  cells l i v i n g  m ost 

of the time in a s u b s t r a t e  d e p l e t e d  e n v i r o n m e n t .
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The effect of c l a y  m i n e r a l s  on the A TP c o n t e n t  f r o m  c u l t u r e s  

of bacteria a nd fungi g r own in p r e s e n c e  of b e n t o n i t e  was 

examined. A d d i t i o n  of b e n t o n i t e  to a c u l t u r e  of the b a c t e r i u m  

P s e u domonas f l u o r e s c e n s  s t i m u l a t e d  b oth res p i r a t i o n ,  A T P  c o n t e n t  

a n d  number of b a c t e r i a  as d e t e r m i n e d  by p l a t e  counts. The ATP 

c o n tent w as f a i r l y  c l o s e l y  related to the r e s p i r a t i o n  in the 

cu l t u r e  in a b s e n c e  of b e n t onite, w h e r e a s  a clos e r  r e l a t i o n s h i p  

be t w e e n  A TP c o n t e n t  and number of b a c t e r i a  was f o und in the 

p r e s e n c e  of b e n t o n i t e .  The ATP c o n t e n t  per c ell in c u l t u r e s  added 

bentonite v a r i e d  w i t h  a factor of about 3 d u r i n g  the g r o w t h  

period.

Drying of the b a c t e r i a l  c u l t u r e s  in a b s e n c e  and p r e s e n c e  of 

bentonite i n d i c a t e d  that b e n t o n i t e  had a p r e s e r v i n g  e f fect on the 

v i a b ility of the cells. ATP c o n t e n t  r e m a i n e d  at the same level 

after one a n d  two w e e k s  of d r y i n g  of the c u l t u r e s  w ith 

bentonite, a l t h o u g h  the number of b a c t e r i a  de c r e a s e d .  This 

apparent i n c r e a s e  in the p r o p o r t i o n  b e t w e e n  A TP c o n t e n t  and 

bacterial n u m b e r s  c o u l d  be c a used by the p r e s e n c e  of "free" ATP 

or e x i stence of non v i a b l e  cells in the d r i e d  c u l t u r e s  a d s o r b e d  

to the b e n t o n i t e .

Recovery of AT P  f rom s a m ples of sand plu s  b e n t o n i t e  after 

drying i n d i c a t e d  that ATP can be a d s o r b e d  o n t o  b e n t o n i t e  and 

that it c a n  be h y d r o l i z e d  to A DP v ery s l o w l y  in the a b s o r b e d  

s t a t e .

A fairly g o o d  o v e r - a l l  r e l a t i o n s h i p  b e t w e e n  i n c rease in the ATP 

content a nd the r e s p i r a t i o n  rate w as o b s e r v e d  d u r i n g  growtti of a 

fungus (C l a d o s p o r i u m  s p . ) in p r e s e n c e  of b e n t onite.

Although A T P  is a c o m p o n e n t  of l i v i n g  c e lls and p r e s u m e d  to be 

absent fro m  d e a d  cells, the r e s ults f rom the e x p e r i m e n t s  w ith 

p ure c u l t u r e s  of b a c t e r i a  in p r e s e n c e  of b e n t o n i t e  s u g gest that 

extr a c e l l u l a r  ATP c an a c c u m u l a t e  in d ry c l a y  soils p r o t e c t e d  by 

adsorption to the c l a y  minerals.

The A T P  c o n t e n t  in soil w as i n f l u e n c e d  by the soil 

temperature. An i n c r e a s e d  soil t e m p e r a t u r e  fro m  a b out 5°C to 

25°C re s u l t e d  in h i g h e r  c o n c e n t r a t i o n s  of ATP in d i f f e r e n t  field
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soils as w e l l  as in c u l t u r e s  of P s e u d o m o n a s  f l u o r e s c e n s . The

e f f e c t  of the soil t e m p e r a t u r e  on ATP c o n t e n t  a n d  C 0 2 p r o d u c t i o n  

was e x a m i n e d  in a R o s k i l d e  sandy loa m  i n c u b a t e d  for 6 8  d a y s  at 

5 °C, 10°C and 15°C wi t h  d i f f e r e n t  m o i s t u r e  co n t e n t s .  A Q]_g (5-

15°C) of a b out 1.6 was found for the ATP contents, and the

c o r r e s p o n d i n g  C 0 2 p r o d u c t i o n  gave a 2.1. This i n d i c a t e d  a

f a i r l y  g ood r e l a t i o n s h i p  b e t w e e n  these p a r a m e t e r s ,  although the

A TP c o n t e n t  wil l  be d e p e n d e n t  bot h  on the a c t i v i t y  and the

nu mber of the soil m i c r o o r g a n i s m s .  The r e s u l t s  a l s o  show that ATP 

c o n t e n t  c a n n o t  be used as a m e a s u r e  of the soi l  biomass w i t h o u t  a 

p r e i n c u b a t i o n  of the soil with a d j u s t e d  m o i s t u r e  content and

t e m p e r a t u r e .

The e f fect of soil m o i s t u r e  c o n t e n t  was e x a m i n e d  in a s a n d y  

l oa m  soil. A r e l a t i v e l y  high ATP c o n t e n t  w a s  found at 1 %

m o i s t u r e  e i ther b e c a u s e  "free" ATP is p r e s e n t  an d  adsorbed to the 

cla y  or the size of the soil b i o mass is not m u c h  affected by the 

d r y i n g  procedure.

A n a e r o b i c  c o n d i t i o n s  in a sandy loam soil an d  a coarse s a n d y  

soil o nly s l i g h t l y  d e c r e a s e d  the AT P  c o n t e n t  and the C 0 2

pr o d u c t i o n .  Thi s  is p r o b a b l y  due to the g r e a t  number of i n a c t i v e  

m i c r o o r g a n i s m s  e x i s t i n g  in a soil, w i t h  o n l y  a small n u mber of 

m i c r o o r g a n i s m s  a c t i v e l y  growing.

F r e e z i n g  had no or l i t t l e  influence on the A T P  content in s a n d y  

and s a ndy l o a m  soils but in one h u mus and o n e  loam soil the 

c o n t e n t  d e c r e a s e d  v ery much. ATP should p r e f e r a b l y  be d e t e r m i n e d  

on "fresh" soil w i t h o u t  freezing.

The r e s ults sho w  that the ATP c o n t e n t  is a reasonable m e a s u r e  

of m i c r o b i a l  ac t i v i t y ,  w h e n  d e t e r m i n e d  i m m e d i a t e l y  after s a m p l i n g  

at the a m b i e n t  soil t e m p e r a t u r e  and soil m o i s t u r e  c o n t e n t .  

However, A TP c o n t e n t  c a n n o t  be used as an a c t i v i t y  measure in d ry 

cl a y  soils and in s a ndy soils. It was f o und tha t  dried s o i l s  

c o n t a i n i n g  c l a y  can m a i n t a i n  ATP not r e l a t e d  to the m i c r o b i a l  

ac t i vity, p r o b a b l y  b e c a u s e  of a d s o r p t i o n  of A T P  m o l ecules to c l a y  

and o t her soil c o l l o i d s  or b e cause of a l a rge b i o m a s s  with a low
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m i c r o b i a l  a c t i v i t y .  AT P  c o n tent and C 0 2 p r o d u c t i o n  w e r e  not well 

c o r r e l a t e d  in s a n d y  s o i l s  with d i f f e r e n t  m o i s t u r e  contents. More 

f u n d amental w o r k  is required on the e x i s t e n c e  of "free" ATP 

molecules. C a n  "free" ATP be p r e s e n t  in c l a y e y  soils, w h i c h  hav e  

n ot been d r i e d ?  In a d d ition, the small v a r i a t i o n s  o b s e r v e d  over 

tim e  in sandy s o ils f r o m  field e x p e r i m e n t s  did not c o r r e l a t e  w ith 

o t her p a r a m e t e r s  of soil m i c r o b i a l  a c t i v i t y  a nd biomass.

The ATP c o n t e n t  in five soils a d j u s t e d  to 60 % of w.h.c. and 

p r e i n c u b a t e d  for 5 days at 25°C b e f o r e  m e a s u r i n g  ATP was 

si g n i f i c a n t l y  c o r r e l a t e d  to the soil b i o m a s s  C ( C H C I 3  

fumigation). T h e  f u m i g a t i o n  was s t a r t e d  i m m e d i a t e l y  after the 

a d j u stment of the w a t e r  content and b i o m a s s  C was m e a s u r e d  wit h  

unf u m i g a t e d  a nd f u m i g a t e d  soil in 0 - 1 0  days w i t h  a k - f actor of 

0.45. The c o r r e l a t i o n  c o e f f i c i e n t  was s i g n i f i c a n t l y  di f f e r e n t  

f r o m  0 (0 . 0 0 1  % level).

In support of the g e n e r a l  c o n c l u s i o n s  the f o l l o w i n g  findings 

should be e m p h a s i z e d :

1) ATP can be e x t r a c t e d  from soil and fro m  m i c r o b i a l  c u l t u r e s  

by  the d e v e l o p e d  s u l p h u r i c  a c i d - p h o s p h a t e - N R B  e x t r a c t i o n  method.

_ _  [ATP] +  Vi I A D P ]
2) A d e n ylate e n e r g y  c h arge , A E C  = ---------------- can be3 |ATP] +  [ A D P J  +  [ A M P ]

de t e rmined in soil by the d e v e l o p e d  method. A E C  is an e x p r e s s i o n  

of the m e t a b o l i c  s t a t u s  of the soil biomass. ATP, A DP and AMP 

are basicly e x t r a c t e d  with s u l p h u r i c  a c i d - p h o s p h a t e  and ADP and 

A M P  are c o n v e r t e d  to ATP by i n c u b a t i o n  of the soil e x t r a c t  wit h  

d ifferent e n z y m e s .

3) AEC v a l u e s  in ä i f f e r e n t  m o i s t  s o ils w h i c h  had bee n  

p r e i n c u b a t e d  r a n g e d  f r o m  0.58 to 0.83. T e m p e r a t u r e ,  soil m o i s t u r e  

and energy s u p p l y  a re factors w h i c h  are i m p o r t a n t  for the a m o u n t s  

Of adenine n u c l e o t i d e s  (AT ) and for the size of A EC in soils. AT 

was nearly the sam e  in soil i n c u b a t e d  at 5°C and 25°C, i n d i cating 

a c o n v ersion of A DP or AMP to ATP. R e m o i s t e n i n g  of an a i r - d r i e d
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soil an d  i n c u b a t i o n  for 24 h at 25°C r e s u l t e d  in an i n c r e a s e  in 

A t  and A E C  rose f r o m  0.46 to 0.73, i n d i c a t i n g  a formation of  new 

b i o m a s s  on the e x p e n s e  of dead m i c r o o r g a n i s m s  and s u b s t r a t e  

l i b e r a t e d  f r o m  the soil. Soil i n c u b a t i o n  w i t h  glucose o n l y  

r e s u l t e d  in a small i n c r e a s e  in the A E C  v a l u e  (from 0.65 to 

0.70). T h e s e  r e s ults are c o n s i s t e n t  w i t h  the a s s u m p t i o n  t h a t  the 

soil m i c r o o r g a n i s m s  to a l a rge extent a re ol d  d o r m a n t  and r e s t i n g  

c e l l s  w i t h  an A EC of a b o u t  0.7, and o n l y  a m i nor part is in 

a c t i v e  g r o w t h  w i t h  an A E C  value of a b o u t  0.8. The AEC valu e ,  

w h i c h  is an a v e r a g e  v a l u e  for the total b i o m a s s  will then d e p e n d  

on the p r o p o r t i o n  of y o u n g  c e lls to ol d  a nd r e s t i n g  cells.

4) P r e s e n c e  of the c l a y  m i n e r a l  b e n t o n i t e  in a dried b a c t e r i a l  

c u l t u r e  p r e s e r v e d  some "free" ATP m o l e c u l e s  e i t h e r  released f r o m  

dea d  c e l l s  or b e c a u s e  of the p r e s e n c e  of n o n - v i a b l e  cells s t ill 

c o n t a i n i n g  ATP. R e c o v e r y  of ATP added to s a m p l e s  of sand w i t h  and 

w i t h o u t  b e n t o n i t e  and a i r - d r i e d  i n d i c a t e d  tha t  ATP r e m a i n e d  

a d s o r b e d  o nto the c lay w h e n  it was dry. T h e s e  results s u g g e s t  

that e x t r a c e l l u l a r  ATP c an a c c u m u l a t e  in c l a y  s o i l s  by a d s o r p t i o n  

to the clay, w h e n  the soils are dried.

5) E n v i r o n m e n t a l  f a c t o r s  influence the A T P  content in the

f o l l o w i n g  ways; Short t e r m  c h a n g e s  in the AT P  c o n t e n t  (e.g. by  an 

in c r e a s e d  soil t e m p e r a t u r e )  can be c a u s e d  by c o n v e r s i o n  of A D P  or 

AMP to ATP. T his did not result in a c h a n g e  in the size of the 

soil biomass. T he A TP c o n t e n t / c e l l  in a b a c t e r i a  culture was 

fairly c o n s t a n t  in d i f f e r e n t  growth p h a s e s  w h e n  the same g r o w t h  

t e m p e r a t u r e  w as used. The grow t h  t e m p e r a t u r e  influenced the ATP 

c o n t e n t / c e l l  in the e a r l y  phas e s  of g r o w t h ,  resulting in the 

h i g h e s t  A TP c o n t e n t / c e l l  at 25°C and the l o w e s t  one at 5°C. 

G r o w t h  at t e m p e r a t u r e s  at 10°C, 15°C and 20°C yi elded ATP

c o n t e n t / c e l l  in between. D ry soils c o n t a i n i n g  c l a y  can p r e s e r v e  

ATP. It m ay be due to a large b i o m a s s  or b e c a u s e  "free" A T P  is 

p r e s e n t  and a d s o r b e d  to the clay. A n a e r o b i c  i n c u bation of s a n d y
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a n d  sandy l oam s o i l s  show e d  that the A TP c o n t e n t  is onl y  s l i g h t l y  

influenced by the c o n t e n t  of o x y g e n  in soil. Thi s  is p r o b a b l y  due 

to  the great n u m b e r  of i n a c t i v e  m i c r o o r g a n i s m s  e x i s t i n g  in a 

s o i l .

6 ) ATP is a r e a s o n a b l e  m e a s u r e  of m i c r o b i a l  a c t i vity, w h e n  

d e t e r m i n e d  i m m e d i a t e l y  after s a m p l i n g  at the a m b i e n t  soil 

te m p e r a t u r e  a n d  soil m o i s t u r e  content. H o w ever, ATP c o n t e n t  

c a n n o t  be u s e d  as an a c t i v i t y  m e a s u r e  in dry s o ils c o n t a i n i n g  

c l a y  and in e x t r e m e  sandy soils at d i f f e r e n t  m o i s t u r e  levels.

7) ATP c o n tent is a m e a s u r e  of the soil b i o m a s s  as d e t e r m i n e d  by 

t h e  ch l o r o f o r m  f u m i g a t i o n  m e t hod, w h e n  soil is p r e i n c u b a t e d  w i t h  

60 % of the w a t e r  h o l d i n g  c a p a c i t y  for 5 days at 25°C, so that a 

p r o p e r  balance b e t w e e n  ATP, A DP and AMP is reached. The a v e r a g e  

C / A T P  ratio w a s  186 for the s a ndy and s a ndy loa m  s o i l s  and 148 

for loam and s i l t  l o a m  soils.

The present s t u d y  has d e m o n s t r a t e d  the u t i l i t y  of the A TP 

m e t h o d  as a v e r y  u s e f u l  tool for e s t i m a t i n g  m i c r o b i a l  a b u n d a n c e  

in a range of s o ils s u b j e c t e d  to d i f f e r e n t  a g r i c u l t u r a l  

practices. It w a s  s h own that d i f f e r e n c e s  in b i o m a s s  and a c t i v i t y  

as  determined by the ATP m e t h o d  in d i f f e r e n t  soil types and 

m a n a g e m e n t  s y s t e m s  (e.g. ma n u r i n g ,  f e r t i l i z a t i o n ,  t i l l a g e  and 

irrigation) c a n  be  d e t e cted. P o w l s o n  & J e n k i n s o n  (1981) s u g g e s t e d  

t h a t  the b i o m a s s  m a y  i n d icate c h a n g e s  in soil o r g a n i c  m a t t e r  

b e f o r e  they b e c o m e  m e a s u r a b l e  in the total o r g a n i c  c a r b o n  and 

t o t a l  nitrogen c o n t e n t s .  The soil b i o m a s s  and its a c t i v i t y  are 

important m e a s u r e s  for f o l l o w i n g  d e c o m p o s i t i o n  of o r g a n i c  matter. 

T h e  biomass c o n t r i b u t e  to p l ant n u t r i t i o n  far m o r e  tha n  its size 

m i g h t  suggest. The b i o m a s s  acts as a c a t a l y s t  for the 

de c o m p o s i t i o n  p r o c e s s  and a labile s o u r c e - s i n k  for the n u t r i e n t s  

(e.g. N,P, K an d  S). The A T P  m e t h o d  c an be u s e d  to a s s e s s  

i m m o b i l i z a t i o n  of n u t r i e n t  e l e m e n t s  in the soil or g a n i s m s ,  such
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as n i t r ogen, p h o s p h o r u s ,  p o t a ssium, c a l c i u m  and sulphur. The 

d i s c r e p a n c i e s  b e t w e e n  the a m o u n t s  of e l e m e n t s  per cell f o u n d  

in d i f f e r e n t  i n v e s t i g a t i o n s  indicate that a m o r e  extensive s t u d y  

of the r e l a t i o n s h i p  b e t w e e n  ATP c o n t e n t  a n d  other c e l l u l a r  

c o n s t i t u e n t s ,  e s p e c i a l l y  p h o s p h o r u s  and p o t a s s i u m ,  for d i v e r s e  

soil m i c r o o r g a n i s m s  under v a r i o u s  e n v i r o n m e n t a l  c o n d i t i o n s  is 

needed. ATP c o n t e n t  m a y  als o  be used in d e t e r m i n a t i o n  of the 

e n e r g y  flow in the systems. ATP can be q u a n t i t a t i v e l y  r e l a t e d  to 

soil r e s p i r a t i o n  rates as m e a s u r e d  in the laboratory. D e t a i l e d  

s t u d i e s  s h o u l d  be done to e x a m i n e  root c o n t r i b u t i o n  to the ATP 

p ool in soil as well as the a m o u n t  of ATP d e r i v e d  from d i f f e r e n t  

c o m p a r t m e n t s  (e.g. p r o tozoa, e n c h y t r a e i d s  a n d  nematodes). It is 

l i k e l y  that the size of b i o m a s s  and the m i c r o b i a l  a c t i v i t y  are 

p a r a m e t e r s  r e l a t e d  to the a m o u n t  of m i n e r a l i z e d  nitrogen, w h i c h  

m o v e s  t h r o u g h  the biomass. The ATP m e t h o d  m a y  be a useful m e a s u r e  

in d e t e r m i n a t i o n  of the n i t r o g e n  t u r n - o v e r  at different t i m e s  of 

the year in a r a b l e  systems. The ATP m e t h o d  ha s  shown p r o m i s e  in 

d e t e r m i n a t i o n  of m i c r o b i a l  life in subsoils. A better k n o w l e d g e  

of m i c r o b i a l  b i o m a s s  and a c t i v i t y  in d e e p e r  soil l a y e r s  is 

im p o r t a n t  in the w ork of p r o t e c t i o n  the groundwater f rom 

p o l l u t i o n  of e.g. n i t r a t e  o r i g i n a t i n g  f r o m  t he cultivated soil 

layer. The m e t h o d  s h ould also be useful to d e t e c t  harmful e f f e c t s  

on the m i c r o o r g a n i s m s  o r i g i n a t e d  fro m  h e a v y  m e t a l  p o l l u t i o n  of 

soils or i n f l u e n c e  of other soil c o n t a m i n a t i o n s .  In the f u t ure, 

the ATP c o n t e n t  in soil m ay serve as a b i o l o g i c a l  index of soil 

fertility, w h i c h  can be d e t e r m i n e d  r o u t i n e l y .  When t he ATP 

m e a s u r e  is c o m b i n e d  w i t h  o t her m e t h o d s  and m a t h e m a t i c a l  m o d e l i n g  

is used, it m a y  be p o s s i b l e  to i m p rove the u n d e r s t a n d i n g  of soil 

p r o c e s s e s  and e c o s y s t e m  functioning. The a d v a n t a g e  of the ATP 

method, as c o m p a r e d  w i t h  o t her methods, is t h a t  the a n a l y s e s  can 

be c a r r i e d  out wit h  g r eat speed and low c o s t  in operator time. 

The d i s a d v a n t a g e  of the m e t h o d  is the r a t h e r  high c o s t  of 

reagents. U se of the a d e n y l a t e  e n e r g y  c h a r g e  m e t h o d  might y i e l d  

a d d i t i o n a l  i n f o r m a t i o n s  on the m e t a b o l i c  s t a t u s  of the soil 

b i o m a s s .
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S U M M A R Y

The a d e n o s i n e  t r i p h o s p h a t e  (ATP) c o n t e n t  in c e l l s  has been f o u n d  

to be a usef u l  tool in m a n y  fields of the m i c r o b i o l o g y ,  e.g. for 

d e t e r m i n a t i o n  of the size of the b i o m a s s  in the a q u a t i c  

e n v i r o n m e n t .  This t h e s i s  d e s c r i b e s  a n u m b e r  of i n v e s t i g a t i o n s  

re l a t e d  to d e t e r m i n a t i o n  of ATP and A EC in soil. W hen t h ese 

p a r a m e t e r s  w e r e  u sed on soil, a numb e r  of special p r o b l e m s  

r e l a t e d  to m e t h o d o l o g y  and i n t e r p r e t a t i o n  of the results in a 

m e a n i n g s f u l  way h ave b e e n  found. The a im of this work w a s  to 

c o n t r i b u t e  to an e l u c i d a t i o n  of some of t h ese p r o blems e.g. the 

i n f l u e n c e  of d i f f e r e n t  e n v i r o n m e n t a l  f a c t o r s  for the use of the 

ATP c o n t e n t  as a m e a s u r e  of m i c r o b i a l  b i o m a s s  and m i c r o b i a l  

a c t i v i t y  in soil. P a r t s  of the r e s ults h a v e  been p u b l i s h e d  

s e p a r a t e l y  in the ten p a p e r s  l i sted on p a g e s  6 and 7. R e f e r e n c e s  

are m ade to these p a p e r s  by R o man n u m e rals, I-X.

M e t h o d o l o g y

A simp l e  m e t h o d  has bee n  d e v e l o p e d  for q u a n t i t a t i v e  

d e t e r m i n a t i o n  of soil ATP by the l u c i f e r i n - l u c i f e r a s e  e n z y m e  

system. The ATP c o n t e n t  is e x t r a c t e d  f rom the soil by v i g o r o u s
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shaking for 15 m i n  w i t h  a s u l p h u r i c  a c i d - p h o s p h a t e  solution. An 

aliquot of the soil s u s p e n s i o n  is n e u t r a l i z e d  w i t h  a T r i s - E D T A  

s o l ution and m i x e d  w i t h  a s p e cial ATP r e l e a s i n g  reagent (NR^§^) . 

ATP is m e a s u r e d  in the soil s u s p e n s i o n  after a 10 s e x p o s u r e  to

the NRB reagent, f o l l o w e d  by a d d i t i o n  of l u c i f e r i n - l u c i f e r a s e  and

integration o ver 10 s in a L u m a c o u n t e r  M 2080. The m e t h o d  can 

also be u sed for d e t e r m i n a t i o n  of A TP c o n t e n t  in cell m a t e r i a l  

from cultures. T h e  ATP c o n t e n t  in a range of soils v a r i e d  b e t w e e n  

0.37 and 7.52 pg A T P / g  d.wt. soil.

A method h as a lso b e e n  d e v e l o p e d  for d e t e r m i n a t i o n  of

"adenylate e n e r g y  c h a rge" (AEC) in soil. A EC is d e f i n e d  as
[ATP] +  'h [ A D P ]
—-----------  .If all a d e n i n e  n u c l e o t i d e s  (AT )

[ATP] +  [ A D P j  +  I A M P |  T '

is on the A TP form, A EC = 1; if all is on AMP form, A EC = 0. A EC 

is an e x p r e s s i o n  of the m e t a b o l i c  s t a t u s  of the soil popu l a t i o n s .  

The adenine n u c l e o t i d e s  in the soil s a m ples are b a s i c l y  e x t r a c t e d  

w ith s u l p h u r i c  a c i d - p h o s p h a t e  as used in the s u g g e s t e d  ATP

method. The e x t r a c t s  c o n t a i n i n g  the soil p a r t i c l e s  are b o i l e d  for 

2 min, c o o led, and a d j u s t e d  to pH 7.5 w ith T ris b u ffer and NaOH. 

ADP in the n e u t r a l i z e d  soil e x t r a c t s  is c o n v e r t e d  to ATP by

incubation in H e e p e s  b u ffer w i t h  KC1, p h o s p h o e n o l  p y r u v a t e

k i n a s e - l a c t a t e  d e h y d r o g e n a s e  and ß - n i c o t i n a m i d e - a d e n i n e

d i n u c l e o t i d e  (NADH). AMP is c o n v e r t e d  to ATP by use of the

reagents for d e t e r m i n a t i o n  of ADP and m y o k i n a s e  (MK).

For s e t ting up s t a n d a r d  curves, ATP s t a n d a r d s  and m i x t u r e s  of 

ATP/ADP and A T P / A M P  s t a n d a r d s  are a d ded to s u s p e n s i o n s  of

s t e r ilized soil. T h e s e  m i x t u r e s  are t r e ated in the same w ay as 

the proper s oil samples. After i n c u b a t i o n  of the tubes at 30°C 

for 30 min, the ATP c o n t e n t  is m e a s u r e d  by the l u c i f e r i n -

luciferase m e t h o d .  The c o n c e n t r a t i o n s  of ADP and AMP are found by 

differences, a nd the A EC values are ca l c u l a t e d .
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c o n t e n t  of ATP, ADP an d  A M P  in soil as i n f l u e n c e d  by temperature, 

m o i s t u r e  and e n e r g y  s u p p l y

A d e n i n e  n u c l e o t i d e s  and a d e n y l a t e  e n e r g y  c h a r g e  values (AEC) 

were s t u d i e d  in a s a ndy l o a m  soil. The "fresh" soil analysed 3 h 

after s a m p l i n g  had an A EC value of 0.83 and the content of ATP, 

ADP and AMP was 65.6 %, 33.9 % and 0.5 % of AT (ATP plus ADP p lus 

AMP), r espectively. A f ter a i r - d r y i n g  of the s oil for 10 days at 

2 5 °C, Aip d e c r e a s e d  fro m  2.18 to 0.56 n m o l / g  d.wt. soil. AEC

d e c r e a s e d  in the same p e r i o d  from 0.83 to 0.46 a nd the r e l ative 

p r o p o r t i o n s  of the t h ree a d e nine n u c l e o t i d e s  in the air-

d r ied soil w ere 17.9 % (ATP), 55.4 % (ADP) an d  26.7 % (AMP) of

A t . The a i r - d r i e d  soil was then r e m o i s t e n e d  to 60 % of the w a ter 

h o l d i n g  c a p a c i t y  (w.h.c.) and i n c u bated for 24 h at 25°C; this 

r e s u l t e d  in an i n c rease in A T from 0.56 to 1.80 nmol / g  d.wt. soil 

and A EC rose fro m  0.46 to 0.73, i n d i c a t i n g  a f o r m ation of n ew 

b i o m a s s  on the e x p e n s e  of dead m i c r o o r g a n i s m s  and s u b s t r a t e  

l i b e r a t e d  fro m  the soil by the d r y i n g  and r e w e t t i n g  procedures. 

Arp and AEC w e r e  after the 24 h i n c u b a t i o n  p e r i o d  only s l i g h t l y  

lower than t h ose r e s u l t s  o b t a i n e d  for the "fresh" soil. The

r e l a t i v e  p r o p o r t i o n s  b e t w e e n  the a d e n i n e  n u c l e o t i d e s  were fair l y  

s i m ilar to those found for the "fresh" soil. T h e  increase in the 

c o n t e n t  of nmol A T P / g  d.wt. soil was not c o u n t e r b a l a n c e d  by a 

d e c r e a s e  in ADP and AMP. Therefore, ATP m a y  be produced f rom 

d e g r a d a t i o n  of s u b s t r a t e  by de novo synthesis.

The c o n t e n t s  of ATP and ADP i n c r e a s e d  in a soil due to the 

i n c u b a t i o n  w ith g l u c o s e  for 3 days at 25°C, w h e r e a s  the amount of 

AM P  r e m a i n e d  f a irly c o n stant. The small i n c r e a s e  in the AEC v a lue 

from 0.65 in the soil w i t h o u t  g l u c o s e  to 0.70 in the soil wit h  

gl u c o s e  a d ded is c o n s i s t e n t  with the a s s u m p t i o n  that the soil 

m i c r o o r g a n i s m s  to a l a rge extent are o ld d o r m a n t  and resting 

cells with an AEC of a b o u t  0.7, and o n l y  a m i n o r  part is in 

a c t i v e  g r o w t h  w ith an A EC value of a b out 0.8. The AEC value, 

w h i c h  is an a v e r a g e  v a l u e  for the total b i o m a s s  wil l  then depe n d  

on the p r o p o r t i o n  of y o u n g  cells to old and r e s t i n g  cells.
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The c o n t e n t s  of ATP, ADP and A MP and A EC v a l u e s  wer e  d e t e r m i n e d  

in different p r e i n c u b a t e d  soils. The A TP c o n t e n t  i n c r e a s e d  w h e n

the soils w e r e  i n c u b a t e d  at 25°C for 24 h, as c o m p a r e d  to

incubation at 5°C. The p r o p o r t i o n s  of ATP, AD P  and AMP of A T 

s h owed that a r a ise in t e m p e r a t u r e  fro m  5°C to 25°C re s u l t e d  in 

an increase in the p e r c e n t a g e  of ATP a nd a d e c r e a s e  in the 

p e r c entage of e i t h e r  AMP or ADP. The A E C  v a l u e s  w ere i n c r e a s e d  in 

the soils, w h e n  the t e m p e r a t u r e  was raised. A EC in the soils

i ncubated at 5°C ra nged fro m  0.58 to 0.74 and s u g g e s t s  a b i o m a s s

co n s isting m a i n l y  of d o r m a n t  o r g a nisms. At 25°C, A EC v a l u e s  

ranged from 0.7 8  to 0.83 in the d i f f e r e n t  soils and s u g g e s t  an 

increased m e t a b o l i s m  and g r o w t h  for some of the o r g a nisms. The 

t otal soil a d e n i n e  n u c l e o t i d e  c o n t e n t  (AT ) was n e a r l y  the same in 

s o ils i n c u bated at 5°C and 25°C, i n d i c a t i n g  a c o n v e r s i o n  of ADP 

or AMP to ATP. The soil b i o m a s s  will p r o b a b l y  be s i m i l a r  in a 

soil stored for a s h ort p e r i o d  at the two t e m p e r a t u r e s .  This was 

a l s o  found in a s a n d y  loa m  and a s a n d y  soil, w h e n  the b i o m a s s  was 

d e t e rmined by  c h l o r o f o r m  fumigation.

The high A E C  v a l u e  of 0.83 found in the "fresh" s a ndy l oam soil 

is comparable to A E C  v a lues of a c t i v e l y  g r o w i n g  m i c r o o r g a n i s m s  in 

v i t r o  and it c o u l d  s u g gest that in soil bot h  d o r m a n t  and 

m e t a b o l i c a l l y  a c t i v e  c e lls m a i n t a i n  a h igh AE C  value. H o w ever, in 

the different m o i s t  soils examined, A EC v a l u e s  v a r i e d  f rom 0.58 

to 0.83, i n d i c a t i n g  that A EC v a l u e s  p r o b a b l y  not are s i m ilar in 

a c t i v e  and i n a c t i v e  cells, but w ill d e p e n d  on the p r o p o r t i o n  of 

y o u n g  cells to old and resting cells. It is likely that the 

somewhat h i g h  A E C  v a lue found in some of the soils c o u l d  be 

c a u s e d  by a l a r g e  p o p u l a t i o n  of soil animals. The y  are k n own to 

m a i n t a i n  a h i g h  A E C  v a l u e  until they are m o r i b u n d .  A l t h o u g h  the 

A T P  content c h a n g e d  in the soils d e p e n d e n t  on the soil 

conditions, it has bee n  found (ref. X), that the soil b i o m a s s  

m a i n t a i n s  a f a i r l y  hig h  ATP content.

The results i n d i c a t e  that t e m p e r a t u r e ,  soil m o i s t u r e  and e n e r g y  

s u p p l y  are f a c t o r s  w h i c h  are i m p ortant for the a m o u n t s  of a d e n i n e

9
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n u c l e o t i d e s  and for the size of AEC in soils. W h e n  the d i f f e r e n t  

f a c t o r s  m e n t i o n e d  are t a ken into account, the c o n tent of a d e n i n e  

n u c l e o t i d e s  and the A E C  v a l u e s  r e p o r t e d  her e  s e e m  to agree w e l l  

w ith the g e n e r a l  c o n c e p t  of the soil bioma s s ,  w h e r e  the m a i n  p a r t  

of the soil m i c r o o r g a n i s m s  are s t a r v i n g  or d o r m a n t  cells l i v i n g  

m ost of the time in a s u b s t r a t e - d e p l e t e d  e n v i r o n m e n t .

The in f l u e n c e  of the cl a y  m i n e r a l  b e n t o n i t e  on biomass, a c t i v i t y  

and the A TP c o n t e n t  of b a c t e r i a  and fungi

P r e s e n c e  of b e n t o n i t e  in a c u l t u r e  of the b a c t e r i u m  P s e u d o m o n a s  

f l u o r e s c e n s  s t i m u l a t e d  the r e s p i r a t i o n  d u r i n g  th e  initial g r o w t h  

phase. The ATP c o n t e n t  of the cells and the n u m b e r  of b a c t e r i a  as 

d e t e r m i n e d  by p l a t e  c o u n t s  w ere larger in the p r e s e n c e  of 

b e n t o n i t e  after 3 days of in c u b a t i o n  than w i t h o u t  bentonite. The 

ATP c o n tent in the c u l t u r e s  a d ded b e n t o n i t e  w a s  in the r a n g e  of 

0 . 2 - 0 . 8  X 10 - ^ug A T P / c e l l  w i t h  the h i g h e s t  ATP content d u r i n g  the 

e x p o n e n t i a l  growth. The ATP c o n t e n t  was f a i r l y  c l o sely r e l a t e d  to 

the r e s p i r a t i o n  in the c u l t u r e  in a b s e n c e  of bentonite, w h e r e a s  a 

closer r e l a t i o n s h i p  b e t w e e n  ATP c o n t e n t  and c o u n t s  of b a c t e r i a  

wa s  found in the p r e s e n c e  of bentonite. The b i o m a s s  C/ATP v a r i e d  

in the b a c t e r i a l  c u l t u r e s  w i t h  b e n t o n i t e  b e t w e e n  153 and 585. In 

D a n i s h  soils w h i c h  w ere a d j u s t e d  to 60 % of w.h.c. and 

p r e i n c u b a t e d  for 5 days at 25°C be fore m e a s u r e m e n t ,  the r a tio 

v a ried from 124 to 240.

The number of b a c t e r i a  in a d r ied c u l t u r e  m a t e r i a l  d e c r e a s e d  

less if b e n t o n i t e  was a d d e d  b e fore the d r y i n g  than if not. The 

co n t e n t  of A T P / c e l l  i n c r e a s e d  in the c u l t u r e s  dried for 2 w e e k s ,  

p o s s i b l y  b e c a u s e  the c lay p r e s e r v e d  some "free" ATP m o l e c u l e s  

r e l e a s e d  f rom dea d  c e lls or e x i s t e n c e  of c e l l s  not a b l e  to 

m u l t i p l y  but still c o n t a i n i n g  ATP.

A fungus, C l a d o s p o r i u m  s p ., was g r own for t wo weeks in a b s e n c e  

and in p r e s e n c e  of b e n t onite. Both the 0 2 u p t a k e  and the ATP
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c o n t e n t  d u r i n g  the first 2-3 day s  of g r o w t h  w e r e  sti m u l a t e d .  

A l t h o u g h  minor d i f f e r e n c e s  w ere o b s e r v e d  b e t w e e n  the c u l t u r e s  in 

a b s e n c e  and p r e s e n c e  of ben t o n i t e ,  the r e s ults i n d i c a t e  a fairly 

g o o d  c o r r e l a t i o n  b e t w e e n  the r e s p i r a t i o n  rate and the ATP 

c o n t e n t .

Recovery of AT P  a d d e d  to s a m p l e s  of sand w i t h  a nd w i t h o u t  

b e n t o n i t e  and a i r - d r i e d  i n d icated that ATP r e m a i n e d  a d s o r b e d  ont o  

t h e  clay w h e n  it w a s  dry, but a s l o w  h y d r o l y s i s  s e ems to take 

place. The r e s u l t s  s u g g e s t  that e x t r a c e l l u l a r  ATP ca n  a c c u m u l a t e  

in clay soils by  a d s o r p t i o n  to the c l a y  m i n erals, w h e n  the soils 

w e r e  dried.

T h e  influence of e n v i r o n m e n t a l  f a c t o r s  on the A TP c o n t e n t

Temperature, o x y gen, m o i s t u r e  c o n t e n t  of the soil an d  f r e e z i n g  

of soil s a m p l e s  i n f l u e n c e d  the A TP c o n c e n t r a t i o n .  The soil 

tem p e r a t u r e  at the s a m p l i n g  time a p p e a r s  of i m p o r t a n c e  for 

c a l c u l a t i o n  of c o n v e r s i o n  f a c t o r s  b e t w e e n  ATP and biomass. 

H o w ever, a r e l a t i v e l y  const a n t  ratio b e t w e e n  ATP c o n t e n t  and 

b i o m a s s  C as d e t e r m i n e d  by the f u m i g a t i o n  m e t h o d  c an be o b t a i n e d  

if the soil s a m p l e s  w e r e  p r e i n c u b a t e d  w i t h  60 % of w.h.c. for 5 

d a y s  at 25°C b e f o r e  d e t e r m i n a t i o n  of ATP. In this wa y  a proper 

b a l a n c e  b e t w e e n  ATP, A DP and AMP is reached. D e t e r m i n a t i o n  of C 0 2  

p r o d u c t i o n  g a v e  Q 1 0  v a l u e s  b e t w e e n  1.5 and 2.1 (5-25°C) in the 

a r a b l e  soils. T he C 0 2 p r o d u c t i o n  in a s a ndy l oam soil had a Q-^q 

(5-15°C) of a b o u t  2.1 a nd the c o r r e s p o n d i n g  ATP c o n t e n t  a Q 1 0  of 

a b o u t  1.6. T h i s  s u g g e s t s  that a f a i r l y  g o o d  c o r r e l a t i o n  m a y  exist 

b e t w e e n  C 0 2 p r o d u c t i o n  an d  ATP content.

Different t e m p e r a t u r e s  i n f l u e n c e d  the ATP c o n t e n t  in 

c e l l s  of the b a c t e r i u m  P s e u d o m o n a s  f l u o r e s c e n s . The ATP 

c o n t e n t / c e l l  in e x p o n e n t i a l  and s t a t i o n a r y  g r o w t h  p h a s e s  was 

h i g h e s t  at 25°C and lowest at 5°C, w i t h  v a lues f rom g r o w t h  at

9*
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1 0 °C, 1 5°C and 20°C in between. The ATP c o n t e n t / c e l l  w as f a i r l y

c o n s t a n t  in the d i f f e r e n t  growth p h a s e s  at the same g r o w t h  

tem p e r a t u r e .  W h e n  c e l l s  begin to die, t h e r e  was a t e n d e n c y

to w a r d s  a lower ATP c o n t e n t / c e l l  at 15°C and 25°C, as c o m p a r e d  to 

the c o r r e s p o n d i n g  t e m p e r a t u r e s  in the e a r l i e r  growth phases. This 

c o u l d  be due to c o unts of n o n - v i a b l e  c e l l s  or because th e  ATP 

c o n t e n t  was r e d uced in o ld cells.

The A TP c o n t e n t  and the C O 2 p r o d u c t i o n  increased w ith 

i n c r e a s i n g  m o i s t u r e  bot h  in a sandy loa m  and a sandy soil. In the 

s a n d y  loam soil, the two p a r a m e t e r s  r e a s o n a b l y  w e l l  w ere

c o r r e l a t e d  b e t w e e n  8 % and 26 % m o i s ture. At 1 % m o i s t u r e ,  a 

r e l a t i v e l y  high ATP c o n t e n t  and a v e r y  low C O 2 p r o d uction were 

found in the sandy l oam soil. It m a y  be d ue to a large b i o m a s s

with a low m i c r o b i a l  a c t i v i t y  or b e c a u s e  "free" ATP is p r e s e n t

and a d s o r b e d  to the clay. The two p a r a m e t e r s  as a f f e c t e d  by 

d i f f e r e n t  m o i s t u r e  c o n t e n t s  were not w ell c o r r e l a t e d  in a s a ndy 

soil. T h e r efore, the AT P  c o n tent c a n n o t  be use d  as a m e a s u r e  of 

m i c r o b i a l  a c t i v i t y  in dry soils c o n t a i n i n g  c l a y  and in sandy 

s o ils with d i f f e r e n t  m o i s t u r e  contents. A n a e r o b i c  i n c u b a t i o n  of 

a s a ndy and a s a ndy loam soil for 2 day s  decreased t he ATP 

c o n t e n t  with 5 % and the C 0 2 p r o d u c t i o n  w i t h  14 % , as c o m p a r e d  

wit h  the c o r r e s p o n d i n g  a e r o b i c  i n c u b a t i o n  (average of t he 2  

soils). T h ese results s h o w  that the A T P  c o n t e n t  is only s l i g h t l y  

i n f l u e n c e d  by the a n a e r o b i c  incubation. T h i s  is probably du e  to 

the great number of i n a c t i v e  m i c r o o r g a n i s m s  existing in a soil 

wit h  o nly a small n u mber of m i c r o o r g a n i s m s  a c t i v e l y  growing.

Fr e e z i n g  of the soil s a m ples at -20° C for up to 2 weeks b e f o r e  

the a n a l y s e s  of ATP, was p o s s i b l e  for the sandy and the s a ndy 

l oam soils w i t h o u t  s i g n i f i c a n t  c h a n g e s  in ATP. However, t he ATP
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c o n tent in a h u m u s  soil and a loam soil d e c r e a s e d  much. It is not 

p o s s i b l e  to s t o r e  these soils at -20° C wi t h o u t  a p p r e c i a b l e  

changes in A T P  content. In general, the ATP c o n t e n t  should 

pr e f e r a b l y  be d e t e r m i n e d  w i t h o u t  f r e e z i n g  of the soils.

T he nucleotide c o n t e n t s  as m e a s u r e s  of soil m i c r o b i a l  b i o m a s s  and 

activ i t y

The ATP c o n t e n t  in a r a b l e  soils a d ded o r g a n i c  m a n u r e s  showed 

s i g n i f i c a n t l y  p o s i t i v e l y  c o r r e l a t i o n s  to 0 2 uptake, C 0 2  

production, d e h y d r o g e n a s e  a c t i vity, b i o m a s s  d e t e r m i n e d  by C H C I 3

fumigation, t o tal o r g a n i c  C, total N, N O 3 -N, N H 4 -N and soil

moisture. T h i s  i n d i c a t e  a r e l a t i o n s h i p  b e t w e e n  the A TP content, 

m i c robial a c t i v i t y  and b i o m a s s  if soil c o n t a i n s  easily 

d e c o m posible o r g a n i c  m a t erial.

The effects on m i c r o b i a l  b i o m a s s  and a c t i v i t y  of reduced 

tillage and u se of a c a t c h  c r o p  w ere e x a m i n e d  in a s a n d y  loam and 

a sandy soil. O n l y  i n o r g a n i c  f e r t i l i z e r s  have been applied. The 

A TP content wa s  in the upper 5 cm layer of the s a ndy loa m  soil 

s i g n i f i c a n t l y  p o s i t i v e l y  c o r r e l a t e d  to C 0 2 pro d u c t i o n ,  

d e h y d r o g e n a s e , -  c e l l u l a s e -  and p h o s p h a t a s e  activity, b a c t e r i a  

determined by  p l a t e  counts, b i o m a s s  (C H C I 3 fumigation) and FDA-

active fungi. In the 5-20 cm depth, the ATP c o n t e n t  was not

correlated to C 0 2 p r o d u c t i o n ,  d e h y d r o g e n a s e  activity, c e l l u l a s e  

a c t ivity a nd F D A - a c t i v e  fungi but o nly to the b i o m a s s  ( C H C I 3  

fumigation), b a c t e r i a  on p l a t e s  and p h o s p h a t a s e  activity. The ATP 

co n tent was not c o r r e l a t e d  to p h y s i c a l - c h e m i c a l  p a r a m e t e r s  in the 

s a ndy loam soil and in the s a ndy soil in both depths. In 

addition, no c o r r e l a t i o n s  b e t w e e n  m i c r o b i a l  p a r a m e t e r s  wer e  found 

in the sandy soil. The m i s s i n g  c o r r e l a t i o n s  may be a s c r i b e d  to
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the s m all v a r i a t i o n s  o b s e r v e d  b e t w e e n  the s o i l  t r e a tments and

over time in this soil type.

T h e r e  was a s i g n i f i c a n t  c o r r e l a t i o n  b e t w e e n  A T P  content a n d  C 0 2  

p r o d u c t i o n  (r = 0.70; p <  0.01) for 5 d i f f e r e n t  arable soils. 

The soil s a m ples had bee n  stored for 24 h at the ambient soil 

t e m p e r a t u r e  and t hen a d j u s t e d  to 60 % of w.h.c. i m m e d i a t e l y  

b e f o r e  the m e a s u r e m e n t s  were c a r r i e d  out. W h e n  ATP was m e a s u r e d  

a fter p r e i n c u b a t i o n  of the soils for 5 days at 25°C, t h e r e  was

not a s i g n i f i c a n t  c o r r e l a t i o n  b e t w e e n  A T P  content an d  C 0 2

p r o d u c t i o n  (r = 0.39). ATP m e a s u r e d  w i t h o u t  and w i t h  a

p r e i n c u b a t i o n  of the s o ils was s i g n i f i c a n t l y  c o r r e l a t e d  to 

b i o m a s s  C d e t e r m i n e d  by c h l o r o f o r m  f u m i g a t i o n .  The p r e i n c u b a t i o n  

of the soils befo r e  m e a s u r e m e n t s  of ATP r e s u l t e d  in a more c l o s e  

r e l a t i o n s h i p  (r = 0.97; p <  0.001), as o p p o s e d  to ATP m e a s u r e d  

w i t h o u t  a soil p r e i n c u b a t i o n  (r = 0.81; p <  0 .0 0 1 ).

The r e g r e s s i o n  e q u a t i o n  t h r o u g h  the o r i g i n  a nd the c o r r e l a t i o n  

c o e f f i c i e n t  were d e t e r m i n e d  for two g r o u p s  of the 5 d i f f e r e n t  

soils; I) c o a r s e  sand, fine sand and s a n d y  loa m  soils a nd II) 

l oam and silt loam soils. Soil g r o u p  I had a regression e q u a t i o n  

of y = 186x with a c l o s e  r e l a t i o n s h i p  b e t w e e n  ATP c o n tent and 

bi o m a s s  C (r = 0.69; p <  0.05). Soil g r o u p  II had a r e g r e s s i o n  

e q u a t i o n  of y = 148x, and AT P  c o n t e n t  and b i o m a s s  C was e v e n  m o r e  

c l o s e l y  c o r r e l a t e d  (r = 0.99; p <  0.001).

The A TP c o n t e n t  is a m e a s u r e  of the size of the soil b i o m a s s  if 

the soil samples h ave b e e n  a d j u s t e d  to s t a n d a r d  conditions (60 % 

of w . h .c.) and p r e i n c u c a t e d  for 5 days at 25°C. Changes in the 

size of the soil biomass, re s u l t i n g  from m a n a g e m e n t  p r a c t i c e s  and 

e n v i r o n m e n t a l  v a r i a t i o n s  can be d e t e c t e d  by m e a s u r e m e n t s  of the 

ATP c o n c e n t r a t i o n s .  D i f f e r e n c e s  in the size of the b i o m a s s  in 

d i f f e r e n t  soil types is also r e f l e c t e d  in the A T P  conce n t r a t i o n s .  

T h e r e  was also a f a i r l y  good r e l a t i o n s h i p  b e t w e e n  ATP c o n t e n t  and 

v a r i o u s  m e a s u r e s  of the m i c r o b i a l  a c t i vity, if ATP is m e a s u r e d  

i m m e d i a t e l y  in "fresh" soil at the a m b i e n t  soi l  temperature and 

m o i s t u r e  content. The p o s i t i v e  c o r r e l a t i o n  b e t w e e n  ATP c o n t e n t
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and m i c r o b i a l  a c t i v i t y  was not ver y  g o o d  in dry s o ils c o n t a i n i n g  

clay; in e x t r e m e  s a n d y  soil the c o r r e l a t i o n  is a l s o  l i m i t e d

presumably b e c a u s e  t h e r e  is not a g o o d  r e l a t i o n s h i p  b e t w e e n  ATP

content and a l ow m i c r o b i a l  activity.

The a d e n y l a t e  e n e r g y  c h a r g e  (AEC) is an e x p r e s s i o n  of the

m e t abolic s t a t e  of the soil biomass. T he A EC d e t e r m i n a t i o n s  are 

fairly c o n s i s t e n t  w i t h  the v i e w  t hat the bulk of the b i o m a s s

consist of d o r m a n t  org a n i s m s ,  w h i c h  are u n able to g r o w  and the 

o rganisms c a p a b l e  of g r o w t h  a c c o u n t  o n l y  for a m i n o r  p r o p o r t i o n  

of the t o t a l  soil b i o m a s s .  The A E C  v a l u e  is b e l i e v e d  to be a 

useful tool in r e s e a r c h  of the o v e r - a l l  a c t i v i t y  s t a t e  of the 

soil biomass.
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D A N SK  R E S U M E  ( D A N I S H  S U M M A R Y  )

B E S T E M M E L S E  AF A D E N O S I N  T R I F O S F A T  ( ATP ) OG 

A D E N Y L A T  E N E R G I L A D N I N G  ( AEC ) I J O R D  OG A N V E N D E L S E  

AF A D E N I N  N U K L E O T I D E R  S O M  MÅL  FOR M I K R O O R G A N I S 

M E R N E S  B I O M A S S E  OG A K T I V I T E T  I J OR D E N

I n d h o l d e t  af a d e n o s i n  t r i f o s f a t  (ATP) i c e l l e r  kan a n v e n d e s  

indenfor m a n g e  m i k r o b i o l o g i s k e  o m r åder, f.eks. til at b e s t e m m e  

b i o m a s s e n s  s t ø r r e l s e  i a k v a t i s k e  ø k o s y s t e m e r .  I denne a f h a n d l i n g  

er b e s k r e v e t  en række u n d e r s ø g e l s e r ,  der o m h a n d l e r  b e s t e m m e l s e  af 

A T P  og A EC i jord. Når disse p a r a m e t r e  blev a n v endt på 

j o r d p røver, er det f u n d e t  at der er s p e c i e l l e  pr o b l e m e r  f o r b u n d e t  

m ed m e t o d i k k e n  og t o l k n i n g e n  af r e s u l t a t e r n e  på en m e n i n g s f u l d  

måde. F o r m å l e t  m e d  d e t t e  a r b e j d e  har v æ r e t  at bidrage til en 

k l a r l æ g g e l s e  af n o g l e  af disse p r o b l e m e r ,  f.eks. f o r s k e l l i g e  

m i l j ø f a k t o r e r s  i n d f l y d e l s e  på b r u g e n  af A TP in d h o l d e t  som et m å l  

for m i k r o b i e l  b i o m a s s e  og m i k r o b i e l  a k t i v i t e t  i jord. En d el af 

de o p n å e d e  res u l t a t e r  er t i d l i g e r e  p u b l i c e r e t  i 1 0  artikler, der 

er a n g i v e t  på side 6 og 7 med romertal I til X.

M e t o d e r

En s i mpel m e t o d e  er b l e v e t  u d v i k l e t  til k v a n t i t a t i v  b e s t e m m e l s e  

af j o r dens ATP i n d h o l d  ved b rug af l u c i f e r i n - l u c i f e r a s e  

e n z y m s y s t e m e t .  ATP i n d h o l d e t  blev e k s t r a h e r e t  fra jorden ved
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kr a f t i g  r y s t n i n g  i 15 m i n u t t e r  med en s v o v l s y r e - f o s f a t  opløsning. 

En mængde af j o r d s u s p e n s i o n e n  blev n e u t r a l i s e r e t  m ed en T r i s - E D T A  

o p l ø s n i n g  og d e r e f t e r  b l andet med et s p e c i e l t  ATP fr i g ø r e n d e  

r e a gens (NRE@) . E f ter en k o n t a k t p e r i o d e  på 10 s e k u n d e r  m e l l e m  

j o r d s u s p e n s i o n e n  og NRB, blev der t i l f ø r t  l u c i f e r i n - l u c i f e r a s e  

e n z y m  og A T P  i n d h o l d e t  blev m ålt ved i n t e g r a t i o n  over en 10 

sekunders p e r i o d e  i en L u m a c o u n t e r  M 2080. D e nne m e t o d e  kan også 

b r u g e s  til at b e s t e m m e  ATP indhold i celler fra kulturer. ATP 

indholdet i j o rder der er o p b e v a r e t  i 90 dage ved 5°C og d e r efter 

i nkuberet i 5 d age ved 25°C lå i m e l l e m  0,37 og 7,52 ug ATP/g 

tørvægt jord.

En metode er ogs å  b l e v e t  u d v i k l e t  for b e s t e m m e l s e  af a d e n y l a t  

e n e r g i l a d n i n g  (AEC) i jord.
(ATP| +  [ A D P |

A E C  er d e f i n e r e t  som
|ATP] +  | A D P |  +  | A M P |  •

Hvi s  alle a d e n i n  n u k l e o t i d e r  (AT ) er på ATP for m  er AEC = 1; hvis 

all e  er på A M P  f o r m  er AEC = 0. A EC er et udtr y k  for s t o f s k i f t e t

1 jordens o r g a n i s m e r .  Adenin n u k l e o t i d e r n e  i j o r d p r ø v e r n e  

e k s t raheres m e d  s v o v l s y r e - f o s f a t ,  på samme m å d e  s om f o r e s l å e t  for 

A TP metoden. E k s t r a k t e r n e  der in d e h o l d e r  j o r d p a r t i k l e r n e  koges i

2 minutter, a f k ø l e s ,  og pH justeres til 7,5 m ed T ris b u ffer og 

NaOH. ADP i n d h o l d e t  i n e u t r a l i s e r e d e  e k s t r a k t e r  o m d a n n e s  til ATP 

v ed inkubering i H e e p e s  buffer m ed KC1, f o s f o e n o l  p y r u v a t  kinase- 

l a ktat d e h y d r o g e n a s e  og ß - n i k o t i n a m i d - a d e n i n  d i n u k l e o t i d  

(NADH). AMP o m d a n n e s  til ATP ved brug af r e a g e n s e r n e  til 

b e s t e m m e l s e  af ADP, h v o r t i l  der er tilsat m y o k i n a s e  (MK).

For at k u n n e  lave s t a n d a r d k u r v e r  er A T P  s t a n d a r d e r  og 

b l a n dinger af A T P / A D P  og A T P /AMP s t a n d a r d e r  tils a t  s u s p e n s i o n e r  

af s t e r i l i s e r e t  jord. Disse b l a n d i n g e r  b e h a n d l e s  på samme måde 

s o m  jordprøverne, der undersøges.

Efter i n k u b e r i n g  af b l a n d i n g e r n e  ved 30°C i 30 m i n u t t e r ,  måles 

ATP indholdet m e d  l u c i f e r i n - l u c i f erase metoden. K o n c e n t r a t i o n e r n e  

af ADP og A M P  b e s t e m m e s  ved s u b t r a k t i o n  og A EC v æ r d i e r n e  

k a l k u l e r e s .
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I n d h o l d  af ATP, A DP og A MP i jord ved p å v i r k n i n g  af t e m p e r a t u r ,  

f u g t i g h e d  og e n e r g i t i l f ø r s e l

A d e n i n  n u k l e o t i d e r  og a d e n y l a t  e n e r g i l a d n i n g  (AEC) blev 

u n d e r s ø g t  i en l e r b l a n d e t  sandjord. D en " f r iske" jord der ble v  

a n a l y s e r e t  3 timer efter p r ø v e u d t a g n i n g  h a v d e  en AEC v æ r d i  på 

0,83 og in d h o l d e t  af ATP, ADP og A M P  var h e n h o l d s v i s  

65,6 %, 33,9 % og 0,5 % af det t o t a l e  indhold af a d e n i n

n u k l e o t i d e r  (AT ). Efter at jorden var l u f t t ø r r e t  i 10 d a g e  ved 

25°C faldt Arp fra 2,18 til 0,56 n m o l / g  tør jord. AEC faldt i den 

samme p e r i o d e  fra 0,83 til 0,46 og det r e l a t i v e  indhold af de tre 

n u k l e o t i d e r  i den l u f t t ø r r e d e  jord var 17,9 % (ATP), 55,4 % (ADP) 

og 26,7 % (AMP) af A,p. Den l u f t t ø r r e d e  jord blev d e r e f t e r  

g e n o p f u g t e t  til 60 % af v a n d h o l d e n d e  e v n e  og i n k u b e r e t  i

y d e l i g e r e  24 timer ved 25°C. Dette r e s u l t e r e d e  i en stign i n g  i Arp 

fra 0,56 til 1,80 n m o l / g  d.wt. soil og A E C  steg fra 0,46 til 

0,73, h v i l k e t  i n d ikerer en d a n n e l s e  af ny b i o m a s s e  på b e k o s t n i n g  

af døde m i k r o o r g a n i s m e r  og s u b strat f r i g j o r t  fra jorden ved 

t ø r r i n g  og g e n o p f u g t n i n g s p r o c e s s e r n e . A T of A EC var efter de 24 

t i mers i n k u b e r i n g  kun lidt m i n d r e  end de resultater, der blev 

o p n å e t  for den "friske" jord. Det r e l a t i v e  f o r h o l d  imellem a d e n i n  

n u k l e o t i d e r n e  s v a r e d e  ret godt til det, der b l e v  fundet for den 

"friske" jord. S t i g n i n g e n  i indholdet af n mol ATP/g d.wt. jord

m o d s v a r e d e  ikke et fald i ADP og AMP. D e r f o r  må ATP b l i v e

p r o d u c e r e t  fra n e d b r y d n i n g  af s u b strat ved c|e n o v o  syntese.

In d h o l d e t  af ATP og ADP steg i en jord v e d  inkubering med

g l u k o s e  i 3 dage ved 25°C, h v o r i m o d  AMP i n d h o l d e t  f o r blev ret 

konstant. Den lille ø g n i n g  i AEC v æ r d i e n  fra 0,65 i jorden uden 

g l u k o s e  til 0,70 i jorden med g l u k o s e  er konsistent m ed den

a n t a g e l s e  at jordens m i k r o o r g a n i s m e r  i stor ud s t r æ k n i n g  er g a m l e

og h v i l e n d e  c e l l e r  m ed en AEC på o m k r i n g  0,7, og kun en m i n d r e

del er i a k tiv vækst med en AEC værdi på omkring 0,8. AEC

værdien, som er en g e n n e m s n i t s v æ r d i  for h e l e  biomassen, vil

s å l edes a f h æ n g e  af a n d e l e n  af unge c e l l e r  til gamle og h v i l e n d e  

c e l l e r .
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Indholdet af ATP, ADP og AMP og AE C  v æ r d i e r  b l e v  m å l t  i 

f o r s kellige for i n k u b e r e d e  jorder. AT P  i n d h o l d e t  steg når j o r derne 

b l e v  i n k u b e r e t  ve d  25°C i 24 timer, s a m m e n l i g n e t  m e d  i n k u b e r i n g  

v ed 5°C. A n d e l e n  af ATP, ADP og AMP af A T v i s t e  at en s t i g n i n g  i 

temperatur fra 5°C til 25°C r e s u l t e r e d e  i en ø g n i n g  i

p r o c e n t d e l e n  af A T P  og et fald i p r o c e n t d e l e n  af e n t e n  A MP eller

ADP. AEC v æ r d i e r n e  steg i jorderne, når t e m p e r a t u r e n  var øget. 

A E C  i j o r d e r n e  i n k u b e r e t  ved 5°C v a r i e r e d e  fra 0,58 til 0,74 og 

dette peger på en bi o m a s s e ,  der h o v e d s a g e l i g  b e s t å r  af h v i l e n d e  

organismer. V e d  25°C v a r i e r e d e  A E C  v æ r d i e r n e  fra 0,78 til 0,83 i

f o r s k ellige jord e r  og det tyder på et øget s t o f s k i f t e  og v æ kst

for nogle af o r g a n i s m e r n e .  In d h o l d e t  af a d e n i n  n u k l e o t i d e r n e  (AT ) 

var næsten det s a m m e  i jorder in k u b e r e t  ve d  5° og 25°C, h v i l k e t  

indikerer at der sker en o m d a n n e l s e  af A DP e l ler A MP til ATP. 

J o r dens b i o m a s s e  vil s a n d s y n l i g v i s  være ens v ed o p b e v a r i n g  i en 

kort p e r i o d e  ved de to temp e r a t u r e r .  Det var ogs å  f u n d e t  i en 

lerblandet s a n d j o r d  og en sandjord, hvor b i o m a s s e n  var b e s t e m t  

ve d  k l o r o f o r m d a m p n i n g s m e t o d e n .

Den høje A E C  v æ r d i  på 0,83, der ble v  f u ndet i d en n y u d t a g n e  

lerblandede s a n d j o r d  er s a m m e n l i g n e l i g  m ed A E C  v æ r d i e r  i a k tivt 

v o k sende m i k r o o r g a n i s m e r  iji v i tro og det k u nne se ud til at både 

inaktive og s t o f s k i f t e a k t i v e  cell e r  o p r e t h o l d e r  en høj A EC værdi 

i jord. I m i d l e r t i d  v a r i e r e d e  A EC v æ r d i e r n e  i de f o r s k e l l i g e  

fugtige jord e r  m e l l e m  0,58 og 0,83, h v i l k e t  i n d i k e r e r  at AEC 

værdier s a n d s y n l i g v i s  ikke er ens i a k t i v e  og i n a k t i v e  celler. 

Det er m e r e  s a n d s y n l i g t  at den noget h ø j e r e  A EC v æ r d i  der blev 

fundet i n o g l e  af j o r d e r n e  kunne s k y l d e s  en stor p o p u l a t i o n  af 

dyr i jorden. De er kendt for at o p r e t h o l d e  en høj A E C  værdi 

indtil de dør. S k ønt ATP i n d holdet æ n d r e d e s  i j o r d e r n e  a f h æ n g i g  

af j o r d b u n d s f o r h o l d e n e ,  er det blev e t  f u ndet (ref. X), at jordens 

biomasse o p r e t h o l d e r  et te m m e l i g t  højt ATP indhold.

R e s u l t a t e r n e  v i ser at temperatur, f u g t i g h e d  og e n e r g i t i l f ø r s e l  

er faktorer s o m  er v æ s e n t l i g e  for m æ n g d e n  af a d e n i n  n u k l e o t i d e r  

og for s t ø r r e l s e n  af A E C  i jorder. Når de f o r s k e l l i g e  faktorer
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der er n æ vnt er taget i b e t r a g t n i n g ,  s y n e s  i n d h o l d e t  af a d e n i n  

n u k l e o t i d e r  og A E C  v æ r d i e r n e  der er f u n d e t  i d i s s e  u n d e r s ø g e l s e r ,  

at s t e m m e  god t  m ed den h e r s k e n d e  o p f a t t e l s e  af jordens b i o m a s s e ,  

hvor s t ø r s t e d e l e n  af j o r d b u n d s m i k r o o r g a n i s m e r n e  er u d s u l t e d e  

og h v i l e n d e  celler, der lever det m e s t e  af tiden i et 

h æ r i n g s f a t t i g t  miljø.

Virkning af lermineralet bentonit på bakteriers og svampes 

biomasse, aktivitet og ATP indhold

T i l s t e d e v æ r e l s e n  af b e n t o n i t  i en k u l t u r  af b a k t e r i e n  

P s e u d o m o n a s  f l u o r e s c e n s  s t i m u l e r e d e  r e s p i r a t i o n e n  i d en 

in d l e d e n d e  væ k s t f a s e .  ATP indholdet i c e l l e r n e  og b a k t e r i e t a l l e t  

b e s t e m t  ved p l a d e s p r e d n i n g e r  var større, når b e n tonit var 

t i l s t e d e  efter 3 d a ges in k u b e r i n g  end u d e n  bentonit-. ATP 

in d h o l d e t  i k u l t u r e r n e  m ed b e n t o n i t  var i s t ø r r e l s e s o r d e n e n  0 ,2 - 

0,8 X  10 9 pg A T P / c e l l e  med det s t ø r s t e  A T P  indhold i den 

e x p o n e n t i e l l e  vækst. K o n c e n t r a t i o n e n  af A TP v ar k o r r eleret til 

r e s p i r a t i o n e n  i k u l t u r e n  uden bentonit, h v o r i m o d  der i k u l t u r e r n e  

med b e n t o n i t  var en b e dre s a m m e n h æ n g  m e l l e m  A T P  indholdet og 

b a k t e r i e t a l l e t .

B i o m a s s e  C / A T P  fo r h o l d e t  i b a k t e r i e k u l t u r e r n e  med b e n t o n i t  

v a r i e r e d e  m e l l e m  153 og 585. I d a nske jorder s o m  var justeret til 

60 % af v a n d h o l d e n d e  evne og f o r i n k u b e r e t  i 5 dag e  ved 25°C før

ATP måling, b lev der fundet værdier m e l l e m  m e l l e m  124 og 240.

U d t ø r r i n g  af b a k t e r i e k u l t u r e r n e  med b e n t o n i t  mindskede b åde 

b a k t e r i e t a l l e t  og ATP i n d h oldet s a m m e n l i g n e t  m e d  en i k k e - t ø r r e t  

kultur. I n d h o l d e t  af A T P / c e l l e  steg i den k u ltur, der var t ø r r e t  

i 2 uger, m u l i g v i s  fordi leret b e s k y t t e d e  "frie" ATP m o l e k y l e r ,  

der var f r i g j o r t  fra døde celler eller fordi nogle celler var 

h v i l e n d e  og h a v d e  m i stet deres evne til at d a n n e  kolonier på et 

agar medium, skønt de stadig var levende.
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Under 2 u g e r s  v æ kst af s v a m p e n  C l a d o s p o r i u m  sp. var der en god 

sammenhæng m e l l e m  A TP i n d h oldet og r e s p i r a t i o n e n ,  både i kulturer 

u d e n  og me d  b e n t o n i t .  B e n t o n i t  i k u l t u r e n  s t i m u l e r e d e  både 0 2  

forbrug og A TP i n d h o l d  under de førs t e  2-3 d a ges vækst. Skønt 

m i n d r e  f o r s k e l l e  ble v  set m e l l e m  k u l t u r e r n e  u den og me d  bentonit, 

viste r e s u l t a t e r n e  en t e m m e l i g  god k o r r e l a t i o n  m e l l e m  r e s p i r a t i o 

n en og ATP i n d h oldet.

G e n f i n d i n g  af ATP tilsat prøver af sand med og uden b e n t o n i t  og 

lufttørret, v i s t e  at ATP f o r blev a d s o r b e r e t  til leret, når det 

var tørt, m e n  en l a n g s o m  h y d r o l y s e  synes at foregå. Skønt ATP er 

en kemisk f o r b i n d e l s e ,  der har v æ ret a n t a g e t  kun at find e s  i 

levende c e l ler, p e ger r e s u l t a t e r n e  fra de f o r s k e l l i g e  forsøg på, 

at e x t r a c e l l u l æ r t  A TP kan findes i u d t ø r r e d e  lerjorder, hvor det 

er beskyttet m o d  n e d b r y d n i n g  ved a d s o r b t i o n  til lerm i n e r a l e r .

M i l j ø f a k t o r e r s  i n d f l y d e l s e  på ATP indholdet

Temperatur, iltforhold, f u g t i g h e d s i n d h o l d  i j o r derne og 

frysning af jo r d p r ø v e r  i n d v i r k e d e  på ATP c o n c e n t r a t i o n e n . 

Justering af j o r d t e m p e r a t u r e n  til en s t a n d a r d t e m p e r a t u r  er 

væsentlig for at k u nne b e r e g n e  o m s æ t n i n g s f a k t o r e r  m e l l e m  ATP og 

biomasse. Et ret k o n s t a n t  f o r hold kunne i m i d l e r t i d  findes m e l l e m  

indholdet af ATP og b i o m a s s e  C b e s t e m t  med k l o r o f o r m d a m p n i n g s m e 

toden, når j o r d p r ø v e r n e  blev f o r i n k u b e r e t  med 60 % af v a n d h o l d e n 

de evne i 5 d age ved 25°C, før ATP in d h o l d e t  ble v  bestemt. På 

denne måde b l e v  der opnå e t  en b a l a n c e  m e l l e m  ATP, ADP og AMP. 

Be s t e m m e l s e  af C 0 2 p r o d u c t i o n  gav en m e l l e m  1,5 og 2,1 (5-

1 5°C) i l a n d b r u g s j o r d e r n e .  C 0 2 p r o d u k t i o n e n  i en l e r b landet 

sandjord h a v d e  en Q 1 0  (5-15°C) på o m k r i n g  2,1 og det t i l s v a r e n d e  

ATP indhold g av en Q 1 0  på o m k r i n g  1,6. Dette tyder på at der kan 

være en t e m m e l i g  god s a m m e n h æ n g  m e l l e m  C 0 2 p r o d u k t i o n  og ATP 

i n d h o l d .

F o r s k ellige t e m p e r a t u r e r  p å v i r k e d e  ATP i n d h o l d e t  i celler af
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b a k t e r i e n  P s e u d o m o n a s  f l u o r e s c e n s . ATP i n d h o l d e t / c e l l e  i 

de e x p o n e n t i e l l e  og s t a t i o n æ r e  v æ k s t f a s e r  var højest ved 25°C og 

lavest ved 5°C. I n k u b e r i n g  ved 10°C, 15°C og 20°C gav ATP

i n d h o l d / c e l l e ,  der lå i m ellem de o v e n n æ v n t e  værdier. A TP 

i n d h o l d e t / c e l l e  var t e m m e l i g t  k o n s t a n t  i de f o r s k e l l i g e  

v æ k s t f a s e r  i n d enfor hver af v æ k s t t e m p e r a t u r e r n e .  Når c e l l e r n e  

b e g y n d t e  at dø var der en t e ndens til et l a v e r e  ATP i n d h o l d / c e l l e  

ved 1 5 °C og 25°C, s a m m e n l i g n e t  med de t i l s v a r e n d e  t e m p e r a t u r e r  i 

de t i d l i g e r e  v æ k s t f a s e r .  Det k u nne være på grund af i k k e -  

l e v e d y g t i g e  c e ller e l ler fordi ATP i n d h o l d e t  b l e v  r e d u c e r e t  i 

a l d r e n d e  celler.

ATP i n d h o l d e t  og C 0 2 p r o d u c t i o n e n  steg med et øget v a n d i n d h o l d

både i en l e r b l a n d e t  s a n d j o r d  og en sandjord. I den l e r b l a n d e d e

s a n d j o r d  var der en r i melig god k o r r e l a t i o n  mellem de to 

par a m e t r e ,  når jorden in d e h o l d t  m e l l e m  8 % og 26 % vand. V e d  1 % 

v a n d i n d h o l d  blev der f u ndet et r e l a t i v t  højt A T P  indhold og en 

m e g e t  lav C 0 2 pr o d u k t i o n .  Det må skyldes, at der er en stor

b i o m a s s e  med en lav m i k r o b i e l  a k t i v i t e t  e l ler o g s å  fordi "frit" 

ATP er t i l s t e d e  og a d s o r b e r e t  til leret. I s a n d j o r d e n  var ATP 

in d h o l d e t  og C 0 2 p r o d u k t i o n e n  ikke godt k o r r eleret v e d  de 

f o r s k e l l i g e  v a n d i n d h o l d .  Derfor kan ATP i n d h o l d e t  ikke b l i v e  

a n v e n d t  s om et mål for m i k r o b i e l  a k t i v i t e t  i t ø r r e  jorder, der 

in d e h o l d e r  ler og i s a n d j o r d e r  med f o r s k e l l i g e  vandindhold.

A n a e r o b  i n k u b e r i n g  af en sandj o r d  og en l e r b l a n d e t  s a n d j o r d  i 2 

d age fik ATP in d h o l d e t  til at falde m ed 5 % og C 0 2 p r o d u k t i o n e n  

med 14 % i f o r hold til den t i l s v a r e n d e  a e r o b e  i n k u b e r i n g

( g e n nemsnit af 2 jorder). D i s s e  res u l t a t e r  v i s e r  at ATP i n d h o l d e t  

kun æ n d r e s  lidt af d en a n a e r o b e  i n k u b e r i n g .  Det s k y l d e s  

s a n d s y n l i g v i s  at der er et stort antal i n a k t i v e  organismer i en 

jord, med kun et lille a n tal m i k r o o r g a n i s m e r ,  der er i a k t i v

v æ k s t .

Det v i s t e  sig m u l i g t  at fryse de u n d e r s ø g t e  sandjorder og en 

l e r b l a n d e t  s a n d j o r d  ved -20° C og o p b e v a r e  j o r d p r ø v e r n e  i op til 2 

uger før a n a l y s e r i n g  af ATP uden n æ v n e v æ r d i g e  æn d r i n g e r  i ATP
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indholdet. M o d s a t  b l e v  ATP in d h o l d e t  i en h u m u s j o r d  og en l e r jord 

reduceret m e g e t .  D e r f o r  er det i a l m i n d e l i g h e d  b e d s t  at t i l s t r æ b e  

m å l i n g e r  af A T P  ude n  en n e d f r y s n i n g  af p r ø verne.

N u k l e o t i d i n d h o l d  s o m  m å l  for j o r d e n s  b i o m a s s e  og a k t i v i t e t

ATP i n d h o l d e t  i l a n d b r u g s j o r d e r  t i l s a t  o r g a n i s k e  g ø d n i n g e r  

v i ste s i g n i f i k a n t e  p o s i t i v e  k o r r e l a t i o n e r  til 0 2 forbrug, C 0 2  

produktion, d e h y d r o g e n a s e  a k t i v i t e t ,  b i o m a s s e  b e s t e m t  m ed 

k l o r o f o r m d a m p n i n g ,  total o r g a n i s k  C, N O 3 -N, N H ^ - N  og

jo rdfu g t i g h e d . D e t t e  p e ger på en s a m m e n h æ n g  m e l l e m  A TP indholdet, 

m i k r o b i e l  a k t i v i t e t  og bi o m a s s e ,  når jord i n d e h o l d e r  let

ne d b r y d e l i g t  o r g a n i s k  stof.

Vi r k n i n g  på m i k r o b i e l  b i o m a s s e  og a k t i v i t e t  af r e d uceret

j o r d b e h a n d l i n g  og b r u g  af en e f t e r a f g r ø d e  b l e v  u n d e r s ø g t  i en 

lerblandet s a n d j o r d  og en sandjord. K un u o r g a n i s k e  g ø d n i n g e r  ble v  

anvendt. A T P  i n d h o l d e t  var i det ø v e r s t e  5 cm  lag af den 

ler b l a n d e d e  s a n d j o r d  s i g n i f i k a n t  p o s i t i v t  k o r r e l e r e t  til C 0 2  

produktion, d e h y d r o g e n a s e , -  c e l l u l a s e -  og f o s f a t a s e a k t i v i t e t ,  

ba k t erier b e s t e m t  m ed p l a d e s p r e d n i n g s m e t o d e n ,  b i o m a s s e  

( k l o r o f o r m d a m p n i n g )  og F D A - a k t i v e  svampe. I 5-20 cm  laget var ATP 

indholdet ikke k o r r e l e r e t  til C 0 2 p r o d u k t i o n ,  d e h y d r o g e n a s e  

aktivitet, c e l l u l a s e  a k t i v i t e t  og F D A - a k t i v e  s v a m p e , m e n  kun til 

bi o m a s s e  ( k l o r o f o r m d a m p n i n g ) ,  a n t a l  b a k t e r i e r  og

f o s f a t a s e a k t i v i t e t . AT P  i n d holdet var ikke k o r r e l e r e t  til

f y s i s k e - k e m i s k e  e g e n s k a b e r  i d en l e r b l a n d e d e  s a n d j o r d  og 

s a n d jorden (0-5 cm  og 5-20 cm  dybde). D e s u d e n  b l e v  der ikke

fundet n o g e n  s a m m e n h æ n g  m e l l e m  m i k r o b i o l o g i s k e  p a r a m e t r e  i 

sandjorden. De m a n g l e n d e  k o r r e l a t i o n e r  må t i l s k r i v e s  de små 

v a r i a t i o n e r  m e l l e m  j o r d b e h a n d l i n g e r n e  og over tid i d e nne 

jordtype, f o r d i  j o r d p r ø v e r n e  var for ens.
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Der var en s i g n i f i k a n t  k o r r e l a t i o n  m e l l e m  A TP indhold og C O 2  

p r o d u k t i o n  (r = 0,70; p < 0 , 0 1 )  for 5 f o r s k e l l i g e  l a n d b r u g s j o r 

der. J o r d p r ø v e r n e  var o p b e v a r e t  i 24 h ved u d t a g n i n g s t e m p e r a t u r e n  

og så j u s teret til 60 % af v a n d h o l d e n d e  evn e  u m i d d e l b a r t  før 

m å l i n g e r n e  blev udført. Når ATP ble v  mål t  e f ter en for i n k u b e r ing 

a i  jorde r n e  i 5 dage ved 25°C, var der ikke en sig n i f i k a n t  

k o r r e l a t i o n  m e l l e m  AT P  indhold og C 0 2 p r o d u k t i o n  (r = 0,39).

A TP mål t  både ude n  og m ed en f o r i n k u b e r i n g  af j o r d e r n e  var s i g n i 

f i k a n t  k o r r e l e r e t  til b i o m a s s e  C b e s t e m t  m ed k l o r o f o r m d a m p n i n g s 

metoden. For i n k u b e r ing af j o r derne før A TP m å l i n g e r n e  re s u l t e r e d e  

i en b e dre s a m m e n h æ n g  (r = 0,97; p <  0,001), end når ATP 

b lev målt uden en f o r i n k u b e r i n g  (r = 0,81; p <  0,001).

R e g r e s s i o n e n  g e n n e m  0 - p u n k t e t  og k o r r e l a t i o n s k o e f f i c i e n t e n  blev 

b e s t e m t  for to g r u p p e r  jord; I) grovsand, f i n s a n d  og l e r b l andede 

s a n d j o r d e r  og II) l e r j o r d  og s i l t a g t i g  lerjord. G r u p p e  I havde en 

r e g r e s s i o n s l i g n i n g  på y = 186x med en tæt s a m m e n h æ n g  m e l l e m  ATP 

i n d hold og b i o m a s s e  C (r = 0,69; p <  0,05). G r u p p e  II h avde en 

r e g r e s s i o n s l i g n i n g  på y = 148x, og gav en e n d n u  b e d r e  k o r r e l a t i o n  

m e l l e m  ATP og b i o m a s s e  C (r = 0,99; p <  0,001).

ATP i n d holdet er et mål på s t ø r r e l s e n  af j o r d e n s  biomasse, hvis 

j o r d p r ø v e r n e  er b l e v e t  justeret til s t a n d a r d b e t i n g e l s e r  (60 % af 

m a r k k a p a c i t e t )  og f o r i n k u b e r e t  i 5 d age ved 25°C. Ændringer i 

s t ø r r e l s e n  af jordens biomasse, som et resultat af 

l a n d b r u g s p r a k s i s  og m i l j ø b e s t e m t e  v a r i a t i o n e r ,  kan un d e r s ø g e s  ved 

m å l i n g  af ATP k o n c e n t r a t i o n e r n e .  F o r s k e l l e n  i b i o m a s s e n s  

s t ø r r e l s e  i f o r s k e l l i g e  jordtyper viser sig også i ATP 

k o n c e n t r a t i o n e r n e .  Der var også en t e m m e l i g  g od sa m m e n h æ n g  m e l l e m  

ATP in d h o l d e t  og f o r s k e l l i g e  m å l i n g e r  af m i k r o b i e l  aktivitet, 

hvis ATP m å l e s  i n y u d t a g n e  jordprøver ved det t e m p e r a t u r - o g  

f u g t i g h e d s i n d h o l d ,  der var i marken. Den p o s i t i v e  k o r r e l a t i o n  

m e l l e m  ATP i n dhold og m i k r o b i e l  a k t i v i t e t  var ikke så god i 

jorder med et højt l e r i ndhold, fordi "frit" AT P  a d s o rberes til 

l e r p a r t i k l e r ;  i e k s t r e m e  s a n d j o r d e r  er k o r r e l a t i o n e n  også 

beg r æ n s e t ,  s a n d s y n l i g v i s  fordi der ikke er n o g e n  god sa m m e n h æ n g
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m e l l e m  ATP i n d h o l d  og en lav m i k r o b i o l o g i s k  ak t i v i t e t .

Adenylat e n e r g i l a d n i n g  (AEC) er et udtr y k  for b i o m a s s e n s  

a k t i v i t e t s n i v e a u  i jord. A E C  b e s t e m m e l s e r n e  er ret k o n s i s t e n t  m ed 

d en h e r s k e n d e  o p f a t t e l s e  at s t ø r s t e d e l e n  af b i o m a s s e n  b e s t å r  af 

hvilende o r g a n i s m e r ,  so m  er ude af s t a n d  til at v o k s e  og de 

organismer, der er i s t and til v æ kst u d gør kun en m i n d r e  del af 

d en totale b i o m a s s e  i jorden. A E C  v æ r d i e n  m e n e s  at v æ r e  et 

nyttigt m å l  til u n d e r s ø g e l s e r  af b i o m a s s e n s  g e n e r e l l e  

a k t i v i t e t s n i v e a u  i jorden.

10
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A P P E N D I X  I

T H E  F I R E F L Y  B I O L U M I N E S C E N C E A S S A Y  

FOR M E A S U R I N G  A T P  C O N T E N T

(A m e t h o d  f o r  e x t r a c t i o n  a n d  m e a s u r e m e n t  o f  ATP f r o m  

s o i l  a n d  f r o m  c u l t u r e s  o f  m i c r o o r g a n i s m s )

M a t e r i a l s  and  m e t h o d s

Soils

The p r o p o s e d  ATP m e t h o d  was tested on d i f f e r e n t  soil types (Table 

7, p age 34 ) Soils w ere s a m pled (depth, 0-5 cm) in September 1981 

and s t o r e d  m o i s t  at 5°C in c l o s e d  p o l y e t h y l e n e  bags. After 90 

days, the soils in the bags were i n c u b a t e d  at 25°C for 5 days. In 

addition, soils (depth, 0-5 cm) w e r e  s a m p l e d  in May 1981 and 

stor e d  m o ist at 5°C for 210 days in c l o s e d  p o l y e t h y l e n e  bags. 

After the r e s p e c t i v e  i n c u b a t i o n  p e r i o d s ,  the s o ils were sieved 

« 2  mm) and all a n a l y s e s  w ere c a r r i e d  out.
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Chemical analyses

The f o l l o w i n g  c h e m i c a l  a n a l y s e s  wer e  m a d e  by D a n i s h  s t a n d a r d  

procedures ( M i n i s t r y  of A g r i c u l t u r e ,  C o p e n h a g e n , 1 9 7 2 ). O r g a n i c  C 

by  dry c o m b u s t i o n  (Ter Meulen), total N by K j e l d a h l  digestion, 

soil pH ( C a C l 2 ) i Pi (P s o l uble in 0.1 M H 2 S 0 4 ), (exc h a n g e a b l e  

K in 0.5 M C H 3 C O O N H 4 ) and soil m o i s t u r e  c o n t e n t  (drying of soil 

samples at 105°C for 24 h).

Determination of ATP in soil

R e a g e n t s . - All r e a g e n t s  were of a n a l y t i c a l  g r ade and d i s t i l l e d  

water was u s e d  throughout.

Buffer A for n e u t r a l i z a t i o n  of e x t r a c t a n t  A. - 37.7 g T r i z m ^  

(T-4128, S i gma) a nd 1.5 g Titr iple;Æ^ III (EDTA, Merck) w ere 

dissolved in 1000 ml water, g i v i n g  a s o l u t i o n  250 mM wit h  respect 

to Tris and 4 m M  to EDTA. The s o l u t i o n  had a pH of 7.5 at 25°C.

Buffer B for A TP s t a n d a r d s . - Buffer A d i l u t e d  ten times with

water and s t e r i l i z e d  by a u t o c l a v i n g  for 20 m in at 121°C.

Extractant A. - 27.3 ml of a 96 % H 2 S 0 4  and 44.5 g

N a 2 HP 0 4 ‘2 H 2 0  w e r e  d i s s o l v e d  in 1 0 0 0  ml water, f o r ming a s o l u t i o n  

of 0.5 M H 2 S 0 4 and 0.25 M N a 2 H P 0 4 .

Extractant B. - A q u a t e r n a r y  a m m o n i u m  d e t e r g e n t  N R E @  (Lumac). 

A lte r n a t i v e l y ,  a 10 % R o d a l o n ®  d i s i n f e c t a n t  (Ferrosan, 

Copenhagen) w a s  d i s s o l v e d  in T r i s - E D T A  b u ffer B to give a 0.005 % 

solution. T he d i s i n f e c t a n t  c o n t a i n s  a q u a t e r n a r y  a m m o n i u m  

compound (a l k y l d i m e t h y l - b e n z y l a m m o n i u m  chloride).

ATP s t a n d a r d s .- S o l u t i o n s  w e r e  p r e p a r e d  by d i s s o l v i n g  10 pg 

c r y s t alline d i s o d i u m  ATP (Lumac) in b u ffer B (25 mM T r i s - 0 . 4  mM 

EDTA; pH 7.5 at 25°C), g i v i n g  an ATP range of fro m  0.2 to

10.0 UM. S t a n d a r d  ATP in these c o n c e n t r a t i o n s  gave a r e p r o d u c i b l e  

linear response.

i i
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Soil blank s u s p e n s i o n s  for c o r r e c t i n g  of A T P  present in the 

e n z y m e  s o l u t i o n . - For each soil type, a s a m p l e  (1 g) was a d d e d  

to 10 ml of e x t r a c t a n t  A. The s u s p e n s i o n  w as s h aken for 15 min 

and s t e r i l i z e d  by  a u t o c l a v i n g  for 20 m in at 121°C. T hen the 

s o l u t i o n  was c o o l e d  and t r e a t e d  as m e n t i o n e d  u n d e r  " M e a s u r e m e n t  

of ATP".

E n z y m e .- The p u r i f i e d  l u c i f e r i n - l u c i f e r a s e  e n z y m e  Lumit (Lumac) 

was d i s s o l v e d  in 5 ml H e e p e s  buffer, c o n t a i n i n g  25 mM  (N-2- 

H y d r o x y e t h y l p i p e r a z i n e - N - 1 - 2 - e t h a n e s u l p h o n i c  acid), 10 mM  M g S 0 4  

and 0.02 % NaN^, pH 7.75 (Lumac), and s t o r e d  in the dark for 2 h 

at 20°C b e f o r e  use. For d e t e r m i n a t i o n  of A T P  content in the 

0-20 cm soil layer, the e n zyme can be d i s s o l v e d  in 8 ml H e e p e s  

b u ffer instead of 5 ml buffer.

ATP was m e a s u r e d  in a p h o t o m e t e r  ( L u m a c o u n t e r  M 2080 or a 

B i o c o u n t e r  M 2010).

E x t r a c t i o n  of ATP

The e x t r a c t i o n  p r o c e d u r e  is as follows:

1) Soil s a m p l e s  (1 g) are added to p l a s t i c  t u bes (72 x 22 mm) 

c o n t a i n i n g  10 ml of e x t r a c t a n t  A and kept on ice in p l a s t i c  

b o x e s .

2) ATP s t a n d a r d s  -Soil s a m p l e s  (1 g) a re added to t u bes

c o n t a i n i n g  9.5 ml of e x t r a c t a n t  A and 0.5 ml of ATP s t a n d a r d  

solutions, s i m i larly. The a s s a y  was r o u t i n e l y  s t a n d ardized by 

u s ing 0.5 ml of an ATP s o l u t i o n  w h i c h  c o n t a i n e d  about the same 

a m ount of ATP as p r e s e n t  in the soil s u s p e n s i o n  (e.g. 4 UM or

8  UM A T P ) .

3) All soil s u s p e n s i o n s  are s h a k e n  for 15 min on  a 

r e c i p r o c a t i n g  shaker at 0°C wit h  164 m o v e m e n t s / m i n  (Gerhardt LS 

2 0 ) .
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4) Recovery of a d d e d  ATP- 0.5 ml of an ATP s o l u t i o n  (e.g. 4 pM

ATP) is a d d e d  to t u bes c o n t a i n i n g  10 ml of e x t r a c t a n t  A.

All s u s p e n s i o n s  are m e a s u r e d  as d e s c r i b e d  below.

Measurement of ATP

Soil blank s u s p e n s i o n s ,  samples and ATP s t a n d a r d s  are all 

me a sured u s i n g  the f o l l o w i n g  procedure: S h ake the s u s p e n s i o n  for

5 s which r e s u l t s  in a h o m o g e n e o u s  s u s p ension, and p i p e t t e  

immediately 50 Ml f r o m  the upper part of the s u s p e n s i o n

(100-200 mm layer) into 1.5 ml of b u ffer A, kept in an ice bath.

After shaking for 3 s (1), p i p e t t e  50 ui of the l a tter m i x t u r e  

i nto a c u v e t t e  c o n t a i n i n g  50 ui N RB ex t r a c t a n t ,  and s h ake the 

m i x ture gent l y  for 5 s (2). Place the c u v e t t e  in the p h o t o m e t e r  

m e a s uring c h a m b e r  for a further 5 s (3) and then inject 100 yl of 

the l u c i f e r i n - l u c i f e r a s e  enzyme. The s h a king t i mes used in 

experiments p e r f o r m e d  after p u b l i c a t i o n  of ref. X h ave been 

changed to the f o l l o w i n g  ones, b e c a u s e  there are m o r e  c o n v i n i e n t  

to use: (1) = 5 s, (2) = 10 s and (3) = 10 s. This p r o c e d u r e  did

not change the a m o u n t ' o f  ATP m e a sured. The ATP c o n t e n t s  is 

m e a s u r e d  over a 0-10 s i n t e g r a t i o n  period. If the m a x i m u m  light 

intensity is not r e a c h e d  during the first 1 0  s after i n j e c t i o n  of 

the enzyme, the ATP c o n t e n t  is m e a s u r e d  over a 0-30 s i n t e g r a t i o n  

period. Two s a m p l e s  are taken f rom each acid suspensiori and 

measured. T h r e e  r e p l i c a t e  soil s a m ples are analysed.

A T P  procedure a nd c a l c u l a t i o n  of results

For c o n v e r t i n g  the r e l a t i v e  v a l u e s  fro m  the soil s a m p l e s  to

ATP, the r e s u l t s  w e r e  read from an inter n a l  s t a n d a r d  curve, w h ich

w as used to c o m p e n s a t e  for i n t e r f e r i n g  factors.

ii*
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The s t a n d a r d i z a t i o n  m e thod is based on m e a s u r e m e n t  of samples 

w i thout and with known amounts of ATP added. The added ATP c o n 

c e n t r a t i o n s  should at least be in the same concentration or up

to the double amount of the sample ATP. The assay was routinely 

s t a n d a r d i z e d  by one ATP concentration. The differences in r e a 

dings b e t ween m e a s u r e m e n t s  of "sample ATP + s t a ndard ATP" - 

"sample ATP" give the cal i b r a t i o n  pa r a m e t e r s .

P r o c e d u r e  for d e t e r m i n a t i o n  of ATP:

r (sample 1 ATP + s t a n d a r d  ATP)

1  g soil + 9.5 ml e x t r a c t a n t  agent A  + s t a n d a r d

ATP (0.5 ml of e.g. 8 pM ATP)

f o r  1  g soil + 9.5 ml e x t r a c t a n t  agent A + s t a n d a r d

standardization < ATP (0.5 ml of e.g. pH ATP)

Soil

blank

Soil

samples

For recovery 

(not used for 

calculation of 

ATP content in 

samples)

(sample 1 ATP )

1 g soil + 10 ml of e x t r a c t a n t  agent A 

1 g soil + 10 ml of e x t r a c t a n t  agent A

. (soil blank su s p e n s i o n  ATP)

1 g soil + 10 ml of e x t r a c t a n t  agent A 

(15 min shaking and s t e r i l i z e d  by autoclaving 

for 20 min at 1 2 10 C _. A l t e r n a t i v e l y ,  1 g soil 

p o r t i o n s  can be s t e r i l i z e d  by autoclaving and 

K  the soil can be treated as the other soil s a m p l e s  

Many soil types do not i n h i b i t e  the b a c k ground 

ATP. Therefore, a blank value can also be o b t a i n  

from the extractant agent A treated as the soil 

samples .

(sample 2 ATP )

1 g soil + 10 ml of e x t r a c t a n t  agent A

1 g soil + 10 ml of e x t r a c t a n t  agent A

0.5 ml standard ATP + 10 ml extractant agent A 

(diluted as the samples, no shaking)
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Example with one ATP c o n c e n t r a t i o n  (see the p r o c e d u r e  for 

d e t e r m i n a t i o n  of ATP and Fig. 26).

Rel . light intensity

a n a lyses mean

±SD

sample 1 ATP + s t a n d a r d  ATP = 3889 3839 3864 + 35

sample 1 ATP = 1573 1637 1605 + 45

standard ATP 2259

sample 2 ATP = 1603 1629 1616 + 18

soil blank s u s p e n s i o n  ATP = 106 112 109 + 4

sample 2 ATP 1507

S.D. s t a n d a r d  d e v i a t i o n

To obtain a linear ATP stand a r d  curve, (sample 1 ATP + s t a n 

dard ATP) - (sample 1 ATP). When "sample 1 ATP" is s u b t r a c t e d  

from "sample 1 ATP + s t a ndard ATP", the relative light i n t e n 

sity for 2 ug ATP/g wet soil is o b t a i n e d  (Fig. 26, I). The ATP

standard c u r v e  is then made by d r a wing a streight line between 

the two p o i n t s  [(2, 3864) and (0, 1605 ). in Fig. 26, I],

For c a l i b r a t i o n  of the soil samples, (sample 2 ATP) - (soil 

blank s u s p e n s i o n  ATP).

When "soil blank s u s p e n s i o n  ATP" is s u b s t r a c t e d  from "sample

2 ATP", the r e l a t i v e  light i n t ensity (1507 in Fig. 26, II) is 

used to read the ATP content of the soil sample from the s t a n 

dard curve (1.33 pg ATP/g wet weight and then c o r r e c t e d  for 

moisture c o n t e n t  in the soil. The results are given directly 

in pg ATP/g d.wt. soil c o r r e c t e d  for recovery of added ATP 

(Fig. 26, I I ).
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0.0 0.5 1.0 1.5 2.0 pg A TP/g wet

ATP added to the soil weight soil
(0.5 ml of 8 UM)

0.0 0.5 1.0 1.5 2.0 pg ATP/g wet

„ . , we i qhI
Soil dry weight - 83.3 % of wet weig h t

ATP content in soil ■■ ' * 10° = 1.60 ug ATP/g dry
8 3 . 3

weight soil
Fig. 26. Graphic i l l u s t r a t i o n  of the ATP s t a n d a d i za tion

procedure.



167

For c o m p a r a t i v e  purposes, p e r c e n t  r e c o v e r y  of a d d e d  ATP was 

calculated by  the f o l l o w i n g  formula, w h e r e  " s a mple A TP + s t a n d a r d  

ATp" refers to soil s u s p e n s i o n s  c o n t a i n i n g  a d d e d  ATP s t a n d a r d  

solutions. " S t a n d a r d  ATP m e a s u r e d  in the extract" refers to AT P  

standard s o l u t i o n s  a d ded d i r e c t l y  to the s u l p h u r i c  a c i d - p h o s p h a t e  

extractant, n e u t r a l i z e d  with the b u f f e r  and m e a s u r e d  in the same 

w ay as for the samples. "Reagent blank" refers to ATP m e a s u r e d  in 

the n e u t r a l i z e d  e x t r a c t a n t  A.

Percent r e c o v e r y  of ATP = (sample ATP + s t a n d a r d  A T P ) - ( s a m p l e  

A T P ) x l O O / ( s t a n d a r d  A TP m e a s u r e d  in the e x t r a c t )-(r e a g e n t  blank)

Other ATP m e t h o d s

The ATP c o n t e n t s  in soil were d e t e r m i n e d  by the N RB m e t h o d  as 

described by  N i e l s e n  & Eiland (ref. Ill), e x c e p t  that ATP 

standards w e r e  a d d e d  to the soil s u s p e n s i o n s  and t r e a t e d  in the 

same way as the soil samples. The A TP c o n t e n t  of a s a ndy loam 

soil was a l s o  d e t e r m i n e d  by the T C A - p h o s p h a t e - p a r a q u a t  e x t r a c t i o n  

method ( J e n k i n s o n  & Oades, 1979).

Soil b i omass

Biomass C w a s  e s t i m a t e d  by the c h l o r o f o r m  f u m i g a t i o n  t e c h n i q u e  

(Jenkinson & P o w l s o n ,197 6 ) wit h  m i nor m o d i f i c a t i o n s .  B e fore 

fumigation, the s o ils wer e  s t ored as d e s c r i b e d  under "soils". 

Fumigated a nd n on f u m i g a t e d  soil samples, 60 g p o r t i o n s  in tubes 

(100 X 30 mm), w e r e  p l a c e d  in the upper part of a 2 1 glass 

jar c o n t a i n i n g  50 ml 25 mM B a ( O H ) 2 . I n c u b a t i o n  wer e  d one with

adjustment of the w a ter c o n t e n t s  of the soil s a m ples to 60 % of

w.h.c. (Table 7 ). B i o m a s s  C was c a l c u l a t e d  fro m  C O 2 e v o l v e d  by

fumigated an d  non fu m i g a t e d  soils i n c u b a t e d  at 25°C for 0-10

days, using a k - f a c t o r  of 0.45 ( J e n kinson & Powlson, 1980).
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T H E  R A T I O  B E T W E E N  THE N U C L E O T I D E S  

A T P ,  ADP AND AMP IN S O I L

A P P E N D I X  II

M a t e r i a l s  and  m e t h o d s

Soils

The n u c l e o t i d e s  ATP, ADP and AMP wer e  d e t e r m i n e d  on d i f f e r e n t  

soil types from the 0-5 cm depth (Table 8 ). A R o s k i l d e  sandy l o a m  

was s a m p l e d  in June 1983. The soil t e m p e r a t u r e  at the s a m p l i n g  

time was 25°C and the soil was a n a l y s e d  1) 3 h after s a m pling 2) 

after a i r d r y i n g  for 10 days at 25°C and 3) a f t e r  the soil wa s  

r e m o i s t e n e d  to 60 % of w.h.c. and i n c u b a t e d  for further 24 h at 

25°C (Table 9 ).

An A s k o v  s a ndy loa m  soil was s a mpled f r o m  the 0-20 cm d e p t h  in 

A u g u s t  1983, s t o r e d  w i t h  60 % of w.h.c. for 90 days at 5°C, and 

then i n c u b a t e d  at 25°C for 5 days. The soil w a s  divided in two 

500 g p o r t i o n s  and 1.0 % g l u cose was a d d e d  to one of the 

p o r t i o n s  (on d.wt. basis). Then both of the soi l  portions w e r e  

i n c u b a t e d  for 3 days at 25°C and a n a l y s e d  (Table 10).

D i f f e r e n t  soil types w ere sampled from the 0-5 cm depth in J u n e

1983, stor e d  w i t h  60 % of w.h.c. for 90 d a y s  at 5°C and t h e n  

i n c u b a t e d  for f u r ther 24 h at 5°C and 25°C, respectively, and 

a n a l y s e d  (Tablell). The i n c u bation of the s o i l s  were p e r f o r m e d  

under a e r o b i c  c o n d i t i o n s  in loosely c l o s e d  p o l y e t h y l e n e  bags, a nd 

s t e r i l i z e d  d i s t i l l e d  w a ter was a d ded w h e n  necessary. S o m e  

c h a r a c t e r i s t i c s  of the soils used are g i v e n  in Table 8 and the 

soil t e x t u r e s  are s h own in Table 2 e x c e p t  for A s k o v  sandy loam. 

T he t e x t u r e  in this soil was as follows: C l a y  < 0 . 0 0 2  mm 10.6 %;

silt 0 . 0 0 2 - 0 . 0 2  m m  11.8 %; fine sand 0 . 0 2 - 0 . 2  mm  37.0 % a nd 

c o a r s e  sand 0 . 2 -2.0 m m  37.6 %. CE C  was 12.1 m . e q u i v . / 1 0 0  g d.wt. 

s o i l .
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Chemical analyses (see APPENDIX I)

Reagents for nucleotide determinations

All r e a g e n t s  w ere of a n a l y t i c a l  g r a d e  and d i s t i l l e d  w a ter was 

u s e d  thr o u g h o u t .  U n l e s s  o t h e r w i s e  stated, b i o c h e m i c a l s  were 

o b t ained f r o m  Sigma.

Ex t r action a g e n t . - 27.3 ml of 96 % H 2 S 0 4 and 44.5 g

N a 2 H P 0 4 ‘2H20 w a s  d i s s o l v e d  in 1000 ml water, to giv e  final

c o n c e n t r a t i o n s  of 0.5 M H 2 S 0 4 and 0.25 M N a 2 H P 0 4 .

Buffer A for n e u t r a l i z a t i o n  of the e x t r a c t i o n  agent. - 37.7 g 

(T-4128) and 1.5 g T i t r i p l e  III (EDTA, Merck) were 

dissolved in 100 0  ml water, g i v i n g  a s o l u t i o n  250 mM  w i t h  respect 

to Tris and 4 m M  to EDTA. The s o l u t i o n  had a pH of 7.5 at 25°C.

Buffer B for n u c l e o t i d e  s t a n d a r d s . - Buff e r  A was d i l u t e d  ten 

times with w a t e r ,  g i v i n g  a s o l u t i o n  25 mM  wit h  respect to Tris 

a nd 0.4 mM to E D T A  (pH 7.5). The s o l u t i o n  was s t e r i l i z e d  by 

a utoclaving for 20 min at 121°C and cooled.

S t a n d a r d s . - S o d i u m  salts of a d e n o s i n e  5 '- t r i p h o s p h a t e , ATP

(Lumac), a d e n o s i n e  5 '- d i p h o s p h a t e , ADP, and a d e n o s i n e  5'- 

m o n o p h o s p h a t e , AMP, wer e  d i s s o l v e d  in . b u f f e r  B, g i v i n g  s t a ndard 

solutions of 0.5 mM  and froz e n  at -20°C. Prior to use, i n d i vidual 

vials were t h a w e d  and further d i l u t e d  w i t h  buffer B to o b t a i n  a 

range of 0 . 5 - 1 0 . 0  UM of ATP, ADP and AM P  in terms of free acids. 

Use of s t e r i l i z e d  soil for c o r r e c t i o n  of ATP p r e s e n t  in the 

r e a g e n t s . - For each soil type, s a m p l e s  (1 g p o r t ions) were

sterilized by  h e a t i n g  at 160°C for 48 h f o l l o w e d  by a u t o c l a v i n g  

for 20 min at 121°C, and then the soil was cooled, and t r e a t e d  as 

m e n tioned u n d e r  " E x t r a c t i o n  of A T P , A D P  and AMP".

Purified l u c i f e r i n - l u c i f e r a s e  enzy m e  (Lumit PM) was d i s s o l v e d
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in 8 ml Heep e s  b u f fer, c o n t a i n i n g  25 mM  N - 2 - H y d r o x y e t h y l p i p e r a -  

z i n e - N - 1 - 2 - e t h a n e s u l p h o n i c  acid, 10 mM  M g S O 4 a n d  3.1 mM N a N 3 , pH 

7.75 (Lumac), a nd s t ored in the dark for t w o  h at 20°C b e f o r e  

u s e .

R e a c t i o n  m i x t u r e  I_ for ATP d e t e r m i n a t i o n s . - KC1 (0.0186 g) was 

d i s s o l v e d  in 25 ml H e e p e s  buffer to give a s o l u t i o n  10 m M  w i t h  

r e spect to K C 1 . The s o l u t i o n  c o u l d  be s t o r e d  at 2-4°C for s e v e r a l  

w e e k s .

R e a c t i o n  m i x t u r e  II for d e t e r m i n a t i o n  of A D P  plus ATP. 

P h o s p h o e n o l  p y r u v a t e ,  PEP (2.6 mg) and ß - n i c o t i n a m i d e - a d e n i n e  

d i n u c l e o t i d e ,  N ADH (8.85 mg) w ere d i s s o l v e d  in 25 ml of r e a c t i o n  

m i x t u r e  I, f o r m i n g  c o n c e n t r a t i o n s  of 0.5 mM, respectively. The 

stock s o l u t i o n  c o u l d  be kept for two w e eks at 2-4°C. B e fore use, 

100 pi of p y r u v a t e  k i n a s e - l a c t a t e  d e h y d r o g e n a s e  (P K / L D H ) f rom 

rabbit m u s c l e  (4 mg/ml) was a d ded to 5 ml of t he stock s o l u t i o n  

g i v i n g  4 ug P K / L D H / 5 0  ui. The r e a c t i o n  m i x t u r e  could be s t o r e d  

for 12 h at 20°C.

R e a c t i o n  m i x t u r e  III for d e t e r m i n a t i o n  of A M P  plus A DP plu s  

ATP. - 0.5 ml of the m y o k i n a s e  s u s p ension, MK  (rabbit m u s c l e ,  

2 m g / m l  1,000 u n i t s / m g  protein) was c e n t r i f u g e d  at 3,000 g (0°C) 

for 15 min and the p e l l e t  was d i s s o l v e d  in T r i s - E D T A  b u f f e r  B

f o r m i n g  a c o n c e n t r a t i o n  of 1 mg/ml. The r e s u l t i n g  r e d u c t i o n  of

the ( NH 4 )2 S O 4 c o n c e n t r a t i o n  was n e c e s s a r y  to decrease e n z y m e  

inhibition. After p r e p a r a t i o n ,  the e n z y m e s  w e r e  stored at 0°C. 

B e f o r e  use, 20 ui of the c e n t r i f u g e d  MK wa s  a d d e d  to 2.5 ml of

re a c t i o n  m i x t u r e  II, g i v i n g  0.4 ug MK/50 ui. T h e  solution c o u l d

be s t o r e d  for 3 h at 20°C.

E x t r a c t i o n  of ATP, A D P  and AMP

The a d e n i n e  n u c l e o t i d e s  in soil s a m ples w e r e  b a s i c l y  e x t r a c t e d  

as d e s c r i b e d  by E i l a n d  (ref. X). Soil s a m p l e s  (1 g portions) w ere



1 7 1

a d d e d  to t u b e s  c o n t a i n i n g  10 ml of the e x t r a c t i o n  agent. For

internal s t a n d a r d i z a t i o n ,  s t e r i l i z e d  soil ( 1  g p o r tions) was 

a d d e d  to 9.5 ml  of the e x t r a c t i o n  a g ent t o g e t h e r  w i t h  0.5 ml of

different c o n c e n t r a t i o n s  of ATP (e.g. 0 . 2-4.0 UM), A T P / A D P  (4/1

ratio, e.g. 0 . 2 - 4 . 0  UM for ATP p lus ADP), A T P / A M P  (4/1 ratio, 

e.g. 0.2-4.0 UM for A TP plus AMP), resp e c t i v e l y .  The e f f i c i e n c y  

of c o n v e r s i o n  of A DP and AMP to ATP was c h e c k e d  by a d d i n g  ATP 

standards to r e a c t i o n  m i x t u r e s  II and III after they wer e  t r e ated 

as the samples. Th e  st a n d a r d s  w ere in the same c o n c e n t r a t i o n s  as 

the mixed s t a n d a r d s  (ATP/ADP and A T P /AMP). For d e t e r m i n a t i o n s  of 

the recovery of the a d e nine n u c l e o t i d e s ,  p o r t i o n s  of 1  g 

sterilized soi l  w e r e  added to tubes c o n t a i n i n g  9.5 ml of the 

extraction a g e n t  and treated as the soil samples. A l i q u o t s  (0.5 

ml) of s t a n d a r d s  w e r e  a d ded i m m e d i a t e l y  b e f o r e  the n e u t r a l i z a t i o n  

s tep as d e s c r i b e d  below. Blind s a m p l e s  wit h  s t e r i l i z e d  soil (1 g 

sterilized soi l  a nd 1 0  ml of the e x t r a c t i o n  agent) w e r e  t r e a t e d  

as the p r o p e r  soil samples to c o r r e c t  for ATP p r e s e n t  in the 

reagents an d  i n h i b i t i o n  from c o m p o u n d s  in the soils. To e n sure 

that the a d e n i n e  n u c l e o t i d e s  wer e  not p r e s e n t  in the s t e rile

soils, blind s a m p l e s  wit h  the e x t r a c t i o n  a g ent w i t h o u t  s t e r i l i z e d  

soil were a l s o  t r e a t e d  as the soil samples. All the so l u t i o n s

wer e  shaken at 0°C for 15 n)in on a r e c i p r o c a t i n g  shaker at 164 

rev./min, i m m e r s e d  into a b o i l i n g  w a t e r - b a t h  and h e a t e d  at 100°C 

for 2 min. A f t e r  c o o l i n g  in an i c e b a t h  0.5 ml of the d i f f e r e n t  

solutions w e r e  a d j u s t e d  to pH 7.5 by a d d i t i o n  of 2 ml of 250 mM 

Tris-4 mM E D T A  b u f f e r  f o l lowed by a d d i t i o n  of d r ops of 1.0 M 

NaOH.

Enzymatic c o n v e r s i o n  of ADP and A MP to ATP and m e a s u r i n g  ATP

All the p l a s t i c  tubes (47 x 12 mm) w ere kept at -20°C for at

least 2 h b e f o r e  use. For d e t e r m i n a t i o n  of a d e n i n e  n u c l e o t i d e s  in

soil samples, sets of four tubes w ere use d  for each of the
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d e t e r m i n a t i o n s ,  l a b e l l e d  Ia -I q , II a - I I q  and III a - I I I q , 

resp e c t i v e l y .  The sets, I, II and III c o n t a i n e d  50 ui of the

r e a c t i o n  m i x t u r e s  for d e t e r m i n a t i o n  of ATP, A TP plus ADP, a n d  ATP 

plus ADP plu s  AMP, r e s p e ctively. D e t e r m i n a t i o n  of the a d e n i n e  

n u c l e o t i d e s  fro m  soil was p e r f o r m e d  by a d d i t i o n  of 50 ui of the 

n e u t r a l i z e d  soil s u s p e n s i o n s  to r e a c t i o n  m i x t u r e s  IA~I D , II A - I I D 

and I I I A - I I I D , ATP s t a n d a r d s  in three d i f f e r e n t  c o n c e n t r a t i o n s  

were a d ded to tubes c o n t a i n i n g  r e a ction m i x t u r e s  I,II and III, 

r e s p e c t i v e l y  (I^-I q , I I E - I I G and I I I e - I I I q  tubes), A T P / A D P  

standards, r a tio 4/1 to tubes (II h - I I j ) and A T P / A M P  s t a n d a r d s ,  

ratio 4/1 to tubes (II I H -IIIj). All s t a n d a r d s  were a d d e d  to 

s t e r i l i z e d  soil and t r e a t e d  as the soil s a m p l e s  before a d d i t i o n  

to the r e a c t i o n  m i x t u r e s  (see C h a p t e r  C, page 37 ). The

st e r i l i z e d  soil s u s p e n s i o n  served as a b l a n k  (IK , I I R and

I I I K ). To e n sure that the s t e r ilized soil did not c o n t a i n  

m e a s u r a b l e  a m o u n t s  of the nucleotides, b l i n d  values were als o  

m a d e  fro m  the e x t r a c t a n t  alone, t r e a t e d  as the soil samples ( 1 ^  

I I L and I I I L ). For d e t e r m i n a t i o n  of r e c o v e r y  of ATP, A DP and 

AMP, 0.5 ml of the d i f f e r e n t  s t a n dards (ATP, A T P / A D P  and A T P / A M P )  

wer e  a lso a d d e d  to s t e r i l i z e d  soil s u s p e n s i o n s  in the t u bes 

i m m e d i a t e l y  b e f o r e  the n e u t r a l i z a t i o n  s t e p  an d  incubated as the 

other s t a n d a r d s  for e n z y m a t i c  c o n v e r s i o n  of A D P  and AMP to ATP. 

The c o n c e n t r a t i o n s  w e r e  e q u i v a l e n t  to the s t a n d a r d s  p a s sing the 

p r o c e d u r e  a nd d i l u t e d  (Im_ i O' i:i;m - i i O an d  i i Im-iiiO^ • The 

r e c o v e r y  is s h o w i n g  the loss of s t a n d a r d s  d u r i n g  the p r o c e d u r e .  

However, the r e c o v e r y  p e r c e n t  was not used in the c a l c u l a t i o n s  

b e c a u s e  the s t a n d a r d s  wer e  als o  a d ded to the s t e r i l i z e d  soil and 

t r e ated as the soil samples. To ensure that the c o n v ersion of ADP 

and A MP to A TP were q u a n t i t a t i v e ,  ATP s t a n d a r d s  with s t e r i l i z e d  

soil w e r e  a l s o  a d ded to tubes c o n t a i n i n g  r e a c t i o n  mixtures Ilg- 

IIG and i i i e- i i i g .

All r e a c t i o n  tubes w e r e  then incubated at 30°C for 30 min. The 

tubes wer e  r e g u l a r l y  s h a k e n  during the i n c u b a t i o n .

The A TP c o n t e n t  was m e a s u r e d  in a L u m a c o u n t e r  M 2080 using a 0-

1 0  s i n t e g r a t i o n  p e r i o d  after injection of 1 0 0  ui of l u c i f e r i n -  

l u c i f e r a s e .
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Procedure for determinate.o'n of adenine n u c l e o t i d e s  in soil 

s a m p l e s .

Sets of four tubes were used for each of the deter m i n a t i o n s ,

A O ’ 11 A  -  1 1
and III - I I I 0 , respectively. The r e a c 

tion mixtures, I, II and III (see page 170) were added ( 50 pi 

pr. tube) for d e t e r m i n a t i o n  of ATP, ATP + ADP, and ATP + ADP + 

AMP, respectively.

(A

Two different soil samples 
each in duplicates.
Addition of 50 pi of the 
neutralized soil suspension

Addition of 50 pi of ATP 
standards in three different 
concentrations (E-G).
ATP standards have been 
treated as the soil samples 
together with sterilized soil

Addition of 50 pi of standard 
of ATP/ADP (II) and ATP/AMP 
(III), ratio 4/1, in three 
different concentrations (H-J). 
Standards have been treated as 
the soil samples together 
with sterilized soil

Blind; addition of 50 pi of 
sterilized soil suspension 
treated as the soil samples

Blind; addition of 50 pi of 
extractant agent treated as 
the soil samples

Recovery; not used in the 
calculations. Addition of 
standards of ATP, ATP/ADP and 
ATP/AMP added to sterilized 
soil suspension immediately 
before neutralization and in
cubation as the other standards

P)

A

B

C

(ATP + ADP) 

II»

(ATP

H E

H C

n :

n E
n F
H r

H ]
II.

II,

II,

l h
IIr

h ADP

1 1 1 A

n i B
III,,

AMP)

III
D

IIIE

m F
I H r

m h

H I i 
u i  .

u i , .

i n ,

n i h
i n .



1 7 4

R e c t i l i n e a r  ATP s t a n d a r d  curv e s  for e ach of the r e a c t i o n  

m i x t u r e s  wer e  o b t a i n e d  by p l o t t i n g  c o u n t s  of the light e m i s s i o n  

f rom the s t a n d a r d s  on the o r d i n a t e  v e r s u s  ATP c o n c e n t r a t i o n s  on 

the abcissa. For the c a l i b r a t i o n  of the sampl e s ,  the c o unts of 

the s t e r i l i z e d  soil s u s p e n s i o n s  w e r e  s u b t r a c t e d  from the 

r e s p e c t i v e  s t a n d a r d s  and samples. F r o m  t h ese curves, the A T P  

c o n t e n t  in each of the t h ree r e a ction m i x t u r e s  (ATP; ATP p l u s  

ADP; ATP plu s  ADP plu s  AMP) were d e t e r m i n e d ,  an d  the a m o u n t s  of 

A TP e n z y m a t i c a l l y  p r o d u c e d  from ADP and AMP w e r e  calculated as 

d i f f e r e n c e s  b e t w e e n  t h ese m e a s u r e d  values.

The A E C  v a l u e s  w e r e  c a l c u l a t e d  f r o m  the e q u i v a l e n t  

c o n c e n t r a t i o n s  of the a d e n i n e  n u c l e o t i d e s  determined by
, (ATP] +  Vi [ A D P ]

d i f f e r e n c e s ,  using the f o r m u l a  A E C  = ----------------
|ATP] +  [ A D P ]  +  [ A M P )

(Atkinson & Walton, 1967). AEC can als o  be de t e r m i n e d  f r o m  the 

e q u a t i o n  of Ball & A t k i n s o n  (1975 ), A E C  = * [([(atp 1 adt Vamp)J ) 1 • 
The latter one has bee n  used in order to r e d u c e  the p r o p a g a t i o n  

of errors.

The r e c o v e r y  was c a l c u l a t e d  from the loss of n u c l eotides d u r i n g  

the p r o c e d u r e s ,  a s s u m i n g  that the n u c l e o t i d e s  added to the

in c u b a t i o n  tubes wit h  s t e r i l i z e d  soil gave 1 0 0  % recovery.

I r  „ X 100
t  — U

Calculation of results

P e r c e n t a q e  recovery of ATP = t

M - 0

II U , X  100
n  —  J

P e r c e n t a q e  recovery of ADP = tt
y M - 0

111 H _ j X 100

Pe r c e n t a q e  recovery of AMP =  i n
M - 0

See the p r o c e d u r e  at p age 173
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E X T R A C T I O N  OF A T P  F R O M  B A C T E R I A  A N D  F U N G I  

G R O W N  IN T H E  P R E S E N C E  OF B E N T O N I T E

A P P E N D I X  I I I

M a t e r i a l s  an d  m e t h o d s

E x p e r iments

A c h e m o h e t e r o t r o p h i c  aerobic, g r a m  n e g a t i v e  bac t e r i u m ,  

P s e u domonas f l u o r e s c e n s , and a f u ngus C l a d o s p o r i u m  s p . , 

o r i g inally i s o l a t e d  fro m  soil w e r e  used (Figs 4 , 5 , 6 ,9 & 10). A

pr e c u l t u r e  p e r i o d  of the b a c t e r i u m  for 24 h, and 48 h for the 

fungus was p e r f o r m e d  at 25°C by s h a k i n g  of E r l e n m a y e r  flasks (300 

ml capacity) c o n t a i n i n g  1 0 0  ml of a g l u c o s e - m i n e r a l  salt m e d i u m  

inoculated d i r e c t l y  w i t h  cells fro m  agar slant stock c u l t u r e s  

(Difco N u t r i e n t  Agar, 23 g/1). P o r t i o n s  of 5 ml of the

pre c u l t u r e s  w e r e  i n o c u l a t e d  into 250 ml of a m i n e r a l  salt m e d i u m  

that c o n t a i n e d ,  per liter of d i s t i l l e d  water, 1  g NH^jNOg, 1  g 

K 2 H P 0 4 '3H 2 O, 1 g K H 2 P 0 4 , 0.5 g M g S 0 4 * 7H 2 0, 20 mg C a C l 2 '2H 2 0, 10

mg F e C l 2 -H 2 0, 0.5 g yeast e x t r a c t  and 2 g glucose. k 2H P 0 4 ,3 H 20, 

K H 2 P 0 4 and g l u c o s e  w e r e  p r e p a r e d  sep a r a t e l y .  B e n t o n i t e  (0.5 % and

1.0 % (w/v)) was a d d e d  to some of the cultures. The s o l u t i o n s  

were s t e r i l i z e d  by a u t o c l a v i n g  for 20 m in at 121°C, and the

volumes w e r e  r e a d j u s t e d  befo r e  the inoculation. The c u l t u r e s  wer e  

placed in a V o i t h  S a p r o m a t  B 12 (J.M. V o i g h t  GMBH, H e i d e n h e i m  

a.d. Brenz) at 25°C and were s t i r r e d  c o n t i n u o u s l y  d u r i n g  the

incubation p e r i o d .
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O x y g e n  c o n s u m p t i o n  w as m o n i t o r e d  c o n t i n u o u s l y  in the S a p r o m a t  

and the o t her m e a s u r e m e n t s  w ere p e r f o r m e d  r e g u l a r l y  over a p e r i o d  

of 2 weeks. Two p o r t i o n s  of 10 ml of the c u l t u r e  were r e m o v e d  

f rom eac h  of two f l asks a f t e r  6 days of i n c u b a t i o n ,  c e n t r i f u g e d  

at 3,000 g for 5 min, and the p r e c i p i t a t e  d r i e d  at 25°C for 1 and 

2 weeks, r e s p e ctively.

feacteria were e n u m e r a t e d  by the s t a n d a r d  d i l u t i o n  plate c o unt 

m e t h o d  u s ing agar (Difco Bac t o - A g a r ,  15 g/1) a d d e d  to the a b o v e  

m e n t i o n e d  m i n e r a l  m e d ium. Two s u b s a m p l e s  (1 ml  portions) of the 

b a c t e r i a  c u l t u r e  w e r e  t a ken from eac h  of two flasks and four 

p l a t e s  w e r e  i n o c u l a t e d  f r o m  each of the d i l u t i o n s  (1 0 ^-to 1 0 ®-

fold). All p l ates wer e  i n c ubated for 6 d ays at 25°C and the 

b a c t e r i a  wer e  counted. For c o n v e r s i o n  of the n u m b e r  of b a c t e r i a  

to b i o m a s s  C, it was a s s u m e d  that the d ry w e i g h t  of one b a c t e r i a l  

cell is 0.2 X 10 ® ug and the cell c o n t a i n s  50 % C of the d ry 

w e i g h t  ( F i g . 8 ).

The A T P  c o n t e n t  of b a c t e r i a  and fungi was d e t e r m i n e d  by • the 

s u l p h u r i c  a c i d - p h o s p h a t e - N R B  m e thod (ref. X). T h r e e  portions of 

o ne ml of the c u l t u r e s  wer e  taken from eac h  of t wo flasks. The 

fungi w ere d i s r u p t e d  by 1 m in of s o n i f i c a t i o n , i n s tead of 15 m in 

of shaking. The ATP c o n t e n t  was m e a s u r e d  in a L u m a c o u n t e r  M 2080 

(L u m a c ).

The i n f l u e n c e  of d r y i n g  c u l t u r e s  of P s . f l u o r e s c e n s  with and

w i t h o u t  p r e s e n c e  of b e n t o n i t e  on ATP c o n t e n t  and number of

b a c t e r i a  was e x a m i n e d  (Table 12). P r e p a r a t i o n  of the cultures a nd

d e t e r m i n a t i o n  of A TP and numb e r  of b a c t e r i a  ar e  de s c r i b e d  above.
? fi

In these e x p e r i m e n t s  10 -to 10 -fold d i l u t i o n s  w e r e  used. Befo r e  

drying, the c u l t u r e s  w e r e  c e n t r i f u g e d  (3,000 g for 5 min) the 

s u p e r n a t a n t  removed and the p r e c i p i t a t e  d r i e d  at 25°C for 1 and 2 

weeks, resp e c t i v e l y .

The r e c o v e r y  of ATP f r o m  sand and b e n t o n i t e  d u r i n g  a drying 

p e r i o d  was e x a m i n e d  (Fig. 11). S o l u t i o n s  of 1.0 ug ATP ( d i s o d i u m
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ATP) were a d d e d  to 1 g p o r t i o n s  of s t e r i l e  w a s h e d  sand and als o  

to mixtures of s t e r i l e  w a s h e d  sand (75 %) and b e n t o n i t e  (25 %) 

(Sigma B 3378). As c o n t r o l s  served the same m i x t u r e s  a d d e d  the 

c o r r e s p o n d i n g  a m o u n t s  of s t e r i l i z e d  w a t e r  w i t h o u t  ATP. All 

m i x t u r e s  w e r e  a d j u s t e d  to 63 % of d.wt. and then d r i e d  by 

incubation at 25°C in tubes c l o s e d  wit h  cotton. ATP and m o i s t u r e  

c o n t e n t s  w e r e  m e a s u r e d  at 0,1,2,9 and 28 days of drying. T h ree 

replicate f l a s k s  wit h  s a m p l e s  were a n a l y s e d  for ATP c o n t e n t  and 

m o i s t u r e  c o n t e n t ,  r e s p e ctively. ATP c o n t e n t  was d e t e r m i n e d  by the 

p r o p o s e d  p r o c e d u r e  (ref. X) and m o i s t u r e  c o n t e n t  by d r y i n g  of the 

m i x t u r e s  for 24 h at 105°C.



1 7 8

A T P  C O N T E N T  OF S O I L S  AS I N F L U E N C E D  

BY E N V I R O N M E N T A L  F A C T O R S  

M a t e r i a l s  and  m e t h o d s

A P P E N D I X  IV

E f f e c t  of soil t e m p e r a t u r e  on A TP

The AT P  c o n t e n t  was m e a s u r e d  e v ery 2 h d u r i n g  24 h in A p ril 

1979 in a f a l l o w  g a r d e n  soil (Fig. 12). T e n  soil cores (28 mm 

d i a . ) wer e  t a ken in the 0-3 cm, 3-10 cm a nd 10-20 cm d e p t h  and 

m i x e d  into one s a m p l e  fro m  each of the layers. Three s a m ples wer e  

a n a l y s e d  f rom each layer . Air and soil t e m p e ratures were 

m e a s u r e d  by an e l e c t r i c a l  t h e r m o m e t e r  ( F l u k ^ ^  and soil m o i s t u r e  

by d r ying of soil s a m p l e s  at 105°C for 24 h. All m e a s u r e m e n t s  

w er e  p e r f o r m e d  i m m e d i a t e l y  after sampling.

S oils were s a m p l e d  (depth, 0-20cm) in A p ril 1982 from R o s k i l d e  

s a n d y  loam and J y n d e v a d  coar s e  sand (non i r r i g a t e d  and i r r i g a t e d  

plots). The soils a nd field t r e a t m e n t s  are d e s c r i b e d  by A n d e r s e n  

et al. (ref. IX) and some c h a r a c t e r i s t i c s  a r e  given in T a b l e  2. 

S h o r t l y  after s a m p l i n g  the ATP c o n t e n t  of t he soil samples was 

d e t e r m i n e d  at the a m b i e n t  field t e m p e r a t u r e  of 5°C, and the soils 

w e r e  then i n c u b a t e d  in loosely c l o s e d  p o l y e t h y l e n e  bags for 5 

d ay s  at 25°C and the A TP c o n tent m e a s u r e d  a g a i n  (Table 1 3 ) .  The 

w ater c o n t e n t  was not a d j u s t e d  in these e x p e r i m e n t s .
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Roskilde s a n d y  l o a m  soil and J y n d e v a d  c o a r s e  s a n d y  soil

(rotavated t r e a t m e n t )  w ere s a m p l e d  in the field e x p e r i m e n t  as

m e n tioned a b o v e .  P o r t i o n s  of 500 g w e r e  a d j u s t e d  to 60 % w.h.c. 

and stored at 5°C for 60 days in l o o s e l y  c l o s e d  p o l y e t h y l e n e  bags 

and d i s t illed s t e r i l i z e d  water a d d e d  w h e n  n e c e ssary. A f t e r w a r d s  

A T P  c o ntent and b i o m a s s  C by the f u m i g a t i o n  m e t h o d  w ere 

determined. Soi l  s a m p l e s  w ere then s t o r e d  for 5 day s  at 5°C and 

2 5°C, r e s p e c t i v e l y ,  and the a b ove m e n t i o n e d  a n a l y s e s  w e r e  s t a r t e d  

d a ily on s u b s a m p l e s  d u r i n g  the 5 da y  p e r i o d  (Fig. 13). The 

results are m e a n s  f r o m  t r i p l i c a t e d  samples.

The sandy l o a m  soil (ploughed tre a t m e n t ;  depth, 0-20 cm) w as 

als o  sampled in March, 1983. It was d i v i d e d  into four a l i q u o t s  to 

w h i c h  d i s t i l l e d  w a t e r  was a d d e d  to o b t a i n  w a ter c o n t e n t s  of 1 0  %, 

16 %, 22 % a n d  28 % of dry soil. T h e s e  c o r r e s p o n d s  to

ap p r o x i m a t e l y  30 %, 50 %, 70 % and 90 % w.h.c.. The soil was

thoroughly m i x e d ,  left o v e r n i g h t  a nd then each a l i q u o t  was

divided i n t o  12 su b s a m p l e s ,  a b o u t  250 g d.wt. each. Each 

subsample w a s  p l a c e d  in a l o o s e l y  c l o s e d  p o l y e t h y l e n e  bag and 

incubated at 5°C, 10°C or 15°C for 6 8  days and w a t e r  b e i n g  a d ded

whe n  n e c e s s a r y  (four d i f f e r e n t  soil m o i s t u r e s  x 3 d i f f e r e n t  

temp e r a t u r e s  w i t h  t h ree r e p l i c a t e d  s a m p l e s  in each treatment). 

The ATP c o n t e n t  w a s  m e a s u r e d  and all the soil s a m p l e s  w e r e  then 

incubated at 25°C for another 5 day s  and the ATP c o n t e n t s  were 

m easured a g a i n  (Fig. 14).

The C O 2 p r o d u c t i o n  was m e a s u r e d  f rom d i f f e r e n t  soil types

(Jyndevad, c o a r s e  sand; T y l s t r u p  fine sand; R o s k i l d e  s a n d y  loam; 

Rønhave l o a m  and H ø jer silty loam) (Fig. 15). The soils wer e  

sampled in M a r c h  1983 f rom the f i eld e x p e r i m e n t  m e n t i o n e d  in ref. 

IX (ploughed t r e a t m e n t ;  depth, 0-20 cm). The soils w e r e  a d j u s t e d  

to 60 % of w . h . c . ,  mixed, and after p r e i n c u b a t i o n  for 5 days in 

closed p o l y e t h y l e n e  bag s  at 5°C, 10°C, 15°C, 20°C and 25°C,

respectively, t r i p l i c a t e  s a m ples e a c h  of 60 g wet w e i g h t  w e r e  

incubated in f l a s k s  over a 10 day p e r i o d  and C 0 2 p r o d u c t i o n  was 

measured by  t i t r a t i o n  (Eiland et al., 1979).

12 b
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The ATP c o n t e n t  of b a c t e r i a l  c e l l s  g r o w n  at d i f f e r e n t  

t e m p e r a t u r e s  was e x a m i n e d  (Table 14 ). C e l l s  of P s e u d o m o n a s

f l u o r e s c e n s  w ere o b t a i n e d  by 24 h s h a k e - i n c u b a t i o n  at 25°C of 

E r l e n m a y e r  f l asks (300 ml capacity) c o n t a i n i n g  100 ml of a B a c t o  

N u t r i e n t  B r o t h  m e d i u m  ( 8  g/1) i n o c u l a t e d  d i r e c t l y  with c e l l s

fro m  an agar slant stock c u l t u r e  (Difco B a c t o - A g a r ,  23 g/1). The 

c u l t u r e  (50 ml a l i q uots) was used to i n o c u l a t e  500 ml p o r t i o n s  

of the B a c t o  N u t r i e n t  B r oth m e d i u m  c o n t a i n e d  in 2 1 c a p a c i t y  

E r l e n m a y e r  flasks. The f l asks wer e  i n c u b a t e d  with s h a king at 

5 °C, 10°C, 15°C, 20°C and 25°C, r e s p e c t i v e l y ,  until the d e a d

ph ase was reached. The flasks were c l o s e d  w i t h  cotton p l u g s  

d u r i n g  the incubation. All p r o c e d u r e s  w e r e  performed u n d e r

s t e r i l e  c o n d i t i o n s .  A l i q u o t s  of the c u l t u r e s  at the d i f f e r e n t  

t e m p e r a t u r e s  w ere r e m o v e d  at the time of the g r o w t h  phases and 

a n a l y s e d  i m m e d i a t e l y  for ATP and a c r i d i n e  orange s t a i n e d  

ba c t e r i a .  G r o w t h  was f o l l o w e d  by m e a s u r i n g  the turbidity of the 

c u l t u r e  at 420 nm. ATP c o n c e n t r a t i o n s  w e r e  de t e r m i n e d  by the 

s u l p h u r i c  a c i d - p h o s p h a t e - N R B  m e t h o d  (ref. X) as described at p a g e  

29 for d e t e r m i n a t i o n  of ATP from m i c r o b i a l  cultures. T h r e e  

p o r t i o n s  of 1 ml from e ach of 2 flasks w e r e  analysed. The A T P  

c o n t e n t  was m e a s u r e d  in a L u m a c o u n t e r  M 2080 (Lumac). A c r i d i n e  

o r a n g e  s t a i n e d  b a c t e r i a  wer e  m e a s u r e d  in an  e p i f l u o r e s c e n t

m i c r o s c o p e  as d e s c r i b e d  at p age 192. T h r e e  .portions of 1 ml  f r o m  

eac h  of the flas k s  w e r e  analysed. Ten to t w e n t y  bacteria f r o m  

e ac h  of t w e n t y  m i c r o s c o p i c  fiel d s  wer e  count e d .
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The effect of soil m o i s t u r e  c o n t e n t  on ATP was e x a m i n e d  on 

R o s k i l d e  s a n d y  loa m  (ploughed treatment) and on J y n d e v a d  c o a r s e  

s a n d y  soil (non i r r i g a t e d  p l o u g h e d  t r e a t m e n t ),(F i g . 15). The 

s o i l s  were s a m p l e d  in May 1982 w i t h  60 % of the w . h . c . ,  d i v i d e d  

int o  500 g s o i l  p o r t i o n s  and a d j u s t e d  to 0 %, 1  %, 8 %, 16 % and

26 % of m o i s t u r e  e i t h e r  by d r ying or by  a d d i t i o n  of d i s t i l l e d  

water. The s o i l s  w i t h o u t  any m o i s t u r e  w e r e  o b t a i n e d  by d r y i n g  

soi l  samples at 105°C for 24 h. A f ter i n c u b a t i o n  in l o o s e l y  

c l o s e d  p o l y e t h y l e n e  bag s  for 5 days at 25°C with the a d j u s t e d  

m o i s t u r e  c o n t e n t s ,  ATP c o n t e n t s  and C 0 2 p r o d u c t i o n  w e r e  m e a s ured, 

the latter by  t i t r a t i o n  (Eiland et al., 1979) after i n c u b a t i o n  

o v e r  a p e riod of 3 days. Two a n a l y s e s  fro m  each of two r e p l i c a t e  

s oil portions w e r e  a n a lysed.

Effect of soil moisture content on ATP

E f f e c t  of a e r o b i c - a n a e r o b i c  c o n d i t i o n s  in soil on AT P

Sandy l oam soil (Roskilde) and c o a r s e  sandy soil (Jyndevad) 

sampled from the p l o u g h e d  tr e a t m e n t  (depth, 0-20 cm) in May 1982 

w e r e  used to e x a m i n e  the effect of a e r o b i c - a n a e r o b i c  c o n d i t i o n s  

on  the ATP c o n t e n t  in soil (Table 15). After soil i n c u b a t i o n  in 

l o o sely c l o s e d  p o l y e t h y l e n e  bags for 5 days at 25°C wit h  60 %

w.h.c., soil p o r t i o n s  (60 g) from each soil type wer e  p l a c e d  in 6

flas k s  (300 ml  volume) and the air in 3 of the flasks was

replaced w i t h  helium. All the flas k s  w e r e  then i n c u b a t e d  at 25°C 

for 2 days an d  the C 0 2 p r o d u c t i o n  was m e a s u r e d  in a H e w lett 

P a c k e r d  5 7 3 0 A - g a s c h r o m a t o g r a p h  (TC d e t ector, 50°C; P o r o p a l ^  Q 

column; 800 m m  x 2 mm; flow 30 ml He/min). All the soil s a m ples 

w e r e  then f r o z e n  at -20°C for 3 h and the ATP c o n t e n t  d e t e r m i n e d  

b y  adding 1  g p o r t i o n s  of the f r o z e n  soil into c old acid

extractant (r e f . X ) .

12 b*
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Effect of freezing soil samples on ATP

The e f fect of f r e e z i n g  soils on A TP c o n t e n t s  was e x a m i n e d  on 

so ils s a m p l e d  in May 1981. T he s a m p l e s  w e r e  s t o r e d  moist (60 % of 

w.h.c.) in l o o s e l y  c l o s e d  p o l y e t h y l e n e  bags at 60 % w.h.c. for 90 

day s  at 5°C by a d d i t i o n  of s t e r i l i z e d  d i s t i l l e d  water w h e n  

n e c e s s a r y  , and the s a m p l e s  were then p r e i n c u b a t e d  for 5 d a y s  at 

25°C (Fig. 17). T he A T P  c o n t e n t s  of the s o ils w e r e  then m e a s u r e d ,  

and soil p o r t i o n s  w e r e  f r o z e n  and kept at -20° C for 1, 7 a n d  14

days, r e s p e c t i v e l y ,  and measured. Two soil s a m p l e s  from e a c h  of 

t h r e e  r e p l i c a t e d  soils w e r e  analysed. The f r o z e n  soil s a m p l e s  

w er e  not a l l o w e d  to t haw b e f o r e  the e x t r a c t a n t  for ATP e x t r a c t i o n  

w as added.



1 8 3

A P P E N D I X  V

ATP C O N T E N T  AS A M E A S U R E  OF M I C R O B I A L  

A C T I V I T Y  A N D  S I Z E  OF B I O M A S S  IN S O I L

M a t e r i a l s  a n d  m e t h o d s

Cor r e l a t i o n s  b e t w e e n  ATP c o n t e n t  and m i c r o b i a l  a c t i v i t y  and 

b i o m a s s  in f i e l d  s o ils ( e x p e r i m e n t a l  data)

The m i c r o b i a l  b i o m a s s  and a c t i v i t y  w ere m e a s u r e d  in arab l e  

soils from A s k o v  E x p e r i m e n t a l  Station, w h e r e  the e f f e c t s  of 

a d d ition of f a r m y a r d  manure, s l u r r y  or i n o r g a n i c  f e r t i l i z e r s  to 

the soil w e r e  e x a m i n e d .  The e x p e r i m e n t a l  c o n d i t i o n s  and m e t h o d s  

use d  are g i v e n  in refs IV, V and VI.

The in f l u e n c e  of r e d u c e d  c u l t i v a t i o n  and use of a c a t c h  c r o p  

w e r e  e x a m i n e d  in f i e l d  e x p e r i m e n t s  r e g u l a r l y  sow n  w i t h  barley, 

and with a p p l i c a t i o n  of i n o r g a n i c  f e r t i l i z e r s  only. The 

experiment w a s  l o c a t e d  on d i f f e r e n t  soil types. D e t a i l s  on the 

experimental m e t h o d s  are g i ven in ref. IX.

Belgian s o i l s  of d i f f e r e n t  textures, with c l a y  c o n t e n t s  r a n ging 

fro m  6.1 % to 34.0 % and d i f f e r e n t  o r g a n i c  m a t t e r  contents, 

v a r ying f r o m  1.3 % to 6.3 % w e r e  studied. P r e i n c u b a t i o n  lasted 

for 14 days at a p p r o x i m a t e l y  14°C and 70 % of w.h.c..
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Man y  c h e m i c a l  and b i o l o g i c a l  p a r a m e t e r s  in soil m u s t  be 

e x p e c t e d  to be i n f l u e n c e d  by the e n v i r o n m e n t .  For e x a m p l e  the 

c o n t e n t  of N O 3 -N may c h a n g e  from time to time due to s u p p l y  of 

f e r t i l i z e r  or u p t a k e  of n i t r o g e n  i n d e p e n t l y  of the c o n t e n t  of

ATP. This can be i l l u s t r a t e d  wit h  the f o l l o w i n g  c o n s t r u c t e d  

example. A s s u m i n g  that a hig h  c o n tent of N O 3 -N ma y  be found e a r l y  

in the spri n g  due to a r e cent s u p p l y  of f e r t i l i z e r  and at the

same time there is a r e l a t i v e l y  low c o n t e n t  of ATP. At the next

sa m p l i n g  time the N O 3 -N may be r e d u c e d  b e c a u s e  part of the

n i t r o g e n  has bee n  taken up by the p l a n t s  and at the same t i m e  the 

A TP c o n t e n t  has increased.

In this e x a m p l e  a n e g a t i v e  c o r r e l a t i o n  c o e f f i c i e n t  c o u l d  be 

e x p e c t e d  (see Fig. 27) eve n  if there is a p o s s i t i v e  c o r r e l a t i o n  

c o e f f i c i e n t  w h e n  eac h  time is c o n s i d e r e d  separately.

Th e r efore, to c a l c u l a t e  one c o r r e l a t i o n  coefficient, w h i c h  

c o u l d  tell about the d e p e n d e n c e  b e t w e e n  AT P  and NO 3 -N at b oth 

times, it is n e c e s s a r y  to a d just for c h a n g e s  in the level of ATP 

and N O 3 -N fro m  s a m p l i n g  time 1 to s a m p l i n g  tim e  2.

The m e ans of the N O 3 -N and ATP c o n t e n t s  f r o m  Fig. 27 are:

Method of adjustment of experimental data

1

S a m p l i n g  time 

2 1  and 2

N 0 3 -N 8.09 3. 09 5.59

ATP 3.75 4.75 4.25

T h e r e f o r e  the a d j u s t m e n t  can be p e r f o r m e d  by a d ding 2.5 to N O 3 -N 

and s u b t r a c t i n g  0.5 fro m  ATP at samp l e  t ime two; a n d  by 

s u b t r a c t i n g  2.5 from N O 3 -N and a d d i n g  0.5 to A T P  at sample time 

one. This is done in Fig. 27. The n  if we only regards the 

a d j u s t e d  v a l u e s  (circled points) we have a picture of the 

d e p e n d e n c e  b e t w e e n  A TP and N O 3 -N when the a d j u s t m e n t  for c h a n g e s  

in level of c o n t e n t s  fro m  time to time has b e e n  performed.
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For the a c t u a l  data a r i s i n g  fro m  4 e x p e r i m e n t s  each wit h  4 

s a m pling times, 3 t r e a t m e n t s  and 3 repl i c a t i o n s ,  the a d j u s t m e n t s  

a n d  the c a l c u l a t i o n  of the c o r r e l a t i o n  c o e f f i c i e n t  can be

f o r m ulated in the f o l l o w i n g  way:

where,

i = 1,2,3 or 4 is numb e r  of e x p e r i m e n t s

j = 1,2,3 or 4 is numb e r  of s a m p l i n g  times

k = 1,2 or 3 is t r e a t m e n t  number

1 = 1,2 or 3 is r e p l i c a t i o n  (plot) number

n = 4 4 3 3 = 144 is total number of o b s e r v a t i o n s  in plots

x ijkl and Y ijkl is the u n a d justed v a l u e s  in e x p e r i m e n t  i at 

samp l e  time j in the 1  th plot wit h  t r e a t m e n t  k.

x ijkl anc  ̂̂ i j k l  ^  t'ie a d j u s t e d  v a l u e s  in e x p e r i m e n t  i at

sample time j in the 1  th plot wit h  tr e a t m e n t  k.

X . . . .  :  4-4-3-3
J.

3 • 3 X X Yj i k I 
k I ,,KI

Y _____ = 4 ■ 41- 3 ■ 3 III I Yj j k I
i j k I

• a • •



1 8 6

The c o r r e l a t i o n  c o e f f i c i e n t  can then be c a l c u l a t e d  using the 

u s u a l l y  f o r m ulars, thus we have

I X X X ( x j i u  -  ___________________

,= V X X X X ( x 1Jkl- x.- V X X X X  (»un - 7 - V

w h e r e  ZZZZ d e n o t e s  s u m ming over all c o m b i n a t i o n s  of i,j,k 

and 1 .

X ____ =  4  • 4 • 3 • 3 Z Z Z Z X j j k j S  X --------

7   = 4 • 41*3 • 3 Z ZZZ yiJk| = Y—

B e c a u s e  of the a d j u s t m e n t s  r does not h a v e  the u s u a l l y  n-2 

de g r e e s  of f r e e d o m  but has n-(4 4)-l = 127 d e g r e e s  of f r e e d o m

r e f l e c t i n g  the fact that we have e s t i m a t e d  16 means i n s t e a d  of

onl y  the u s u a l l y  over all mean. For the r - v a l u e s  based on the 

u n a d j u s t e d  valu e s  we hav e  n - 1-1 = 142 w h e n  d a t a  are a v a i l a b l e  for 

all exp e r i m e n t s ,  s a m p l i n g  times, t r e a t m e n t s  a nd replications.

If we assu m e  n o r m a l i t y  the h y p o t h e s i s  of a true zero 

c o r r e l a t i o n  c o e f f i c i e n t  can be tested. T his is done u s ing the

c r i t i c a l  valu e s  of s t u d e n t  t - d i s t r i b u t i o n  w i t h  the d e g r e e s  of

f r e e d o m  for the r v a l u e  in q u i s t i o n  in (e.g. Table IV in Hald, 

1967). H ere t is c a l c u l a t e d  as: t = \ j  — ~̂rT  ' w h e r e

f is the d e g r e e s  of f r e e d o m  for r.

The s t a t i s t i c a l  m e t h o d  used is d e s c r i b e d  by  Bonnier & T e d i n  

(1940; In Swedish) in c h a p t e r  13, see e s p e c i a l l y  page 155, w h e r e  

h e n - r a c e s  are e q u i v a l e n t  to the c o n b i n a t i o n s  of time of soil

s a m p l i n g s  and e x p e r i m e n t s .  The m e t h o d  of ad j u s t m e n t  is also

d e s c r i b e d  in E n g l i s h  by S n e d e c o r  & C o c h r a n  (1967) in c h a p t e r  14, 

a l t h o u g h  it is o n l y  for c o n t i n u o u s  c o v a r i a b l e s  in the latter 

book. T he c o r r e l a t i o n  c o e f f i c i e n t s  in T a b l e  16 can be l o o k e d  at 

as a type of w e i g h e d  m e a n s  of the i n d i v i d u a l  c o r r e l a t i o n  

c o e f f i c i e n t s  for eac h  c o m b i n a t i o n  of t i m e  of s a m pling and 

d i f f e r e n t  expe r i m e n t s .
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Fig. 27. A r t i f i c a l  data s h o wing a n e g ative c o r r e l a t i o n  

c o e f f i c i e n t  when all individual data from two 

s a m p l i n g  times are a n a l y s e d  without adjustment 

A p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t  is obtained 

after a d j u stment for s a m p l i n g  time.

= sampl i n g  time 1 u n a d j u s t e d

▼ = s a m pling time 2 u n a d j u s t e d

@  = sampl i n g  time 1 a d j usted

$  = s a m pling time 2 adjusted
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Calculation of standard error:

_  2 *̂ “ 9
S A K ' j = ( X j 1 X j . ) + ( X j 2 — X j . )  (med 1  f r i h e dsgrad)

n
S A K q  S A K j  (med n f r i h e d sgrader) 

i= i

SAKe 1 
s.e.  =  \1 n 2

w h ere X j . = ^ (  X h  +  X j 2 )

n = number of t r e a t m e n t s

X.q and X ^ 2  are the first and second r e c o r d e d  v a l u e  from 

t r e a t m e n t  i.

C o m m e n t s  to Fig. 12. F rom a s t a t i s t i c a l  p o i n t  of view, the 

s a m p l i n g  p r o c e d u r e  has not been s a t i s f a c t o r y .  Ten soil c o r e s  

w e r e  d r awn from each d e pth and m i x e d  into o n e  sample. T h r e e  

s u b s a m p l e s  wer e  taken fro m  each d e pth and s a m p l i n g  time. W h e n  the 

soil in the cores are m i x e d  to one sample, the field v a r i a t i o n  is 

removed. T h e n  s t a n d a r d  error b e c o m e s  too small, w h e n  the 

v a r i a t i o n  b e t w e e n  the tubes is not taken into account.
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To assess the e f f e c t s  of d i f f e r e n t  m a n a g e m e n t  p r a c t i c e s  (e.g. 

a d d i t i o n  of s l u r r y  and f a r myard m a n u r e  to the soil and soil 

t i l l a g e  m e t h o d s ) ,  A TP c o n t e n t  as d e t e r m i n e d  in ref. X was used as 

a biomass m e a s u r e  (after p r e i n c u b a t i o n  of the soil for 5 days at 

25°C with 60 % of w.h.c.) and the C 0 2 p r o d u c t i o n  was used as an 

a c t ivity m e a s u r e  (Figs 21, 22 and 23).

The CC>2 p r o d u c t i o n  was s t a r t e d  the day after sampling. The soil 

water was a d j u s t e d  to 60 % of w.h.c. and soil p o r t i o n s  (60 g)

w e r e  in c u b a t e d  in 300 ml flasks over a 24 h p e r i o d  at 25°C. C 0 2

pr o d u c t i o n  w a s  m e a s u r e d  in a H e w l e t t  P a c k a r d  5 7 30A 

g a s c h r o m a t o g r a p h  (TC detector, 50°C; P o r o p a l ^ Q  colomn, length 

800 mm  x dia. 2 mm; flow, 30 ml He/min). A m e a s u r e  of the 

a c t i v i t y  is o b t a i n e d  w h ich is not i n f l u e n c e d  by the soil 

t e m p e rature a n d  m o i s t u r e  c o n t e n t  at the s a m p l i n g  time. Soil 

s a m ples were t a k e n  fro m  each of 2 r e p l i c a t e d  plots. F r o m  each 

p lot 8 c o r e s  (250 m m  dia.) w e r e  t a ken at r a n d o m  and p o o l e d  to

gi v e  one sample. T wo s u b s a m p l e s  w ere a n a l y s e d  per plot. The

samples in t he e x p e r i m e n t  w ith a d d i t i o n  of o r g a n i c  m a n u r e s  wer e  

d r a w n  from t he 0 - 2 0  cm  depth, as o p p o s e d  to the s a m ples in the 

experiment w i t h  p l o u g h e d  and d i r e c t  d r i l l e d  t r e a tments, w h ich 

w e r e  taken in the 0 - 2  cm and 2 - 1 0  cm  depth.

The field e x p e r i m e n t s  at A s kov and L u n d g å r d  E x p e r i m e n t a l  

Stations w e r e  i n i t i a t e d  in 1972 to s t udy the e f f e c t s  of h e a v y

Some examples to illustrate the application of the ATP method
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a p p l i c a t i o n s  of SLU and FYM on a r able soil. T h e  following a m o u n t s  

of SLU and F YM w e r e  u sed fro m  the start of th e  experiment:

100 t/ha e v e r y  year, 200 t/ha every two y e a r s  or 400 t/ha e v e r y  

four years. T h e s e  a m o u n t s  are e q u i v a l e n t  to 500 kg N/ha, 1000 kg 

N / h a  and 2000 kg N/ha, r e s p e ctively. C o n t r o l  plots, r e c e i v i n g  80 

kg N/ha in NPK f e r t i l i z e r s  w ere i n c luded in the experiments. The 

c r o p  in 1984 r e c i e v e d  o r g a n i c  m a n u r e s  a d d e d  in December 1983 at 

the two l o c a lities. I n o r g a n i c  f e r t i l i z e r s  w e r e  supplied in May

1984. The c r o p p i n g  s y s t e m  at Askov E x p e r i m e n t a l  Station was a

four y e a r s  r o t a t i o n  of s u g a r b e e t s  (1981), b a r l e y  (1982), I t alian 

ry e g r a s s  (1983) and b a r l e y  (1984). At L u n d g å r d ,  the four y e ars 

ro t a t i o n  was b a r l e y  (1981), s u g a r b e e t s  (1982), barl e y  (1983) and 

c o r n  (1984). The soil t e m p e r a t u r e  (10 cm d e pth) at the s a m p l i n g  

time (8/3-1984) was 4°C for both l o c a l i t i e s .  The e x p e r i m e n t  

w ith d i r e c t  d r i l l e d  and p l o u g h e d  t r e a t m e n t s  w e r e  i n i tiated in

1981. The c r o p p i n g  s y s t e m  was c o n t i n u o u s  b a r l e y ,  w i n t h e r w h e a t  or

rye. The soil t e m p e r a t u r e  at the s a m p l i n g  tim e  (25/7-1983) w a s  on 

an a v e r a g e  of the t h ree loc a l i t i e s  and 2 c m  and 1 0  cm d e pths 

21°C. The c o r r e s p o n d i n g  t e m p e r a t u r e  for the s o i l s  sampled 22/5-

1984 was 1 5°C.

Soil p r o f i l e s

V e r t i c a l  d i s t r i b u t i o n  of m i c r o o r g a n i s m s  w a s  examined in two 

soil p r o f iles. One soil p r o f i l e  was t a ken in a r a b l e  land g r own 

w i t h  c o n t i n u o u s  b a r l e y  at Gudum, N o r t h  J u t l a n d .  The s a m p l e s  

wer e  t a ken and s t ored in steel c y l i n d e r s  (480 m m  length x 100 mm 

inner dia.) at 5°C for a few days and a n a l y s e d .  All samples were 

sealed in p o l y e t h y l e n e  b ags in order to a v o i d  air c o n t a m i n a t i o n  

a nd w a ter loss. Soil u sed for the a n a l y s e s  w as taken out from 

the inner s e c t i o n  of the soil cores. All h a n d l i n g s  were p e r f o r m e d  

u n der s t e r i l e  c o n d itions.
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ATP was e x t r a c t e d  as d e s c r i b e d  at pag e  29 to be abl e  to m e a s u r e  

small amounts. To i m p r o v e  the r e p r o d u c i b i l i t y  in t h e s e  samples, 

1 0 0  ui of t he n e u t r a l i z e d  soil s u s p e n s i o n  w as a d d e d  to 1 0 0  pi of 

instead of 50 pi soil s u p e n s i o n  a d d e d  to 50 pi NR^'. The 

m e a s u r e m e n t  w a s  p e r f o r m e d  in a L u m a c o u n t e r  M 2080, w h i c h  h ad a 

de t e c t i o n  l i m i t  of less than 0.2 x lO - "*-̂  m o l e s  ATP.

Bacteria w e r e  e n u m e r a t e d  by the s t a n d a r d  d i l u t i o n  p l a t e  c o u n t  

method. T h e  f o l l o w i n g  p l a t i n g  m e d i u m  was used: Q u a r t e r  strength, 

Trypt o n e  S o y a  Agar (TSA, O x o i d  Ltd.), 10 g/1, w i t h  a d d i t i o n  of 

extra 9.0 g /1 B a c t o  Agar (Difco Lab.); A c t i d i o n  (c y c l o h e x i m i d e ) 

50 mg/1 aga r  m e d i u m  (0.25 g a c t i d i o n  was d i s s o l v e d  in 10 ml of a 

95 % ethanol s o l u t i o n  and 0.4 ml of this s o l u t i o n  w as a d d e d  to 

200 ml agar m e d i u m ) .  T h r e e  s u b s a m p l e s  of 1 g w ere t a ken f r o m  e ach 

e x a mined d e p t h  and two d i l u t i o n s  (2 x 10^ and 4 x 10^-fold) w e r e  

applied. T he soil was d i l u t e d  in s t e r i l e  tap w a ter c o n t a i n i n g  

0 . 1  % p e p t o n e  and 0 . 2  % c a l g o n e  (s o d i u m h e x a m e t a p h o s p h a t e ).

Further d i l u t i o n s  w e r e  p e r f o r m e d  in s t e r i l e  tap w a ter a d d e d  0.1 

% peptone. Six p l a t e s  w e r e  i n o c u l a t e d  fro m  each d i l ution. All 

plates were i n c u b a t e d  for 6 days at 25°C.

F D A - s t a i n e d  fungi w ere d e t e r m i n e d  m a i n l y  as d e s c r i b e d  by 

S ö d e r s t r ö m  (1977). Dependent, of the soil d e pth 1-5 g soil

portions w e r e  use d  and three soil s a m p l e s  wer e  a n a l y s e d  fro m  e ach 

depth. Each soil s a m p l e  was s u s p e n d e d  into 100 ml p e p t o n e - c a l g o n e  

water ( p e p t o n e  (0 . 1  %), c a l g o n e  (0 . 2  %) and d i s t i l l e d  water; 

sterilized) a nd h o m o g e n i z e d  at 20°C in a M SE A T O - m i x  run at half 

speed ( a p p r o x i m a t e l y  6,000 rev/min) for 2 min. S ö d e r s t r ö m  (1977) 

suggested the use of p h o s p h a t e  b u f fer; however, in these

e x a m i nations, p e p t o n e - c a l g o n e  w a ter was a p p l i e d  in the first soil 

d i l ution a n d  d i s t i l l e d  water in the f u r ther di l u t i o n s .  The same 

amount of h y p h a e  w e r e  o b s e r v e d  i n d e p e n d e n t  of the d i l u t i o n  l i quid

Methods
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used, and it was p o s s i b l e  to use the same d i l u t i o n s  for c o u n t s  of 

a c r i d i n e  o r a n g e  s t a i n e d  bacteria. The soil s u s p ension was 

t r a n s f e r r e d  to a s t e r i l e  flask and after soil p a r t icles w e r e  

s e t t l e d  for 1 min, 5 ml of the s u s p e n s i o n  was p i p e t t e d  into 50 ml 

of s t e r i l e  d i s t i l l e d  w a t e r  wit h  m a g n e t i c  s t i r r i n g  (S t i r o m a t i c ). 

T h e n  0 . 5 - 2 . 0  ml of the latter s u s p e n s i o n  w as p i p e t t e d  into 8 ml 

of s t e r i l e  d i s t i l l e d  water. The a m o u n t  u sed depended on the 

number of h y p h a e  in the pre p a r a t i o n .  In the f i n a l  d i l ution 50 pi 

f l u o r e s c e i n  d i a c e t a t e  (FDA) ( K o c h -Light L a b o r a t o r i e s  Ltd, 

C o l n b r o o k ,  England) was a d ded at a c o n c e n t r a t i o n  of 10 ug/ml. 

P r e p a r a t i o n  of F DA was p e r f o r m e d  by d i s s o l v i n g  of FDA in a c e t o n e  

(2 mg/ml) and s t o r i n g  at -20°C. The s u s p e n s i o n  was stained for 3 

m in and then f i l t e r e d  t h r o u g h  a 0 . 8  pm b l ack Millipor^B^ f i lter 

kept in a P y r e x  m i c r o a n a l y s i s  filter holder. As a blind v a l u e  

s u r v e d  s t e r i l i z e d  d i s t i l l e d  water t r e a t e d  as the soil suspension. 

The wet filter was p l a c e d  on a g l ass s l i d e  wit h  a d r o p  of 

s t e r i l i z e d  d i s t i l l e d  w a ter on the t o p s i d e  a n d  covered w i t h  a 

c ov e r g l a s s .  The p r e p a r a t i o n  was i m m e d i a t e l y  studied in an 

e p i f l u o r e s c e n t  m i c r o s c o p e  w ith incid e n t  UV  light ( R e ichert 

F l u ovar w i t h  a H BO 50W Hg vapour burner, m a g n i f i c a t i o n  315x, 

o b j e c t i v e  40x, NA = 0.90). A d i c h o i c  m i r r o r  was used. As 

p r i m a r y  filter s u r v e d  a 3 .5mmF I T C 4 9 0 n m ,  and as secondary f i lter 

a 3 m m (GG9 + OG515) .

Bot h  the leng t h  and the d i a m e t e r  of the h y p h a e  w e r e  m e a s u r e d  for 

d e t e r m i n a t i o n  of the s p e c i f i c  b i o v olume. F r o m  eac h  of the soil 

samples, 20 m i c r o s c o p e  fiel d s  wer e  e x a m ined. For c o n v e r s i o n  to 

b i o m a s s  C, the f o l l o w i n g  f a c tors wer e  used: A density of 1.2

g/cm^, dry w e i g h t  of m y c e l i u m  15 % of wet w e i g h t  and the c a r b o n  

c o n t e n t  was a s s u m e d  to be 50 % of the d ry weight.

A c r i d i n e  o r a n g e  s t a i n e d  b a c t e r i a  w e r e  m e a s u r e d  w ith an 

e p i f l u o r e s c e n t  m i c r o s c o p e  as a b ove ( m a g n i f i c a t i o n  788x, w i t h  an

oil i m m e r s i o n  o b j e c t i v e ,  100x NA = 1.25). T he soil samples and
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t h e  blind v a l u e  ( s t e r i l i z e d  d i s t i l l e d  water) w e r e  t r e a t e d  and 

d i l u t e d  as m e n t i o n e d  for the F D A - s t a i n e d  fungi and the b a c t e r i a  

s t a i n e d  with a c r i d i n e  o r a n g e  (AO, B DH C h e m i c a l  Ltd) by a d d i n g  50 

Ui of a c o n c e n t r a t i o n  of 67 ug AO/ml. After 5 min, the s u s p e n s i o n  

w a s  filtered t h r o u g h  a dyed filter (Millipor 0.22 um) and the 

w e t  filter p l a c e d  on  a glass slide as for the FD A  s t a i n e d  fungi 

a n d  immediately s t u d i e d  in the m i c r o s c o p e .  The numb e r  of b a c t e r i a  

f r o m  twenty m i c r o s c o p i c  fields w e r e  counted.

T h e  filter u s e d  has bee n  dyed by d i s s o l v i n g  0.25 g D y l o n c o l o u r  

no. 8 (Ebony Black, D y lon I n t e r n a t i o n a l  Ltd, London) and 0.25 g 

N a C l  in 90-100° C of 100 ml s t e r i l e  d i s t i l l e d  water. This 

s o l u t i o n  w as f i l t e r e d  t h r o u g h  a g l a s s  m i c r o f i b r e  filter

(Whatman, 55.0 mm  dia. GF/A) and then t h r o u g h  a 0.45 um

m i l l i p o r e f i l t e r . T he f i l ters (0.22 um) w ere s t a i n e d  for 5 m in in 

t h e  colour s o l u t i o n  after the s o l u t i o n  was h e a t e d  to 60-70° C, and 

t h e n  rinsed in s t e r i l e  d i s t i l l e d  w a ter and d r ied in an e x i c a t o r  

o n  filter paper. T he a c r i d i n e  o r a n g e  s o l u t i o n  (67 ug AO/ml) c o uld

be stored for at least 1 week at 5°c.
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Statens Forsøgsstation, Tylstrup, 9380 Vestbjerg ......................................... (08) 26 13 99
Statens Forsøgsstation, Tystofte, 4230 S k æ ls k ø r ............................................ (03) 59 61 41
Institut for G rovfoder, Forsøgsanlæg Foulum, 8833 Ørum  Sønderlyng . . (06) 65 25 00
Statens Forsøgsstation, Borris, 6900 S k je r n ....................................................  (07) 36 62 33
Statens Forsøgsstation, Silstrup, 7700 Thisted ..............................................  (07) 92 15 88

Statens Forsøgsstation, Askov, 6600 Vejen ....................................................  (05) 36 02 77
Statens Forsøgsstation, Lundgård, 6600 V e j e n ..............................................  (05) 36 01 33
Statens Forsøgsstation, 6280 Højer ................................................................... (04) 74 21 04
Statens Forsøgsstation, St. Jyndevad, 6360 T in g le v ......................................  (04) 64 83 16
Statens Planteavls-Laboratorium, Lottenborgvej 24, 2800 Lyngby . . . .  (02) 87 06 31
Centrallaboratoriet, Forsøgsanlæg Foulum, 8833 Ørum Sønderlyng . . . (06) 65 25 00

Havebrugscentret '
Institut for G rønsager, Kirstinebjergvej 6, 5792 Å rs le v ................................  (09) 99 17 66
Institut for Væksthuskulturer, Kirstinebjergvej 10, 5792 Årslev ............... (09) 99 17 66
Institut for Frugt og Bær, Kirstinebjergvej 12, 5792 Årslev .......................  (09) 99 17 66
Institut for Landskabsplanter, H ornum , 9600 Å r s ......................................... (08) 66 13 33

Planteværnscentret
Institut for Pesticider, Lottenborgvej 2, 2800 L y n g b y ...................................  (02) 87 25 10
Institut for Plantepatologi, Lottenborgvej 2, 2800 L y n g b y ..........................  (02) 87 25 10
Planteværnsafdelingen på »Godthåb«, Låsbyvej 18, 8660 Skanderborg . (06) 52 08 77
Institut for Ukrudtsbekæm pelse, Flakkebjerg, 4200 S la g e ls e ..................... (03) 58 63 00
Analyselaboratoriet for Pesticider, Flakkebjerg, 4200 S la g e lse .................. (03) 58 63 00


