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Abstract 

Measurements of the average growth rates of soil bacteria from a soil under three treatments; a conventional 
high input corn soybean rotation, a reversion to a native successional community (4 years) and a never ploughed 
grassland, were made by two methods. The specific rates of synthesis of bacterial DNA were determined from the 
specific activities of the DNA precursor, deoxythymidine triphosphate (dTTP), and purified bacterial community 
DNA after 3H thymidine incorporation. These rates were compared with the specific respiration rates of the soil 
microbiota determined from the initial rate of C mineralization and the microbial biomass C. We show how these 
two measurements can be used to estimate values for microbial growth yield and maintenance coefficients in soil. 
Both methods ranked the soil treatments in the same order. The reversion treatment had the highest thymidine 
incorporation and specific respiration rates and the corn soybean rotation the lowest. The grassland soil had the 
highest microbial biomass but an intermediate growth rate. Based on thymidine incorporation the doubling time 
of the bacterial biomass at 25 ° C was 160 days in soil from the corn soybean rotation and 107 days in the reversion 
treatment. Fractionation of the 3H-labelled DNA according to its %guanine + cytosine content showed growth of 
soil bacteria to be widespread among bacterial genera and not confined to a few active species. The soil bacterial 
growth rates found here are much lower than those found in some other studies using thymidine incorporation but 
are in agreement with annual C budgets for the soils. 
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1. Introduction These nutrients largely control  ecosystem func- 
t ioning and agricultural soil productivity.  Esti- 

Knowledge o f  the growth rates o f  microorga- mates of  the average growth rate o f  the soil mi- 
nisms is fundamenta l  to an unders tanding of  crobiota can be made  from carbon (C)  turnover  
their  ecology. The  mineral isat ion-immobil isa-  if  values for maintenance  and growth yield coef- 
t ion reactions involved in the growth and main- ficients are known or assumed. These two pa- 
tenance of  soil microorganisms determine the rameters  are difficult to measure in realistic soil 
availability o f  plant nutr ients  such as nitrogen envi ronments  (Payne  and Wiebe, 1978) and are 
and to a large extent  phosphorus  and sulfur, frequently combined  as an overall efficiency 

term. As maintenance is independent  of  growth 
* Corresponding author: Email 22833mgr@msu.edu; Tel. its inclusion in a yield efficiency parameter  makes 
(517) 355-9282; Fax (517) 353-2917. measurement  of  growth rate f rom C turnover  
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data impossible. Independent measurements of rates of bacterial productivity (e.g. Moriarty, 
growth rate, maintenance coefficient and yield 1986; Kirchman and Hoch, 1988; Chrost et al., 
efficiency in soil are required for an understand- 1988; Coveney and Wetzel, 1988; B~thth and Jo- 
ing of the relationship between substrate utiliza- hansson, 1990). The conversion factors vary 
tion, C mineralization and biomass formation, widely for different species within a microbial 

3H thymidine uptake and incorporation into community (Christensen, 1993), this means that 
DNA is a powerful and exact means of directly the conversion factor is very system specific. 
measuring replication rates in bacteria provid- However, provided that the conversion factor is 
ing the limiting requirements and underlying as- valid, this approach has the advantage of ac- 
sumptions are understood (Fuhrman and Azam, counting for the presence of non-incorporating 
1982; Pollard and Moriarty, 1984). The require- organisms in the microbial community. 
merits fall into two groups, the first group is con- The thymidine uptake procedure has been re- 
cerned with the methods used to estimate thy- fined to avoid many of the errors which can arise 
midine uptake and incorporation and includes: from catabolism of 3H thymidine and the lack of 
( 1 ) Measurement of the specific activity of direct measurement of the specific activities of 
deoxythymidine triphosphate (dTTP),  the pre- precursor and product. We have applied the re- 
cursor to DNA synthesis, by an isotope dilution fined methodology to the measurement of repli- 
method (Forsdyke, 1971 ); this is necessary be- cation rates in soils from a long term ecological 
cause the extent of dilution of this pool by unla- research (LTER) site and compared them with 
belled dTTP is unknown, estimates derived from C turnover 
(2) Measurement of the specific activity of the measurements. 
synthesized DNA, excluding products formed A second advantage of using DNA as a target 
from catabolism of the added 3H thymidine for labeling studies is that the base sequence of 
(Brittain and Karl, 1990). the DNA is conserved. This presents the poten- 
(3) Ensuring that DNA synthesis is the rate lira- tial to sort or separate labelled DNA and to de- 
iting step for thymidine incorporation, termine replication rates for particular compo- 
(4) Disturbance of the sample during measure- nents of the soil bacterial community. The 3H 
merit may alter the growth rate (Moriarty and thymidine-labelled DNA isolated from these soils 
Pollard, 1990; Findlay et al., 1990). have been examined for the distribution of label 
A second group of problems arises in natural mi- in DNA of different %G + C by fractionation of 
crobial communities and includes: ( 1 ) errors re- bisbenzamide-DNA complex on CsC1 density 
sulting from the failure of some bacteria to in- gradients (Holben and Harris, 1991 ), this is one 
corporate thymidine into DNA (Pollard and example of how the thymidine-labelled DNA can 
Moriarty, 1984; Jeffrey and Paul, 1990; Chris- be sorted. 
tensen, 1993 ); (2) failure to extract a represent- 
ative sample of the bacterial DNA from the soil; 
(3) co-extraction of DNA from sources other 2. Materials and methods 
than living bacteria. 

The advantage of using DNA as a labeling tar- 2.1. Soils 
get is two-fold. Firstly, DNA replication is a fun- 
damental attribute of growth and is in this sense Samples of the 0-10 cm layer were collected in 
absolute. The specific growth rate can be deter- August 1991 from a Kalamazoo series soil (Typic 
mined directly from the specific activities of Hapludalfs, fine loamy, mixed, mesic)on treat- 
dTTP and DNA. Much of the controversy asso- ment plots of a long term agroecology experi- 
ciated with the use of 3H thymidine uptake as a ment at the Michigan State University, Kellog 
method of measuring microbial growth has been Biological Station, Battle Creek, MI. The treat- 
concerned with the use of factors for the conver- ments were: ( 1 ) corn/soybean rotation with 
sion of 3H thymidine incorporation rates into conventional fertilization ( I 10 kg ha-  1 N as am- 
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monium nitrate), the crop was corn; (2) rever- 2.4. Time course of3H thymidine uptake 
sion to a native successional community on soil 

taken out of  cultivation in 1988; (3) never tilled, Slurries of replicate 10 g samples of soil in 30 
grass field. Soils from Treatments 1 and 2 con- 
rained 0.9% organic C, 0.1% N and that from ml centrifuge tubes were formed by addition of 

10 ml 3H thymidine solution (0.403/tM, 0.25 
Treatment 3, 1.6% organic C and 0.15% N, pH 
on all treatments was 6.3. The soils were sieved MBq nmol-  1 ). The tubes were incubated at 25 ° C 
moist to 2 mm and stored at 5 °C until use (less on a reciprocating shaker (60 r.p.m. ). 3H thy- 

midine uptake was terminated after 5, 30, 60, 90, 
than 2 weeks). 120 and 150 min by addition of excess ~H thy- 

2.2. 3H (methyl)-thymidine midine ( 1 m1750 raM) and rapid cooling to 0 °C 
in an ice bath. The slurries were sedimented by 

The stock concentrate (248 GBq re too l -1  centrifugation at 7800 g for 10 rain at 5 °C. The 
sterile aqueous solution, 1 ml, New England Nu- soil was washed by resuspending in 10 ml phos- 
clear Products, Boston, MA) was diluted to 370 phate buffer ( 1.0 raM, pH 7.0) and sedimented 
ml (0.403/tM) with sterile water and stored at again. The pellet was resuspended in phosphate 
5OCuntiluse. buffer (10 rnl, 1.0 mM, pH 7) before DNA 

extraction. 

2.3. Soil slurry respiration 
2.5. Isotope dilution measurements 

To quickly and uniformly introduce added 

thymidine to the microbiota the soils were incu- The specific activity of the DNA precursor, 
bated as slurries. COE evolution from the soil of deoxythymidine triphosphate (dTTP),  was es- 
Treatment 1 with and without the addition of the 
water or thymidine, was measured to test if slurry timated by an isotope dilution method. This 

method uses a constant aliquot of  labelled thy- 
formation caused short-term changes in the ac- midine along with incremental dilutions of un- 
tivity of the soil microbial community. Tubes labelled thymidine to measure the reduction in 
containing soil (10 g) were pre-incubated at 
25 °C for 24 h then flushed with air and capped specific activity of dTTP due to initial pools and 
with rubber serum stoppers. Samples (0.2 ml) of any unrepressed de novo synthesis ofthymidine. 
the headspace gas were removed at 10 rain inter- Forsdyke ( 1971 ) showed the relationship be- 
vals in 1 ml syringes. The gas samples were stored tween the additions of unlabelled thymidine 
for up to 2 h by inserting the needle into rubber (y+  1 ), in dilution units, and the reciprocal of 
stoppers. After 30 rain incubation of the soil the radioactivity of the DNA ( l / x ) t o b e  

samples, 10 ml ofwater, thymidine (750 nM) or y + l = ( l / x ) n - p  (1) 
formaldehyde solution (0.1% ) were added from 
a syringe through the serum cap with the re- and showed that the slope (n) of the linear plot 
moval of  an equivalent volume ofheadspace gas. estimated the radioactivity of the DNA if intrin- 
The soil and solution were mixed by vortex then sic dilution of the dTTP pool was zero. Intrinsic 
incubated horizontally on a reciprocating shaker dilution of the dTTP pool, either by already ex- 
at 60 r.p.m. Control tubes had no additions to isting initial pools of thymidine or dTTP, or by 
the soil and were not shaken. Headspace gas unrepressed de novo synthesis, is estimated by 
sampling was continued for a further 2 h. The the intercept p. The radioactivities x and n are 
CO2 concentrations in the samples were mea- equivalent to specific activities for unit mass. The 
sured on a gas chromatograph fitted with a Po- reciprocal plot is useful for testing the linearity 
ropak Q column and thermal conductivity de- of the relationship, but in practice, values of n 
tector. A standard mixture of 1% CO2 in air and p were obtained by non-linear regression us- 
served as a calibration standard, ing the model (Pollard and Moriarty, 1984 ) 
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smaller (6 ml ) centrifuge tubes, this reduced the 
n (2) dilution rate of impurities compared with that 

x= (p+y+ 1 ) obtained in 18 ml centrifugation tubes but use of 
Non-linear regression avoids errors inherent in the smaller tubes enabled up to 40 samples to be 

the linearization of data using reciprocals, centrifuged simultaneously, compared with only 
Specific DNA synthesis (D) then follows from eight by the standard method. The procedure for 

recovery of the DNA from the CsC1 density gra- 
D=--nb (3) dient was also modified to improve recovery. The 

Ta DNA bands were removed from the CsC1 gra- 
where b is the molecular weight of thymidine 5' dients by piercing the wall of the tube with a sy- 
monophosphate (322.2), a is the mass fraction tinge needle and withdrawing 1-2 ml. Ethidium 
ofthymidine 5' monophosphate in DNA at 68% bromide was removed from the DNA by extrac- 
G + C (0.1576) and T is the specific activity of tion with a 3x volume of NaCl-saturated isopro- 
the labelled thymidine (Bq/~mol- 1 ) The soil panol; this was repeated five times. The DNA so- 
bacterial DNA replication rate (/t h -  1 ) was de- lution was then diluted to 5x the original ( 1-2 
rived from D by ml) volume with TE ( l0 mm tris.HCl 1 mm 

EDTA pH 8.0) in 30 ml glass centrifuge tubes 
#= ln  1 and an equivalent volume (5-10 ml) ofisopro- 

D (4) panol added. The DNA was allowed to precipi- 
t tate for 1 h at 0 ° C. The tubes were then centri- 

fuged at 7800 g for 40 min at 5°C. The 
which is a special case of the integrated form of isopropanol was decanted, the tubes inverted and 
the microbial growth equation where DNA at the allowed to dry (about 1 h). The DNA was redis- 
end of the growth period is normalized to unity, solved in 500/A TE at 65 °C for 1 h with frequent 
When D is small it closely approximates /zt shaking. The solution was transferred to a 1 ml 
because microfuge tube and mixed with 50/Ll Na acetate 

1 (3M) and one volume of isopropanol. The mi- 
ln]-Z-D--'D crofuge tubes were centrifuged at 16 000 g for 15 

min then decanted. The pellets were rinsed with 
Replicate l 0 g soil samples were slurried with 70% EtOH then 95% EtOH, allowed to dry, then 

l0 ml of water containing 0.25 MBq 3H thymi- redissolved in 500/tl TE at 65 °C. 
dine at five incremental thymidine concentra- 
tions, from 0.40 to 2.2/tmol, representing dilu- 2. 7. HPLC separation of nucleotides from 3H 
tion factors one to five of the thymidine content DNA 
of the lowest dilution. The slurries were shaken 
(25 ° C, 60 r.p.m. ) for 2 h. 3H thymidine uptake Aliquots of 3H thymidine-labelled DNA (30 
was terminated as before and the soil samples /tg) from the soils treated with the highest spe- 
washed once in phosphate buffer prior to DNA cific activity thymidine (0.25 MBq nmo1-1 ) 
extraction, were digested to monomers with nuclease P1 

(Tamaoka and Komagata, 1984). The DNA was 
2.6. Soil bacterialDNA extraction and dissolved in 100/~1 water, denatured at 100°C 
purification for 5 min and then cooled rapidly in ice. The 

denatured DNA solution was mixed with 50 #1 
Soil bacterial DNA was extracted from the soils of nuclease P 1 solution (0.1 mg in 1 ml 40 mM 

after 3H thymidine incorporation by a minor sodium acetate buffer containing 2 mM zinc sul- 
modification of the direct lysis procedure of fate, pH 5.3) and incubated at 50 °C for 2 h. The 
Holben ( 1993 ). DNA purification by isopycnic digest was diluted to 300 #l and deoxynucleoside 
banding in CsC1 gradients was performed in monophosphates were chromatographically sep- 
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aratedona250mm×4.6mmSpherisorbS5SAX dard DNA mixtures (Esherichia coli, Clostri- 
ion exchange column (Anspec Co, Ann Arbor, dium welchii and Micrococcus lysodeikticus) of 
MI) using 50 mM K H  2 PO4/H3PO4 pH 3.0 at a known %G+C, were used to calibrate the CsC1 
flow rate of 1 ml rain- ~ as eluent. Peak areas and gradients so that %G + C could be derived from 
retention times of nucleoside monophosphates refractive index measurements. 
were compared with those of standard samples 
(Sigma, St. Louis, MO). The concentrations of 2. 9. Soil microbial biomass 
the standard nucleotide solutions were calcu- 
lated from optical density measurements using Microbial biomass C was measured on six rep- 
extinction coefficients (Voet et al., 1963). Frac- licate 25 g samples of the test soils by the chlo- 
tions corresponding to deoxycytidine, deoxy- roform fumigation incubation method, using the 
adenine, thymidine and deoxyguanosine-5'- procedure described by Horwath and Paul 
monophosphates were collected in 1-3 ml eluent ( 1993 ). 
in 20 ml scintillation vials. Scintillation cocktail 
(10 ml) was added and the radioactivity mea- 

2. I0. Soil respiration in long-term incubations 
sured in a Packard Tricarb 1500 liquid scintilla- 
tion counter for 20 rain (Packard Instruments, 
Meriden, CT). Automatic quench correction was Six replicate bulk samples of the soils were 
by an external standards method, sieved to 5 mm and adjusted to a gravimetric 

water content of 19% which corresponded to a 
2.8. Fractionation of3H DNA by %G+ C water potential of - 300 kPa. Subsamples ( 150 

g) of the soil were weighed into 11 glass canning 

DNA isolated from 3H labelled soils was frac- jars. A 20 ml vial containing 2 ml 2M NaOH was 
included in the jars to trap CO2. The closed jars tionated by ultra centrifugation on CsC1 gra- 

dients containing bisbenzamide (Holben et al., were incubated in darkness at 25 °C for 250 days. 
1993 ). Samples of 3H-DNA (30/tg) were dis- The base traps were replaced after 10, 20, 40, 80, 

146, 180 and 250 days. The HCO~- content of solved in CsC1 solution (6 ml, 1.6 g ml -~ ) con- 
taining bisbenzamide (0.2/tg ml-  ~ ). The refrac- the traps was determined by a dual end point ti- 
rive index of the mixture was adjusted to 1.400,  tration with 0.1 M HC1 from pH 8.3 to pH 3.7 
corresponding to a density of 1.707. Centrifuga- (Horwath and Paul, 1993 ). 
tion to near isopycnic equilibrium was in a Sor- Cumulative CO2 evolution curves were fitted 
vail TFT 45.6 ultra centrifuge rotor (Du Pont to an exponential model of the form 

Instruments, Wilmington, DE) at 33 000 r.p.m. Cmin = Cl ( 1 - e - k ' t ) + C 2 ( 1 - e  -~2~) (5) 
(110 000 g) for 96 h at 18°C. The density gra- 
dients were fractionated into 200 #1 fractions by Where Cmi n is cumulative mineralization, C~ 
upward displacement with a dense immiscible and C2 are carbon pools and k~ and k2 the rate 
fluid (Fluorinert, 1.87 g ml- 1, 3M, St Paul, MN) constants for the decay of these pools. A third 
using an Isco model 640 gradient fractionator compartment in the model (C3) has a negligible 
(Isco, Lincoln, NE). The DNA content of each decay rate on the time scale of this incubation. 
fraction was estimated from OD measurements This has been established by carbon dating which 
at 260 and 280 nm. The refractive index of a 40 has shown that about half the soil organic C is 
~tl sample of each fraction was measured in a re- extremely resistant to decay with a half life of 
fractometer. A 100/tl sample was digested with hundreds or thousands of years (Paul et al., 
400/A 0.25M HC104 at 100°C for 30 min in a 20 1993 ). We therefore constrained C2 to equal half 
ml scintillation vial, cooled to room temperature the total soil organic C minus Cl.that is 

then mixed with 10 ml scintillation cocktail. The C2 = Ctot - C~ - C3 andC3 = Ci + C2 
radioactivity of the digested 3H DNA was mea- 
sured for 20 min in a scintillation counter. Stan- The parameters estimated from the curve fits 
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were used to calculate initial C mineralization 18o0 
rates for the soils: 

1700 
0C 
Ot =C,K, +C2K2 (6) ~ 16oo ~ - ~ ' ~ - ~  - "  " " 

The specific respiration rate (R) is equal to the ~ lsoo 
sum of growth (G) and maintenance (m) re- "~ 
lated respiration rates. This was calculated as the so 
initial mineralization rate divided by the micro- ~°o ~ 1  . ~ . _ , , _ ~  ~ * ~  
bial biomass (x) 

R = G + m =  OC1 (7) ' ' ' 
ot x o so loo 15o 

Maximum specific growth rates (v) can be es- t ime (rain) 

timated from specific respiration rates by as- Fig. 1. Effect of slurry formation and thymidine addition on 
suming a growth yield efficiency (Y) of 0.6 and the respiration of soil at 15 ° C. Control soil incubated at 20°/0 
ze ro  maintenance coefficient (m), from moisture without shaking ( • - Q  ). Slurry formed from 10 g 

soil plus 10 ml water, incubated with shaking at 60 r.p.m. 
i" OS "~ OS ( 0 - 0  ). Slurry + 750 nM thymidine ( ff]-[] ). Slurry + O. 1% 

vx=~-~-[ -mx)Yand-~  (8) formaldehyde (~,-~>). 

I 2 0 0  - 
= G x - ( ~ - ~ + m x  (9) ~- 

8 

wherevx=GX.(l_y)(8) andS (9)iSymiCr°bial substrate combining (10)Eqs" ~g~%. loo.lS°~o_ ~ ~ °  

when m is zero, R=G for Y=0.6, x= l ,  o 30 60 90 12o 15o 
v= 1.33.R Time (min) 

Fig. 2. The rate of 3H incorporation into DNA of the soil mi- 
crobial community of Corn-Soybean cropped soil, after ad- 

3. Results dition of 3H thymidine at 0.25 MBq nmol-  1. 

3.1. Respiration in soil slurries was attributed to displacement of the soil atmo- 
sphere by the added water. 

Over short-term incubations (2 h) neither the 
formation of a slurry nor the addition of 750 nM 3.2. Time course of3H thymidine uptake 
thymidine affected the respiration rate of the soil. 
The rates of increase in headspace CO2 concen- The specific activity of the DNA extracted 
tration (Fig. 1 ) in the control, slurry and thy- from soil increased linearly for 150 min when in- 
midine treatments were similar after the initial cubated as a slurry with 0.403 jtm 3H thymidine 
rapid increase on addition of water. The increase (Fig. 2 ). The linearity of the thymidine uptake 
in headspace CO2 concentration of about 1200 curve supports the evidence from the respiration 
p.p.m, resulting from the formation of slurries measurements that the growth and activity of the 
was not a result of respiration as it also occurred soil bacteria did not change markedly over the 
in the formaldehyde treated soil. The increase course of the 150 min incubation. 
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3.3. Isotope dilution measurements (P< 0.05 ). The Grassland soil was intermediate 
and not significantly different from the other 

Plots of the effect of increasing additions of treatments (Table 1 ). 
unlabelled thymidine (y+  1 ) on the reciprocal of The estimates of the theoretical maximum 
the specific activities of DNA extracted from the specific activities of DNA in the absence of in- 
soils ( 1/x ( 1 /Bq/zg-  1 ) ) showed the expected trinsic isotope dilution (n, Eq. 2 ) and the repli- 
linear form (Figs. 3 ( a ) - ( c ) ) .  Dilution of the cation rates (/1) derived from them using Eq. 3 
dTTP pool (p, Eq. 2), estimated by non-linear are shown in Table 1. The DNA replication rate 
regression, varied from 0.07 to 0.14 nmol g-  1 soil of the Reversion treatment was 50% higher than 
and was approximately 50% smaller in the rever- that of the Corn-Soybean rotation (P<  0.05 ). 
sion soil than in the Corn-Soybean treatment The estimate of/1 for the Grassland soil was in- 

a 

6 -  

4 -  

3 -  

2 -  

1 

0 
i i i i i 

8- b 

4 -  

2 -  

1 

0 i i i i i 

C 
6 

4 

3 -  

2 

1 

0 
0 0.02 0.04 0.06 0.~)8 011 0.12 0.14 

l / S p e c i f i c  a c t i v i t y  DNA ((Bq P-g-O-O 

Fig. 3. Effect of isotope dilution on the incorporation of 3H thymidine into DNA isolated from soils of three agronomic treat- 
ments (a) conventional Corn-Soybean rotation, (b) reversion to native successional community after conventional agriculture, 
(c) never ploughed hayfield. Different symbols ( O, 71, ~ ) represent the means of duplicate samples of soils from three replicate 
treatment plots. 
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Table 1 
Estimates of the maximum specific activity of 3H DNA, intrinsic isotope dilution and specific replication rate in soils 

Treatment Specific activity _+ SD Intrinsic dilution + SD # (h- 1 ) + SD 
DNA (bq/tg -~ ) (n=3)  (nmol Thy. g-~ (n=3)  × 104 × 104 

soil) (n=3)  

Conventional 45.6 4.2 0.14 0.03 1.9 0.3 
Reversion 64.7 5.4 0.07 0.01 2.7 0.4 
Native 53.5 6.1 0.10 0.02 2.2 0.4 

termediate and not significantly different from shown in Fig. 4. Profiles of DNA from the other 
the other treatments (Table 1). treatments were similar. The distribution of 

DNA of different base composition is typical of 
3.4. HPLCseparation ofnucleotides in 3H DNA that of other aerobic soils (Holben et al., 1993 ), 

with a pronounced maximum at about 68% 
The average base composition of DNA from 

G+C. It is remarkable that the distribution of 
the three soils was 68 mol% G + C, no treatment radioactivity closely mirrors that of total DNA. 
effect on this composition was detected. The This means that actively replicating, thymidine 
dTMP fraction contained between 83 and 89% 
of the 3H recovered in the nucleotide fractions incorporating bacteria were present in all %G + C 

fractions and that, on average, bacteria from all 
(Table 2). The nucleotide fraction with the 

these fractions were replicating at the same rate. 
highest 3H content after dTMP was deoxyguano- 

sine 5' monophosphate (dGMP), a pyrimidine 3.6. Microbial biomass and specific respiration 
which contained 5-10% of the total. It is proba- rates 
ble that most of the 3H found in the dGMP trac- 

tion was due to incomplete chromatographic Cumulative CO2 evolution curves for the soils 
separation from dTMP rather than catabolism of are shown in Fig. 5. The pool C~ was 3.6 and 2.3 
3H thymidine. It would be expected that disper- times larger in the Grassland and Reversion soils 
sal of 3H from thymidine to other deoxynucleo- than in the Corn-Soybean rotation (Table 3). 
tides would lead primarily to 3H d e o x y a d e n o s i n e  The size of this pool was the most important dif- 
5' monophosphate (dAMP), the other purine, ference between the C mineralization curves for 
by a salvage pathway, the three treatments. The rate constant k~ was 

3.5. Fractionation of3H DNA by %G+ C similar in the three soils. 
The specific respiration rates were similar in 

The %G+ C and radioactivity profiles of the the Corn- Soybean and Grassland treatments. 
DNA from the conventional agronomic plots are The rate for the Reversion soil was about 50% 

Table 2 
Distribution of radioactivity in nucleotide monophosphates released by nuclease P1 digestion of3H thymidine labelled soil DNA 

Specific activity (Bq nmol- l ) 

Nucleotide Retention Corn/soybean Reversion Native 
(min) 

dCMP 2.8 2.3 3.0 2.5 
dTMP 7.4 97.6 140.90 125.3 
dGMP 10.9 5.1 4.2 4.1 
dAMP 15.8 3.5 3.5 3.6 
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0 .06-  

0.04- 
• _ 

0.o2. 
. '%." 

0 
20 3d 4~ 5d 6d 7d 8~ 9d 

%G+ C 

Fig. 4. Profile of 3H labelled DNA from soil, fractions represent the proportion of total DNA (--) and radioactivity ( .... ) at 
%G+C ranging from 20 to 80 tool%. 
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0 -  
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Fig. 5. Cumulat ive  C O 2 - C  evolut ion from soils over 250  day incubation at 25 °C. Corn-Soybean  rotation ( ~ - O ) ,  Reversion 
( A - -  A ) and Grassland soils  ( [ ]  - [ ]  ). Fitted curves are o f  the form Cmin = C, ( 1 - e - k,  ) + C2 ( 1 - e - k2t). 

Table 3 
First order rate constants and pool  sizes f itted to long term (250  day)  C mineral izat ion from soils 

Treatment C, (/zg g -  ~ ) k, ( d a y s -  ' ) C2 (/zg g -  ' ) k 2 ( d a y s - '  ) 

Corn / soybean  173 ( 2 4 )  0 .024 (0 .005 )  4327  0 .00035  ( 0 . 0 0 0 0 2 )  
Reversion 405 ( 32 ) 0 .029 ( 0 . 0 0 3 )  4095 0 .00052  ( 0 .00003 ) 
Grassland 624 ( 1 0 2 )  0 .022 (0 .005 )  6876  0 .00029  ( 0 . 0 0 0 0 6 )  

Figures in parentheses are asymptot ic  standard errors o f  estimates.  

higher than that of the Corn-Soybean treatment 11 days. The relationship between respiration 
(Table 4). Maximum specific growth rates (v) rates of soils from different treatments was sim- 
estimated from these data (Table 4) are tenfold ilar to that between thymidine incorporation 
higher than the rates obtained from thymidine rates; the Reversion treatment had the highest 
incorporation (Table 1 ). Corresponding mini- rate and the Corn- Soybean rotation the lowest. 
mum doubling times for the soil biomass are 8-  The effect of some other, more realistic, assump- 
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Table 4 
Microbial biomass, specific respiration rates and stimated specific growth rates with some assumptions for growth yield and 
maintenance 

Treatment 

Corn/soybean Reversion Grassland 

Biomass C (#gg-~ soil) 141 (14) 251 (17) 345 (26) 
Soil respiration at t=0  (Cmin) 0.24 (0.02) 0.59 (0.03) 0.66 (0.06) 
( /2gCg- lh  -1) 
Specific respiration rate R 16.8 ( 1.1 ) 23.3 ( 1.9 ) 18.9 (2.2) 
(ag C/~g -1 biomass C h -1 )< 10 4) 

Specific growth rate # (h - ~ × 104 ) 
Assumptions a 
Y=0.6, Pro=0 25.2 35.0 28.4 
Y=0.6, Pro=0.8 5.0 7.0 5.7 
Y=0.35, Pr,=0.8 1.8 2.5 2.0 

Values in parenthesis are standard errors of the treatment means for biomass C and approximate standard errors of the esti- 
mates for respiration rates. 

ay,  growth yield (Ox/OS, when maintenance is zero). Pro, proportion of respiration derived from maintenance processes. 

tions for Y and the proportion of respiration de- amended soils (Anderson and Domsch, 1978; 
rived from maintenance process are shown in Faegri et al., 1977; B~thth, 1990; Bhhth, 1992). 
Table 4. If respiration-based growth rate esti- If the soil microbial community can incorpo- 
mates are to agree with those from thymidine in- rate 3H thymidine into its DNA at a rate which 
corporation, then either Y must be ~<0.35, or is characteristic of the rate of DNA synthesis in 
>t 80% of the substrate consumed by the soil bio- untreated soil, determination of this specific in- 
mass must be devoted to maintenance, corporation rate will give the specific rate of DNA 

synthesis in the soil. This can be treated as an 
absolute measurement of growth or could be re- 

4. Discussion lated to biomass production by a factor equal to 
the average cellular DNA content. Most of the 

The first problem in the measurement of mi- previous studies of 3H thymidine uptake have 
crobial growth rates in soil is to assess the extent been performed in aquatic systems with the in- 
that the measurement procedures and their at- tent ofquicldy measuring bacterial productivity. 
tendant disturbances affect the state and activity The extent of 3H thymidine incorporation into 
of the soil microbiota. Physical disturbance such DNA has usually been made by determining the 
as the production of soil slurries will change the amount of radioactivity present in a macromo- 
chemical and physical environment of the soil lecular fraction precipitated onto a filter (e.g. 
bacteria and may thus affect their growth or me- Moriarty and Pollard, 1981; Findlay et al., 1984; 
tabolism. The measurements of respiration in Thorn and Ventillo, 1988). There are problems 
slurried soils show no rate changes over the 2 h with this approach which are exacerbated in the 
incubation and the rate of 3H thymidine uptake more complex matrix of soil. It is assumed that 
remained constant for a similar period. These re- the radioactivity retained by the filter represents 
sults suggest that the growth and activity of the the total mass of thymidine in newly synthesized 
soil microbial community did not change rap- DNA extracted from the sample. There is no 
idly in response to the formation of slurries, measurement of the mass of DNA so the specific 
Similar findings have been reported in a variety activity cannot be determined directly. In aquatic 
of studies on the metabolism of slurried or systems with particulate organic matter, and es- 
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pecially in soils or sediments, the extraction of complete recovery of DNA trom the total num- 
DNA is incomplete and an extraction efficiency ber of bacteria (2.5 × 109 g-1 soil) if the average 
for DNA must be determined (Thorn and Ven- bacterial DNA content was 4 fg (c.f. Ellenbroek 
tiUo, 1988; B~ihth, 1990; B~dtth and Johansson, and Cappenberg, 1991 ). However, estimates of 
1990). The estimate ofthymidine incorporation the extent of lysis based on DNA recovery are 
is in mass units, the subsequent calculation of not strongly informative because of the uncer- 
growth or replication rate requires either that the tainty of the average DNA content of soil 
thymidine content of the standing biomass be es- bacteria. 
timated, usually from its DNA content (Fuhr- The DNA replication rates reported here will 
man and Azam, 1982; Ellenbroek and Cappen- underestimate the true rate of replication to the 
berg, 1991 ) or by using an empirical thymidine extent that DNA from species which do not in- 
conversion factor, corporate exogenous thymidine or DNA from 

The combined uncertainties due to the use of dead organisms was included in the extract. In 
extraction efficiency and thymidine conversion soils, the possible sources of'non-incorporating' 
factors can be avoided if the rate calculations are DNA which may be significant include fungi, ex- 
based on the specific activities of the precursor tracellular DNA (presumably from dead orga- 
and the product rather than on the mass of thy- nisms), and DNA from bacteria which do not 
midine incorporated. In this study, by using re- incorporate thymidine into DNA. Other soil or- 
cently available techniques for the extraction and ganisms such as protozoa and algae cannot sig- 
purification of DNA from soil, we have been able nificantly affect the soil or extract DNA content 
to accurately determine the specific activity of because their biomass and DNA content in most 
the extracted DNA. Further, nuclease digestion bulk soils is too low. 
of this DNA allowed us to measure the specific Bhhth (1990) showed that an assemblage of 
activity of the thymidine bases in the DNA and 15 species of soil fungi failed to incorporate thy- 
to demonstrate that the majority (85-90%) of midine into DNA, therefore, unlabelled fungal 
the radioactivity in the DNA was present in this DNA extracted from the soil would reduce the 
nucleotide. This finding demonstrates that the apparent replication rate. The DNA of the fun- 
incorporation of 3H into the DNA via catabo- gal hyphae in the soils used here represented less 
lism of the added thymidine was minimal. Mea- than 10% of the total DNA content, further- 
surement of the specific activity of the thymi- more, this DNA was resistant to extraction by the 
dine bases in DNA, coupled with isotope dilution hot detergent procedure used and was probably 
measurements of the specific activity of dTTP, not present in the DNA extract (D. Harris, un- 
allowed direct calculation of the DNA replica- published data, 1992). It is possible that DNA 
tion rate without the use of conversion factors from fungal spores could have been included in 
which have caused so many problems, the extract; we have no estimate of the extent of 

The rate measurements are independent of the this contribution. Pre-extraction of the soil with 
overall extraction efficiency of the DNA from the buffer before cell lysis did not obtain measurable 
soil if the extracted DNA is representative of the amounts of DNA suggesting that the contribu- 
whole soil microbial community. Bias could arise tion of extracellular DNA to the extract was 
from the failure of the extraction technique to negligible. 
lyse some classes of organisms in the soil if the Thymidine uptake and incorporation into 
resistant organisms deviate from the mean rate DNA are not universal in the bacteria and are 
of thymidine uptake. It is well known that bac- absent or slight in eucaryotes (Pollard and Mor- 
teria in culture vary widely in their susceptibility iarty, t 984; Saito et al., 1985; Davis, 1989; Jef- 
to lysis by the hot detergent procedure used here frey and Paul 1990). The lack of thymidine ki- 
and it is therefore probable that some of the soil nase in bacteria appears to be the primary reason 
bacteria were resistant to lysis. The mean yield for the failure to incorporate thymidine. The 
of DNA ( 10/tg g-  ~ soil) was consistent with the species tested by Saito et al. ( 1985 ) included ex- 
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amples from important soil genera in which thy- were equal, based on simulations of C turnover 
midine kinase activity was slight or absent. The in the soil biomass (McGill et al., 1981 ). How- 
proportion of soil bacteria which do not incor- ever, the tracer dynamics which provided the ob- 
porate thymidine into DNA is unknown and is servational basis of these simulations could be 
difficult to determine. Estimates could be made explained by maintenance processes alone, there 
from tests on isolated organisms but we do not is no necessity for growth (or death) to produce 
know how a set of cultured bacteria represents turnover in microbial C. 
the majority of soil organisms. Simultaneous measurements of/z by tracer up- 

Evidence trom the CsC1 density gradient frac- take into DNA and the specific respiration rate 
tionation of 3H-labelled DNA-bisbenzamide (G+m) on a number of soil samples in which 
complex indicates that thymidine incorporation the microbial biomass was growing at different 
is widespread. The similarity of thymidine in- rates could be used to estimate yield coefficient 
corporation rates in all of the %G + C fractions and maintenance rate. This follows from Eq. 10 
may be a reflection of the enormous complexity which predicts a linear relationship between the 
of the soil microbial community (Torsvik et al., specific growth rate and the specific respiration 
1990). If each fraction contains DNA from many rate with a slope ( l - Y) / Y and an intercept of 
different species, and perhaps represents many m. Estimates of Y and m from our data are not 
physiological states of each species, then each presented because the thymidine uptake and res- 
%G + C fraction may be a large random sample piration measurements were not made in paral- 
with respect to the rate of thymidine incorpora- lel on the same soil samples and only the three 
tion. If so, then similar mean radioactivities be- treatment means could be used for the regression. 
tween fractions would be expected. The respiration based estimates of growth rate 

Surveys of thymidine incorporation in heter- refer to the whole soil biomass and those based 
trophic bacteria (Saito et al., 1985; Davis, 1989; on thymidine only to the bacteria. This might be 
Jeffrey and Paul, 1990; Christensen, 1993 ) show important if there were differential effects on the 
that out of 190 isolates tested, 140 (74%) could growth rates of fungi and bacteria in different 
be considered thymidine uptake positive. If this treatments. 
proportion is representative of the soil commu- The maximal microbial biomass growth rates 
nities used here, the replication rates would be calculated from specific respiration rates (as- 
underestimated by a factor of 1.36 (I /0.74).  suming Y=0.6 and m = 0 )  are two to four times 
This relationship means that the apparent repli- lower than growth rates estimated from thymi- 
cation rate is relatively insensitive to the propor- dine uptake for sandy loam and acid organic soils 
tion of bacteria which do not take up thymidine, by Bh/~th ( 1990, 1992). The measurements of 
until this proportion becomes large ( > > 0.5 ). growth rates by thymidine uptake reported here 

The specific rate of respiration by the soil mi- were less than 1/20 of those reported by Bhhth. 
crobial biomass is related to the specific growth It seems unlikely that the true growth rates would 
rate of the biomass by parameters representing differ so widely in soils and the disagreement be- 
growth yield efficiency (Y) and maintenance tween these results must be mostly due to differ- 
coefficient (rn). Maintenance rates derived from ences in methodology. Other measurements of 
chemostat cultures (Pirt, 1965; Chapman and bacterial growth rates by thymidine uptake in 
Gray, 1981 ) are tenfold greater than conceivable soils have examined the rhizosphere (Christen- 
average rates in soil (Gray and Williams, 1971; sen et al., 1989; B~tth and Johansson, 1992) 
Shields et al., 1973). The assumption that the where growth is expected to be more rapid than 
maintenance rate must equal the specific respi- in bulk soils because of higher substrate concen- 
ration rate fo r steady state populations (Ander- trations. If the average growth rates in these soils 
son and Domsch, 1985) ignores growth and were as high as those found by B/~/~th (#=0.015 
death in the soil population. Smith et al., ( 1986 ) h -  ~ at 25 ° C ) or Clarholm and Rosswall ( 1980 ), 
assumed that maintenance rate and death rate minimum annual C inputs of 1200 to 3000 gC 
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