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Despite the numerous studies of microbiological events in soil, there
have been few investigations into the relative significance of the various
factors that influence the activity of the microbial population in soil.
Most studies in soil microbiology have been concerned with either
specific groups of the soil microflora or specific activities such as nitrifi-
cation, organic matter transformations, or repression of plant pathogens.
On the other hand, there is considerable information on the growth
requirements of many soil organisms in pure culture. Soil as an environ-
ment for microbial growth possesses certain unique features which, in
conjunction with the complications involved in dealing with mixed
populations, have made it difficult to obtain equally definitive information
about soil cultures. Although the soil environment does not change the
biochemical potentialities of microorganisms, it may influence the expres-
sion of these potentialities.

Some of the contradictory results found in the soil microbiological
literature may be the result of not knowing fully the degree of interaction
between factors that affect microbial activity. As an example, the dis-
agreement over the formulas for the kinetics of glucose decomposition in
soil suggested by Lrrs (1949, 1950), DroBxIK (1958, 1960), and CHASE
and Gray (1957), may be due, in part, to the different abilities of the
soils used in their investigations to satisfy the factors which limit
microbial development.

The present communication describes the influence of several environ-
mental factors on the microbial activity of a sandy soil. Subsequent
publications will describe others. Although an attempt was made to
investigate the influence of each of these factorsindividually, it is obvious
that the expression of some is influenced by interactions with others.

Tn order to minimize the influence of the native soil organic matter and
structural aggregation, a soillow in organic matter and clay was employed.
Glucose was used as the substrate, because the great majority of soil
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organisms can readily utilize this as & carbon source. Microbial activity
was followed indirectly by the determination of CO, evolution; this was
assumed to be the best single parameter for measuring the activity of the
soil micropopulation.

Experimental

The soil used in these investigations was classified in the field as an Ottawa
loamy fine sand (VEATCH et al. 1930), but as an Ottawa sand by mechanical analysis
in the laboratory (Table 1). The top four inches of soil were sampled in the field

Table 1. Some chemical and physical properties of Ottawa loamy fine sand

Property ‘ Value? Method of Analysis

Organic matter 0.85°%, Weight loss on dry combustion
at 600° C

Total carbon 0.16%/, Wet combustion
Total nitrogen 0.029/, Kjeldahl?
Carbon/nitrogen ratio 8.0
Available phosphorus 0.014%/, NH,F-HCl extraction?
Available potassium 0.007%/, NH, acetate extraction?
Available sulfur 0.000382/, Morgan solution extraction*
Magnesium 0.00349/, (NH,),80,-HCl extraction®
Manganese 0.00025%, Morgan solution extraction?
Boron negative test | H,0 extraction?®
Nitrates negative test | Morgan solution extraction?
Soluble salts negative test | H,O extraction; conductivity®
P 6.2 1:2 soil: water ratio
Lime requirement 1 ton/acre Buffer solution®
Base exchange capacity 0.92 meq/100 g{ NH,HCO; replacement
Particle density 2.68 gfee Pycnometer?
Bulk density 1.40 g/ce (on disturbed cores)®
Sand 96.3%/, Sieve method®
Silt 1.1/, Sieve method®
Clay 2.6%/, Sieve method®
Air-dry moisture 0.41°%/, Dried under fan
Wilting coefficient moisture 1.89%/, Pressure membrane (15atmos.)®
1/, atmos. pressure moisture 4.7%, Tension table®
Aeration porosity moisture 12.6%/, Tension table (60 cm tension)®
Field capacity moisture 16.39, Column method

1 All valnes calenlated on an oven-dry basis.

2 Analysis courtesy of Dr. A, R. Worcorr, Michigan State University.

3 Procedures are those employed by the Ohio State Soil Testing Service. Analysis
courtesy of Mr. Ray LinvirLe, The Ghio State University.

4 Analysis courtesy of Dr. H. V. Jorpan, USDA, A.R.8., Bastern Section of
Soil and Water Management, State College, Mississippi.

5 Analysis courtesy of Dr. G. 8. TAYLOR, The Ohio State University.

8 Analysis courtesy of Dr. M. R. HeppLesonN, The Ohio State University.

in December under a shallow mantle of melting snow. For two years prior to
sampling, the soil had been cropped to barley followed by alfalfa. Yields had been
low. Some physical and chemical properties of the soil are presented in Table 1.
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Because a uniform supply of soil was required for studies extending over
several years, a large volume of soil was air-dried, sieved through a 3 mm screen,
mixed by quartering, and stored. Although it has been reported that air-drying
changes the microbial activity of soils (BircH 1958; LEBEDJANTZEV 1924; STEVEN-
soN 1957), it was concluded that relatively fewer changes would occur between
experiments if the original volume of soil was allowed to dry. Subsequent experi-
ments have confirmed this assumption, as it has been possible to obtain virtually
identical results from experiments repeated after intervals as great as 15 months.
All experiments, unless otherwise noted, were conducted with 200 g samples of
soil in ¥/, pint (275 cc) widemonth canning jars. The various additives were mixed
with sufficient water to bring the soil moisture content to field capacity; the final
free water content was 16%/, (w/w). After addition of the solutions, the jars were
stoppered, the soils and additives thoroughly mixed, and the jars placed at 3°C
for at least 24 hours. Preliminary experiments indicated that this equilibration
period was required to obtain uniform distribution of the solutions throughout the
soil, without loss of glucose. After equilibration, the jars were attached to an
aspiration manifold in a constant temperature room maintained at 25° 1= 1°C.
The soils were continuously flushed with CO,-free air at a rate of 14 l/hr, and the
CO, evolved from the soils was collected in NaOH and determined titrimetrically
(STorzry and MORTENSEN 1957).

Results

Effect of various levels of glucose on the rate of CO, evolution

In order to determine the microbial activity of this soil, various
levels of glucose were added. The CO, evolution curves obtained (Fig.1)
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Fig. 1. Daiiy rate of CO, evolution from soil treated with various levels of glucose. °/, Glucose: --- None;
00.5;41.0;,015;:02.0; 425;8 3,75

were considerably different than the respiration patterns that are usually
observed with soils amended with an available carbon source. Approxi-
raately 9—15 days were required to achieve a maximum rate of CO,
evolution; the usual early sharp peak was not apparent; and the height
of the CO, evolution curves did not increase significantly with additions
of glucose greater than 1.59%), snggesting that some factor other than the
supply of energy material was limiting. Instead of the nsual respiration
23*
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peaks, the CO, evolution curves exhibited plateaus, the duration of
which appeared to be a function of the amount of glucose added. Due
to the small amount of carbon added, the duration of the plateaus in the
0.5 and 1.09/, glucose treatments was considerably shorter and occurred
at lower levels than the plateaus with the higher additions of glucose.
Once the available carbon was exhausted, the rate of CO, evolution
sharply decreased. The rate of decrease was approximately the same,
regardless of the original concentration of carbon.

The patterns of CO, evolution suggested that the maximum microbial
potential of the soil was not realized. Inasmuch as the large additions
of glucose considerably raised the C/N ratio, the amount of nifrogen
available may have limited the development of the microorganisms.
Accordingly, the experiment was repeated with variouslevels of nitrogen
added.

Effect of various levels of nitrogen and glucose on the rate of CO, evolution

Various levels of glucose and nitrogen were added with sufficient
water t¢ bring the soil samples to field capacity. NH,NO, was used as the
nitrogen source in order not to affect the pg and to provide both the
nitrate and ammonium ions. The results, illustrated in Fig.2, clearly
indicate that the supply of available nitrogen did limit glucose utilization
in the previous experiment. The peaks in €O, evolution occurred within
the first 3 days as compared to 9—15 days, and the maximum rate of
evolution was more than twice that obtained when nitrogen was not
added. The attainment of peak CO, evolution after 2 to 3 days of incuba-
tion was still at variance with the CO, patterns obtained with some soils
from which the maximum rate of respiration is usually observed within
the first 24 hours (CHASE and GRAY 1957; DROBNIK 1958; KATZNELSON
and STeEvENsoN 1956; Korpr 1954 ; Lums 1949; NEwMAN and NORMAN
1941; StorzrY etal. 1956; SroTzrY and MORTENSEN 1957, 1958). This
lag in respiration was probably due to the low endogenous microbial
activity of this soil, so that 2 to 3 days were required to permit the
microbial population to increase to a level that enabled maximum
utilization of the added glucose.

Essentially the same respiratory patterns were obtained with all
three levels of nitrogen. Although the peaks in the CO, evolution curves
were considerably higher than in the absence of nitrogen, there was no
significant increase in the rate of evolution with levels of glucose greater
than 1.0%/,. Once the peak in evolution was attained, respiration decreased
rapidly in the samples treated with 0.5, 1.0, and 1.59% glucose. The
samples which received more than 1.5%/, glucose exhibited a plateau in
the rate of respiration approximately haif-way between the minimum
and maximum rates. The duration of this plateau was again dependent
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upon the amount of glucose added, and the rate of decrease in COy evolution
was approximately the same for all levels of glucose, again indicating

that microbial activity was
maintained at a high level
only until the amount of
available carbon was de-
pleted.

The presence of pla-
teaus and the similarity in
the height of the evolution
peaks of samples treated
with levels of glucose
greater than 1.0°/, may
have been caused by the
limitation of some nutrient
elements other than nit-
rogen. When nitrogen was
added, the rate of glucose
decomposition increased
until other elements be-
came limiting. Only a por-
tion of these elements was
irreversibly immobilized,
because the plateaus in
respiration did not occur
at the level of the peaks.
The constant rate of res-
piration in the region of
the plateaus indicated that
the rates of mineralization
and re-utilization of a por-
tion of the limiting nutri-
ent element or elements
were rapid and essentially
equal. There apparently
was a sufficient quantity
of these nutrients present
in the soil to affect com-

Fig.2. Daily rate of CO, evolution
from soil treated with various levels
of glucose and nitrogen. °/, Glucose:
--~ None; © 0.5; 4 1.0; 0 1.5;  2.0;
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plete decomposition of glucose added at the 0.5 and 1.0%/, levels, as
evidenced by the absence of plateaus. The turnover rate of the limiting
elements was not as rapid as that of nitrogen, inasmuch as the pla-
teaus occurred at approximately the same level of respiration even
when nitrogen was not added (Fig.1).

The plateaus and the similarity in peak heights might also have
resulted from changes in the mierobial population and the lack of space
for development of these populations. The sequential development of
microbial populations after the addition of carbonaceous materials to
soil was suggested in 1924 by WINOGRADSKY (see RUSSELL 1950) in his
concept of ‘‘autochthonous’” and “zymogenous’ populations, and again
recently by GARRETT (1956) in ecological classifications of soil-inhabiting
fungi. There is ample evidence supporting the concept of sequences of
organisms in the decomposition of heterogeneous substrates such as
plant residues. When only a single soluble substrate such as glucose is
involved, other possibilities must be considered. The addition of glucose
supported rapid development of a microbial population which perhaps
only incompletely decomposed the glucose. The resulting intermediary
products may have inhibited further development of this “primary”
population but were metabolized by ‘“‘secondary’ organisms, The develop-
ment of the “secondary” population may have been limited by the high
concentrations of glucose (ExeLEsBERG 1959, ForBEs and SEvae 1951,
KrrerEr et al. 1943, WussMAN et al. 1958), a slow growth rate, or the
need for growth factors synthesized by the “primary’’ population.

Microorganisms in soil develop primarily in water films, contact
rings, and capillaries between soil particles (BaArTHOLOMEW and NoRMAN
1946, BuaumIk and CLARK 1947, ELLINGER and QUASTEL 1948, QUASTEL
and ScHOLEFIELD 1951); thus, the spatial distribution of organisms in
these areas may also have been responsible for the CO, evolution patterns
obtained. With the ample supply of substrate, this space may have
become virtually filled with cells of the “primary” population, the
senescent tissues of which were protected from decomposition by the
presence of more available energy sources, i. e., glucose and its products,
The activity of the “secondary” population may have been restricted
by the space available for its development, despite the presence of
available substrates. The dead cells ultimately decomposed, as indicated
by the gradual decline in the rate of CO, evolution in the latter part of the
incubation period, but, inasmuch as all available carbon had been
utilized by this time, the space limitations no longer restricted activity.
The data in Fig.2 do not make it possible to distinguish between these
and other possibilities.

At least 0.08%, N was required for maximum decomposition of the
added glucose (Tables 2, 3). There were no significant differences between
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Table 2. Recovery of added glucose as CO, from soil treated with various levels of
glucose and nitrogen and incubated for 43 days

Additions C/N Ratio Recovery of carbon as CO, (%)
Addi- Tgillv(;g | Added glucose only Added
Glucose NH.NO; Additions tions +ﬂ (mg ¢/ gh}ccose -;
(mg C/f ( N/ native soi f N ) native soi
Zof)ng soil) Zogl; ;oil) only organic | 2008 sofl) | Including| Excluding organ?g
matter? control? | control® matter?s
0 0 — 8 52 — — 16
0 80 — 279 56 — — 18
0 160 — 1.6 73 - — 23
0 300 — 0.9 110 — — 34
400 0 — 18 344 86 73 47
400 80 5 6 342 86 72 47
400 160 2.5 3.6 367 92 74 50
400 300 1.3 2.1 423 106 78 58
800 0 — 28 669 84 ik 60
800 80 10 9.3 637 80 73 57
800 160 5 5.6 637 80 71 57
800 300 2.6 3.2 715 89 75 64
1200 0 — 38 969 81 76 64
1200 80 15 12.6 966 81 76 64
1200 160 7.5 7.6 947 79 73 62
1200 300 4 44 1063 89 79 69
1600 0 — 48 1137 71 68 59
1600 80 20 16 1342 84 80 70
1600 160 10 9.6 1342 84 79 70
1600 ! 300 5.3 5.6 1442 90 83 75
2000 | 0 — 58 1353 68 65 58
2000 80 25 19.3 1614 81 78 70
2000 160 12.5 11.6 1750 88 84 75
2000 300 6.6 6.8 1746 87 82 75
3000 0 — 83 1973 66 64 59
3000 80 37.5 27.5 2188 73 71 66
3000 160 18.8 16.6 2340 78 76 70
3000 300 10 9.7 2425 81 77 73
Mean -+ standard error 1037+137.11834-1.7 | 754-1.0 | 58-1-3.1
(634-1.7)5
Coefficient of variation 68.89/, 10.2%/, | 6.8%, ‘ 28.9%/,
‘ L (18.30)5

1 Boil contained 320 mg C and 40 mg N/200 g soil; C/N = 8.

2 (Total C evolved/C added as glucose) X 100.

3 (Total C evolved — C evolved from control/C added as glucose) X 100; assume
no “‘priming action”.

¢ (Total C evolved/C added as glucose -- C present in native soil organic
matter) X 100.

5 Excluding controls which received no glucose.
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the 0 and 0.04°/, N additions in total amount of CO, evolved norin per
cent carbonrecovered as CO, from the added glucose. A significantincrease
in per cent carbon recovery was obtained, however, with the 0.04%/,N
addition when carbon recovery was calculated on the basis of the total
carbon present in the soil (i.e., added glucose plus the native soil carbon).

Table 3. Summary table for analysis of variance of data in Table 21

Recovery of carbon as CO, (%)
ngllvggg Added glucose only Ads?)?;l 0%?;3;: n;;;z:we
(mg Cf200 g soil) -
Including Excluding Including Excluding
control® control® control* control ®
Glucose added Grand
(mg C/200 g soil) Tana mean
0 2.7 — — 22.8 —
400 369.0 92.5 74.2 50.5 50.5
800 664.5 83.3 74.0 59.5 59.5
1200 986.2 82.5 76.0 64.8 64.8
1600 1315.7 82.3 77.5 68.5 68.5
2000 1615.7 81.0 77.2 69.5 69.5
3000 2231.5 74.5 72.0 l 67.0 67.0
Level of
probability LSD
0.05 129.20 6.90 6.59 5.38 5,46
0.01 177.00 9.55 9.11 7.37 l 7.54
NH,NO, added
(mg4N/2300 g soil) Grand mean
0 928.1 76.0 70.5 51.9 57.8
80 1020.7 80.8 75.0 56.0 62.3
160 1065.1 83.5 76.1 58.1 64.0
300 1132.0 90.3 79.0 64.0 69.0
Level of
probability LSD
0.05 97.70 5.63 5.37 4.08 445
0.01 133.83 7.8 8.69 5.58 6.16

1 See footnotes in Table 2.

The addition of nitrogen increased the decomposition of the native soil
organic matter, even though the C/N ratio of the soil organic matter was
probably low enough for maximum decomposition (Table 1). Whether
the added nitrogen was used directly in decomposition of the soil organic
matter or whether the microorganisms preferentially utilized some of the
native soil nitrogen (BROADBENT 1948; Jansson 1955; StosaNovic and
BroapBeENT 1956; StoTzKY and MorTENSEN 1958), could not be deter-
mined in this study.
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A significant difference in glucose recovery was apparent only be-
tween the 0.5 and 1.0%/, glucose levels, and then only when recovery was
calculated on the basis of added glucose alone. This difference was due
primarily to the amount of carbon evolved from the control soil. The per
cent recoveries from any of the levels of glucose added were not signifi-
cantly different when the recovery values were corrected for the CO,
evolved from the control soils, indicating little “priming action’ in this
experiment (BRoADBENT 1948; Srorzry and MORTENSEN 1958). The
recovery values calculated on the basis of both the added and residual
s0il carbon were lower than when caleculated on the basis of added glucose

Table 4. Organic matier content of soil after 43 days of incubation with various levels
of glucose and nitrogen

NH,NO, Glucose added (°/, C) Nitrogen
(s N) 0 l 0.2 ‘ 0.4 [ 0.6 [ 0.8 [ 1.0 ! 1.5 grand mean
Organic matter (%/,)
0 0.93 \ 094 1093 1.15 | 1.30 | 1.38 | 1.46 1.157
0.15 1210 ;127 | 1.29 134 | 1.37 | 1.44 | 1.56 1.352
Carbon
grand mean 1.075| 1.103 1.110’ 1.243 | 1.335 | 1.410' 1.508

LSD ) P =005 ’ P =0.01
Carbon ' 0.0618 |  0.0857
Nitrogen 0.0331 0.0460
Carbon X nitrogen ! 0.0875 0.1215

alone, further showing that the residual soil organic matter was quite
resistant to decomposition., Although the rate of CO, evolution was
considerably different when nitrogen was added than when it was not,
the amount of glucose utilized by the end of the incubation period was
essentially the same for all nitrogen treatments, indicating again a rapid
turnover in soil nitrogen.

The C/N ratio of either the additives alone or of the additives plus the
soil organic matter did not seem to be significant in the decomposition
of glucose. Only at C/N ratios greater than 38 was there any decrease in
the amount of glucose recovered, and this difference would, undoubtedly,
have been eliminated had the incubation period been extended. The C/N
ratio of all systems was constantly decreasing, due to removal of carbon
as CO,, and the most important factor controlling the rate and amount of
decomposition appeared to be the level of available carbon (SToTzZKY and
MorTENSEN 1957).

Although the per cent of glucose recovered as CO, was essentially the
same at all levels of addition, the final organic matter content of the
soil increased with an increase in level of glucose added (Table 4).
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Conversely, the mineral nitrogen content at the end of the incubation
period was lower with the higher levels of glucose (Table 5). There was
no significant increase in organic matter content and no significant
decrease in mineral nitrogen with levels of glucose less than 1.09),.
Products rich in nitrogen apparently accumulated in the soils which
received the higher levels of glucose. These products probably consisted
primarily of cell protoplasm, indicating that the plateaus in respiration
may have resulted from a limitation of space caused by accumulation of
dead cells. The high recovery of added mineral nitrogen and the small

Table 5. Recovery of mineral nitrogen from soil after 43 days of incubation with various
levels of glucose and 0.15%, N as NH,NO,

0 0.2 0.4 0.6

Glucose added (%/, C) 0.8 1.0
Mineral nitrogen recovered

(%) |97 90 0L 86 84 84

Mean - standard error = 87.7 1 1.99. Coefficient of variation = 6.0%/,,.

1.5

82

Table 6. pg of soil after 43 days of incubation with various levels of glucose and nitrogen
(pr determined on a 1:2 soil : water slurry)

NH,NO; added Glucose added (°/, C)
(e M) 0 ' 0.2 } 0.4 I 0.6 0.8 l 1.0 l 1.5
PH
0 6.9 71 7.3 7.4 7.5 7.2 7.2
0.15 6.6 6.6 6.6 6.7 7.0 7.0 7.3
0.04. * * * * * * 7.3
0.08 * Ed { * sk b3 * 7_4

* No measurements made.

amount of CO, evolved from the soil which received no glucose further
showed that microbial activity was low when available carbon was not
present.

The pg of the soils was higher at the end than at the beginning of the
incubation period (Table 6). The higher pm of the soils treated with the
larger quantities of glucose was correlated with the amount of nitrogen
immobilized. Because approximately equal amounis of ammonium- and
nitrate-nitrogen were recovered at the end of the incubation, the pg
changes could not be attributed to the added nitrogen source.

An inverse relationship between rate of CO, evolution and level of
glucose added was noted on the first day of incubation. This relationship
was consistent with all levels of nitrogen, but was more pronounced
when nitrogen was added (Fig.1,2). This apparent restriction in devel-
opment of the microbial population may have been caused by the
toxicity of glucose to certain organisms (ExcrLEsBERG 1959 ; ForBES and
SEvac 1951; KLIGLER et al. 1943; WEssMAN et al. 1958) or by osmotic
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pressure effects. The amount of CO, evolved at each level of glucose
-decreased as the concentration of nitrogen increased, indicating that the
restriction was probably the result of hypertonic osmotic pressures, The
osmotic effect was also manifest in the height of the respiration peaks
which were lower with 2.5 and 3.75 than with 1.0, 1.5, or 2.0%/; glucose.

Definition of the CO, evolution curves

To define further the CO, evolution curves obtained in the previous experiment,
& multiple sub-sample technique was employed (StoTzrY et al. 1958). This method
enabled continuous eollection of evolved CO, and concomitant sampling of soil
without disturbing the environmental equilibrium of the remainder of the incubat-
ing soil. Seventy-five g of air-dried soil were placed in vials (40X 90 mm) and
treated with 1, 2, or 4%/, glucose, 0.08%, N as NH,NO;, and sufficient water to
bring the soils to 16%/, moisture. The soils and solutions were thoroughly mixed, and
the vials were covered with aluminum foil. After 36 hours of equilibration at 3°C,

Table 7. Recovery of glucose from soil incubated at 3° C1

Glucose added Length of incubation (days)
(%) 0 l 1] e ‘ o | 1 k 28
0/, recovery
1 98 97 102 104 101 97
2 98 160 96 101 102 28
4 97 100 97 100 96 98

1 One ml toluene added to soil.

the aluminium foil was removed, 17 vials identical in treatment were placed into
large jars which were attached to the manifold, and evolved CO, was collected.
Individual vials were withdrawn periodically during the incubation period. From
these, subsamples of 10 g for the determination of moisture, 5 g for pg determina-
tion, and 5 g for dilution plating of microorganisms were removed. A small amount
of detergent was added to the first dilution, and bacteria and fungi were plated in
duplicate at two dilutions on soil extract (James 1958) and rose bengal-strepto-
myecin (MArTIN 1950) media, respectively. One ml of the highest soil dilution was
also placed into test tubes containing nutrient broth and brom-cresol purple
indicator?, in order to measnure the acid-producing potential of the soil population.
Plates and tubes were incubated at 25° C. A further 20 g of soil was shaken with
75 ml of distilled water on a reciprocal shaker for 1 hour, the mixture filtered with
the help of diatomaceous earth?, and the filtrate diluted to 100 ml with distilled
water. A portion of the filtrate was treated with Ba(OH), and ZnSO, in order to
remove all polar material (Somocyr 1952), and the glucose remaining in the soil
was determined enzymatically®. The optical density of the residual filtrate was
measured at 260, 280, and 400 mpu.

1 Bacto Purple Broth Base, Difco No. B227.

2 Celite Analytical Filter Aid, Johns-Manville.

3 This procedure involved oxidation of glucose to gluconic acid and H,0, by
glucose oxidase, and reaction of the H,0, with o-dianisidine in the presence of
peroxidase. The color produced was measured spectrophotometrically at 401 mu.
The enzymes and chromogenic acceptor were obtained from the Worthington
Biochemical Corporation, Freehold, New Jersey, under the name of Glucostat.
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To determine if glucose added to this soil could be recovered by this method
of extraction, 1, 2, or 4%/, glucose was added to 50 g samples of air-dried soil. The
samples were brought to 169/, moisture, 1 ml of toluene was added before mixing,
and the samples were placed at 3° C. After various periods of time, samples were
removed, extracted, and analyzed for glucose by the above procedure. The results
(Table 7), in agreement with those of GREENLAND (1956), show that glucose was
not irreversibly adsorbed by the soil and could be extracted guantitatively with
water.

The carbon balance throughout the incubation period (Fig.3) was
calculated only on the basis of glucose added, i. e., the native soil organic
matter was not included. Al-
though the rate of CO, evolu-
tion fell rapidly to that of the
control soil once the glucose
was completely utilized, the
decrease occurred several days
after glucose could no longer be
recovered, indicating that dur-
ing this interval intermediates
between glucose and CO, were
being decomposed. The longer
time lag between the disappear-
ance of glucose and the de-
crease in rate of CO, evolution
showed that more intermedi-

7% Glucose
} 1 [ 1 1 1 i |

2% Glucose
A ! . | L1 { I

4% Glucpse | ates were produced in samples
T e i % o @ 4 Which had been treated with
Days the higher levels of glucose.

Fig.3. Carbon balance of soil treated with various The curves for glucose dis-
levels of glucose and 0.08°/, nitrogen. Calculated on appearance were gimilar in

ecoverad a8 ghucoss: o totat sesoveneds oot Profile to the GO, evolution cur-

not recovered ves (Fig.4a). At least four

distinct slopes were apparent

in both. curves from samples treated with 49/, glucose, indicating changes

in the rate of microbial activity during the incubation period. The rate

of activity was probably governed by (1) the turnover rate of limiting

elements, (2) the rate at which more space became available, and/or

(3) the differential rates of utilization of intermediates by various
components of the microbial population present at any specific time.

The per cent recovery of added glucose as €O, and unchanged glucose
during the first few days of incubation was greater with the higher levels
of addition. If the amount of glucose that was not recovered either as
unchanged glucose or as evolved CO, was a measure of cell mass and
intermediates, then proportionately more of these were produced during
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the early part of the incubation in samples treated with the lower levels
of glucose. These results, in addition to the inverse relationship between
addition level and initial rate of CO, evolution, suggested again that
microbial activity was restricted when high concentrations of glucose
were added.

Changes in pg during the course of the incubation were plotted on an
inverse scale (¥ig.4b) to show the similarity between the CO, evolution
(Fig.4a) and py curves. The reaction of the soil was acid as long as the
rate of CO, evolution was high, presumably due to accumulation of
acidic products during the period of high microbial activity. Measurement

N
I § 3 %

C0; Evolved (myCing soil)

1 i 1 l 1 1 | J 1 |
a7 4 & K N M B B H W H B
Da‘y.i

1 i

Fig.4. a Daily rate of CO; evolution. b Daily changes in pw. Soil treated with various levels of glucose
and 0.08°%/, nitrogen. °/, Glucose: ¢ none; 7 1.0; A4 2,.0; © 4.0

of the acid-producing potential of the soil population confirmed this
accumulation and indicated that acids formed at any specific time were
not decomposed immediately after formation, but persisted for several
days. The pg again increased several days before the rate of CO, evolution
decreased to a constant level. Inasmuch as added glucose had completely
disappeared before this time (Fig. 3), acidic intermediates were apparently
decomposed preferentially, and basic products accumulated. The final pg
of the soils was directly related to the amount of glucose added, indicating
a greater production andfor accumulation of basic products with the
higher levels of carbon.

The pr and carbon balance curves suggested that, although added
glucose was rapidly attacked, not all was directly nor completely con-
verted to CO, or cellular material; some was transformed into metabolic
intermediates which accumulated. These intermediates were probably
fermentative products, as suggested by the rapid decrease in pm, the
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odjous smell of the soils, the low recovery of glucose as CO, during the
first two days of incubation, and the high respiratory quotient indicative
of anaerobic breakdown of glucose (Storzry 1960). The acidity during
the first 24 hours of incubation was inversely related to the level of
glucose added, supporting the observation that microbial activity was
repressed by high levels of glucose. The pg data of this and the previous
experiment show that pg should be determined throughout the course of’
an incubation period, as measurements only at the beginning and end
do not reveal changes occurring during incubation and may result in
erroneous interpretations.

The numbers of bacteria and fungi estimated by dilution plating
(Fig.5) were not correlated with the activity of the microorganisms as
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Fig. 5. Number of microorganisms enumerated in soil ireated with various levels of gluecse and 0.08%/,
nitrogen. °/, Glucose: ¢ None; 0 1.0; 4 2.0; © 4,0

indicated by CO, evolution, glucose disappearance, or pg changes. The
number of bacteria included both bacteria and actinomycetes ; no attempt
was made to differentiate these groups. Greater numbers of bacteria and
fungi were obtained from soils treated with the two lower levels of
glucose than from the soil which received 49, glucose. Considerably
fewer organisms were enumerated during the period of high CO, evolution
than after the rate of CO, evolution had decreased to a constant level.
This lack of correlation between microbial activity and microbial
numbers, as determined by dilution plating, has been observed previously
by HAUSENBUILLER (1950), JENSEN (1936) and VaANDrCAVEYE (1939),
and may have resulted from inhibition of some cells by high osmotic
pressures. The high respiratory quotients (Storzry 1960) during the
early part of the incubation and the larger numbers of bacteria and fungi
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observed after the rate of CO, evolution had decreased, also suggested
that a portion of the microbial population active during the early part
of the incubation may have consisted of anaerobes. Inasmuch as the soil
dilution plates were incubated under aerobic conditions, obligate anaerobes
did not develop. If a limited number of microbial groups, the distribution
of which did not vary, was selected by the environmental conditions
under which the dilution plates were incubated and by the media used,
then little change would be expected in the number of organisms devel-
oping. This was not the case, and the fluctuation in number of micro-
organisms over relatively short periods of time indicated that there were
qualitative as well as quantitative changes in the soil population. The
qualitative changes were probably associated with changes in the type
of metabolic intermediates present at any specific time during the course
of the inenbation.

The quantitative changes in the fungal population were further
complicated by the fact that fungi which develop on dilution plates
arise primarily from spores (Warcur 1951). The sporulation of some
fungi is related to the amount and nature of food available (HAWRER
1957); i. e., vegetative growth predominates over spore formation when
food supply is ample, and spores are produced profusely only when the
supply decreases; apparently this effect is especially pronounced when
glucose is the source of carbon. The number of fungi estimated by
dilution plates may, therefore, be inversely related to the number and
activity of fungi in the soil. This may explain the higher apparent num-
bers of fungi in soils treated with 1 or 29/, glucose after the 9th day when
glucose had been depleted and the rate of CO, evolution was decreasing,
as well as the inverse relationship between the rate of CO, evolution and
number of fungi obtained from soil which had been treated with 49/,
glucose. The soils which received glucose became covered with a dense
mycelial growth of mucoraceous fungi which did not sporulate until the
rate of CO, evolution decreased. The density of the hyphal growth
appeared to be proportional to the level of glucose added. These species
are rapid colonizers of soluble carbon substrates (GArrETT 1956, Haw-
KER 1957) and were probably part of the “primary” population. Prior to
sporulation of the mucoraceous fungi, the genera present on dilution
plates were primarily dspergillus, Trichoderma, Penicillium, and Cephalo-
sporium. Onece the mucoraceous fungi had sporulated, however, they were
also observed frequently.

When the soils were extracted with water for determination of residual glucose,
it was noted that the inteusity of the yellow color of the filtrates was related to
the level of glucose added. The absorption spectra of the extracts were measured
in order to determine if differences in color intensity could be related to the concen-

tration of any particular fractions. The absorption spectra (Fig.6) of filtrates
from soils incubated for 7 days did not show any definitive peaks or shoulders,
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but did indicate quantitative differences in absorption throughout the entire
spectrum. Inasmuch as the amcunt of absorption was correlated with the level
of glucose added, the color intensity of the soil extracts was presumably a measure
of metabolic products or intermediates. The optical density of the soil extracts,
therefore, was measured throughout the incubation period at wave lengths of
260 and 280 my and expressed in units caleulated from a formula (Layxe 1957)
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Fig.6. Absorption spectra of water extracts of soil treated with various levels of glucose and 0.08°%,
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Fig.7. Concentration of water-soluble intermediates present in soil treated with various levels of
glucose and 0.08°/, nitrogen. °/, Glucose: ¢ None; 0 1.05 4 2,05 © 4.0

for determining protein concentrations!. The use of this formula was arbitrary
and does not imply that proteins contributed significantly to the color intensity.
To be certain that production of proteins during the course of incubation would
not unduly bias the use of the 260/280 ratio formula, absorption was also measured
at 400 my. The similarity in the curves derived from these two measurements
(Fig. 7), the absence of distinet shoulders at 260 or 280 mu, and the essentially
negative results obtained with the Folin-Ciocalteu reagent or on precipitation

1 mg protein/ml solution = 1.55 Dygy ~— 0.76 Dy,
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with trichloroacetic acid (LayN® 1957) indicated that the concentration of protein
in the extracts was low.

The shapes of the absorption curves approximated those of the CO,
evolution curves (Fig.4a), once the peak of microbial activity had
passed. During the early part of incubation there was little accumulation
of absorbing material, indicating that water-soluble intermediates were
rapidly decomposed during the period of maximum microbial activity.
The concentration of intermediates in samples that received 19/, or 29/,
glucose decreased rapidly after the peak of microbial activity had been
attained, but the concentration with 4%/, glucose increased during the
first 17 days and was correlated with the plateau obtained in the CO,
evolution curves. The factors that restricted decomposition of the added
glucose also apparently inhibited decomposition of the intermediates. The
level of intermediates increased slightly during the period when the rate
of CO, evolution was at the plateau level, suggesting that glucose was
being decomposed with the formation of intermediates. The decreases in
both the rate of CO, evolution and the level of absorbing material were
directly correlated after the 17th day, at which time the glucose had
essentially disappeared, indicating that these intermediates constituted
the major substrates between the 17th and 21st days.

An inverse relationship, similar to that obtained with the CO, evolu-
tion, glucose recovery, and pg curves (Fig.3 and 4), was noted after the
first day of incubation between the level of glucose added and the con-
centration of intermediates, again showing the inhibitory effects on
microbial activity of the higher levels of glucose. More intermediates
were formed during the 1st than during the following 6 or 7 days of
incubation with all levels of glucose, in agreement with the patterns of
glucose recovery (Fig.3). Glucose was apparently decomposed rapidly
but not completely, resulting in the formation of intermediates, the
concentrations of which were proportional to the amount of glucose added.
The increase in intermediates during the first 24 hours of incubation was
possibly the result of anaerobic dissimilation of the glucose, as oxygen
may not have diffused to the sites of active microbial activity at a
sufficiently rapid rate (STorzKY 1960). A high concentration of metabolic
intermediates, apparently resistant to decomposition, persisted in soils
treated with 2 or 4°/; glucose, inasmuch as the absorption curves did not
decrease to as low a level as did the CO, evolution curves. The inter-
mediates that persisted were of a basic nature, as indicated by the pg
curves (Fig.4b).

Effect of phosphorus on the rate of CO, evolution

Because a marked response in the rate of respiration was obtained
by the addition of nitrogen, the possibility that the level of available

Arch. Mikrobiol.,, Bd. 40 24
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soil phosphorus was also limiting maximum microbial activity was inves-
tigated. Two-hundred g samples of soil were incubated with 1, 2, or
49/, glucose, 0.08%/, N as NH,NO,, and 0, 0.004, or 0.04%/, P as KH,PO,
and K,HPO, combined to give a pm of 6.95. The higher respiration

peaks, the elimination of the plateau

4 with 29/, glucose, and the increase
0 . in the height of the first platean with
87 7% Glucose 49/, glucose (Fig.8), showed that the

60

concentration of phosphorus did limit
the rate of glucose decomposition
in previous experiments. Although
addition of phosphorus increased the
rate of respiration, in agreement with.
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Fig.8. Daily rate of CO, evolution from soil

treated with 0.08%/, nitrogen and various

levels of glucose and phosphorus. /, P:
© None; 0 0.004; 4 0.04

Although addition of 0.04%/, P in-
creased the rate of respiration, the
plateau in the CO, evolution curve of

the soil which received 49/, glucose
was not eliminated; instead, two plateaus were obtained. The double
plateau and the increased height of the first plateau suggested that
some other factor was still limiting maximum microbial activity. The
inerease in activity, resulting from addition of phosphorus, may have
rapidly depleted the supply of some other limiting nutrient element or
elements, the turnover rate of which was not rapid enough for synthesis
of new cells. When the available supply of the element(s) was depleted,
respiration decreased until more became available for synthesis of new
cells, at which time glucose was further decomposed and a second
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plateau was obtained. The decrease in respiration after attainment of the
second plateau was due to depletion of the carbon substrate, as discussed
previously. xperiments with higher levels of phosphorus did not result
in increased respiration, and 0.04°/; P apparently satisfied the phosphorus
requirements of the soil microorganisms, even at the highest level of
glucose addition.

Table 8. Recovery of added glucose as CO, from soil treated with various levels of
glucose and phosphorus and incubated for 41 days

Additions C/P Ratio Recovery of carbon as CO, (%)
[ v - Total CO. {1 .
| KH,PO, .Addl- evolved Added glucose only Added
Glucose |, &, HPO,| Additions tons + | (mg o/ glucose
C native soi . ——— 7 | nhative soi
Zéglg so/il) ;)égl‘g, :sPo/il) only | orngmcI 200 g soil) Includingl Execluding|  organic
| e ‘ matter! control® ] control? ‘ mattert
0 0 — | 114 31 — = g
0 8 — l 8.9 28 — ) — 4 9
0 80 — 1 30 38 — | — l 12
800 0 — | 400 600 75 1 s
800 8 100 | 311 585 73 l 70 ] 52
800 80 10 ‘ 10.4 624 78 | 73 i 57
1600 ; 0 — 68.6 1276 80 ) 78 67
1600 : 8 200 I 53.3 1244 8 1 78 ! 65
1600 ) 80 20 17.8 1322 82 ‘ 80 | 69
3200 0 — 1257 | 2626 &2 | 8t | 7
3200 J 8 400 97.7 2590 80 | 80 74
3200 80 40 | 326 2680 84 83 76
Mean = standard error 10131-292.8/794-1.2 | 774+1.5 | 524-7.6
] (654-3.0)5
Coefficient of variation 89.19/, 4.4%, | 5.99, i 50.89/,
| (14.09/,)5

1 Soil contained 320 mg C and 28 mg P/200 g soil; C/P = 11.4.

2 (Total C evolved/C added as glucose) x 100.

# (Total C evolved — C evolved from control/C added as glucose) X 100; assume
no ‘‘priming action”.

¢ (Total C evolved/C added as glucose - C present in native soil organic
matter) X 100.

5 Excluding controls which received no glucose.

The presence of microbial inhibilors

The accumulation of products inhibitory to certain groups of soil micro-
organisms could, as previously suggested, account for the anomalous CO, evolution
curves obtained. The following experiments were conducted to determine if direct
evidence for the presence of inhibitors of microbial activity could be obtained.
One hundred g samples of air-dried soil were mixed with 100 g samples of soil
which had previously been incnbated for 69 days with various levels of glucose

24%*
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Table 9. Summary table for analysis of variance of data in Table 81

Recvovery of earbon as CO; (%)
Total CO, Added glucose onl Added glucose -+ mative
evolved . v soil organic matter
(mg G/200 g soil) Tucluding Excluding Including Excluding
control 2 control® control* control®
Glucose added
(mg C/200 g soil} Grand mean
0 32.3 — — 10.1 | —
800 603.0 754 71.5 54.2 54.2
1600 1280.7 80.0 78.1 66.7 66.7
3200 2632.0 82.0 81.3 74.8 [ 74.8
Level of
probability LSD
0.06 36.78 0.82 1.206 1.02 1.32
0.01 55.72 1.35 1.99 I 1.54 2.19
KH,PO, and
K, HPO, added Grand mean
(mg P/200 g soil)
0 1133.2 79.0 76.9 51.1 64.9
8 1111.8 77.0 75.2 49.9 63.5
80 1166.0 81.4 8.7 53.4 87.3
Level of
probability LSD
0.05 31.86 0.82 1.20 0.88 1.32
0.01 48.27 1.35 1.99 1.33 2.19

1 See footnotes in Table 8.

and subsequently dried at 75° C. One per cent glucose plus sufficient water to
bring the soils to field capacity were added, and the soils were thoroughly mixed.
Nitrogen and phosphorus were not added, as a slow rate of microbial activity was
desired to avoid masking the effects of possible inhibitors.

The CO, evolution curves (Fig.9) did not indicate the presence of
any inhibitory material, but rather the presence of stimulatory sub-
stances. There was a marked increase in the rate of respiration during
the early part of the incubation in the samples which contained 100 g
of soil previously incubated with 0.5 and 1.0/, glucose. This stimulation
in respiration was possibly due to the presence of nitrogen mineralized from
the soil organic matter during the initial incubation. A greater concen-
tration of readily available nitrogen was probably present in these soils
than in those which received higher levels of glucose, because not as
much nitrogen was immobilized in microbial cells (Table 5).

The greater height of the CO, evolution peak of the sample which
received no pre-incubated soil was probably due to the slower utilization
of glucose prior to attainment of the peak. The greater respiration during
the early part of the incubation period and the higher recovery of added
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glucose as CO, from samples which received pre-incubated soils (Table 10)
indicated that some material, most probably inorganic nitrogen, was
present in the pre-incubated soils which enabled more rapid utilization
of glucose.

Aliquots of extracts of the pre-incubated soils were added to different soil
samples on the Sth, 11th, and 21st day, to determine if possible inhibitory materials
were destroyed by drying the
pre-incubated soil at 75°C
and if the stimulatory sub-
stances were acting on differ-
ent segments of the microbial
population at specific times
during the course of the in-
cubation. The extracts were
obtained by shaking 100g of
pre-incubated soil with distil-
led water and filtering through
a Seitz bacterial filter. The
amount of organic matter
present in the extracts was
determined by wet combus-
tion and by absorption meas-
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Fig.9. Daily rate of 0O, evolution from a mixture of fresh

urements at 260 and 400 myu.
A high correlation was ob-
tained between the two me-
thods for determining the
organic content of the ex-

s0il and soil pre-incubated with various levels of glucose.

Mixture received 1%, glucose. 100 g new soil +4- 100 g soil

preincubated with glucose: < Nomne; @ 0.5%; 4 1.0%;

o 1.5, 2.0, or 2,5%, (average curve); ——— not preincubated
(200 g new soil)

tracts. The amount of or-
ganic material in each aliquot of the extraets was equivalent to that contained

in 20 g of the pre-incubated soils added in the previous experiment.

Table 10. Recovery of added glucose as OO, from a mixture of 100g pre-incubated
and 100 g fresh soil after 26 days of incubation

Glucose added to |C added in 100 g Total € added ‘ Recovery of carbon as CO,®
original soil preincgbated (mg C/200 g) (x0g C/200 9) \ 1)
(mg C/200 ¢)* soil # S s [
Control4 — 800 | 586 * 73
0 0 800 | 624 \ 78
400 4 804 \ 601 75
800 i1 1 811 645 80
1200 17 817 614 75
1600 24 824 654 79
2000 31 i 831 624 75
Mean -+ standard error 621-1-894 | 7644097
Coefficient of variation 3.8%, \ 3.4%/,

1 Qriginal soil incubated with glucose for 69 days prior to addition to fresh soil.

2 Qarbon remaining in soil after 69 days of incubation, as determined by wet
combustion and spectral analysis of water extracts of the soils.

3 Based only on C added; does not include native soil organic matter.

1200 g of fresh soil.
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No reduction in respiration was noted when extracts were added
at various times to soils treated with 19/, glucose (Fig.10). The slight

801-1% Glucose L 25% Glucose
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Fig. 10. Daily rate of CO, evolution from soil treated with 1%/, glucose and periodic additions of water
extracts of soils pre-incubated with various levels of glucose. Arrows indicate time of additions.
Extract added on: ¢ No exfract added; © 8th day; © 11th day; 4 21st day

Table 11. Recovery after 24 days of incubation of added glucose as CO, from soil treated
with 1%/, glucose and periodic additions of water extracts of pre-incubated soils

Glucose added to C added Time of addition Recovery of carbon as CO,
original soil in extract (days after start
(mg C/200 g)* (mg €200 g) | of incubation) (mg C/200 g) ] (°lo)
Control® 0 8 583 73
0 11 587 73
4] 21 5901 74
0 0 8 602 75
0 11 602 75
0 21 585 I 73
800 2.2 8 606 76
2.2 11 588 73
2.2 21 595 74
2000 6.1 8 593 74
6.1 11 601 75
6.1 21 585 73
Mean - standard error 593.21-2.45 74 --0.30
Coefficient of variation 1.4%, 1.4%,

1 Original soil incubated with glucose for 69 days prior to extraction.

2 Based only on C added as glucose and in extracts; does not include native
soil organic matter.

3 Received distilled water.
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decrease in rate of CO, evolution after addition on the 8th day of extracts
from soils originally treated with 1.0 and 2.59/, glucose apparently was
not the result of an inhibitor, inasmuch as a similar effect was noted
when distilled water alone was added. A stimulation in the rate of

respiration was obtained
with the addition on the
8th day of an extract
from soil which originally
received no glucose. This
stimulation was also prob-
ably due to inorganic
nitrogen derived from the
prior decomposition of the
soil organic matter. The
total amount of carbon
recovered at the end of
the incubation period was
the same for all treat-
ments, further indicating
the absence of inhibitory
materials in the soil ex-
tracts (Table 11).

The concentration of
organic material added in
each aliquot of the extracts
was equivalent only to that
present in 20g of the pre-
incubated soils, thus, the
concentration of inhibitors
may have been insufficient to
give a measurable response.
An extract of soil which
previously had been incubated
with 29, glucose was con-
centrated in vacuo at 30° C,
and aliquots were added to
the same soil samples after
8 and 11 days of incubation
and to other samples after
21 days of incubation. The
extracts added were equivalent
to the amount of organic
material present in 75 or
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Fig.11. Daily rate of CO, evolution from soil treated with
1%, glucose and either periodic additions of water extract
of soil previously preincubated with 2%, glucose or
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25 g of pre-incubated soil, respectively. All extracts were added to the surface
of the soils with a pipette, and the soils were not mixed after addition. Because
there was a possibility that the extracts did not diffuse throughout the soil, 5 ml
of 2,4-dinitrophenol (DNP) was added separately by the same method to other
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samples to give a final concentration in the soil solution of 5-10-t M. All samples
received 1%/, glucose initially.

Although addition of the concentrated extracts did not significantly
affect the rate of CO, evolution (Fig.11), the addition of DNP on the
9th day resulted in an immediate reduction in the evolution rate. The
lack of inhibition with the soil extracts was, therefore, not due to
failure of inhibitory materials to become distributed through the soil
mass.

To note the effect of an inhibitor on respiration once the peak in
microbial activity had passed, DNP plus 0.125°/, glucose or 0.1259];

Table 12. The recovery after 26 days of incubation of added glucose as CO, from soil
treated with 1%/, glucose and periodic additions of water extracts of pre-incubated soil;
2,4-dinitrophenol; or 0.125%/, glucose

Time of addition Recovery of carbon as CO,
Additions (days after start
of incubation) mg €/200 g °h ©

Control — 585 73
H,0 8 and 11 571 71
12 mg C* 8and 11 576 72
6 mg C? 21 561 70
DNPz 9 584 73
100 mg C3 12 633 70
100 mg C3 and DNP2 12 665 74
Mean -+ standard error 71.84+0.60
Coefficient of variation 2.2/,

1 Extract from soil originally incubated with 29/, glucose for 69 days; 6 mg C
added at each addition.

2 Final concentration of 2,4-dinitrophenol (DNP) in soil solution was 5+ 10-4M.
3 C added as glucose.

glucose only were added on the 12th day to samples which had beeninitially
treated with 1°/, glucose. The addition of DNP slightly decreased the
rate of CO, evolution when compared to that from soil which had
received glucose only (Fig.12). The more pronounced effect of DNP
added on the 9th day (Fig.11) was probably the result of the larger
microbial population and the higher concentration of glucose present
in the soil on the 9th than on the 12th day. Aithough the addition of
DNP decreased the rate of glucose decomposition, the total amount
decomposed during the incubation period was the same for all treatments
(Table 12). Because DNP inhibits assimilatory processes by interfering
with oxidative phosphorylation and energy transferring mechanisms
(Loomis and Lipmax 1948) but does not interfere directly with dissimila-
tive activity (CLrrroN 1937), the slower respiration rate of samples treated
with DNP was probably due to inhibition of synthesis of new cells.
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The results of these experiments indicated that the CO, evolution
patterns obtained with this soil were not the result of inhibitory materials
produced during decomposition of glucose. BircH (1958) also was unable
to extract appreciable levels of inhibitory materials from soil. The
question of whether microbial inhibitors are produced in soil can not
be answered from the present study, inasmuch as extracts were obtained
only from soils incubated for 69 days. Although inhibitory materials are
undoubtedly produced during periods of high microbial activity, they
are probably decomposed rapidly by sequentially developing populations.

Discussion

In these experiments, an ample supply of a soluble substrate, glucose,
was provided in order to ascertain the nature and something of the
quantitative expression of factors which may limit microbial activities
in soil. No support was obtained for the recent suggestion of DroBNIK
(1960) that the initial degradation and oxidation of glucose in soils is
accomplished by cell-free enzymes. The conversion of glucose to CO,
requires an enzyme complex in a spatial arrangement which enables
the transfer of both metabolic intermediates and energy from one enzyme
system or sequence to another. Although enzymes are released from
Iysed cells, they are probably rapidly diluted and dispersed in the soil
solution as well as adsorbed on colloidal soil particles (EsTeRMAN and
McLarex 1959). The results of the present study clearly indicate that
glucose added to soils is utilized first for synthesis of new cells and then
in their respiration, and that the amount of glucose assimilated is in-
creased when nitrogen and phosphorus are added to fulfill the structural
requirements of cell synthesis. The indications of repression of micro-
bial activity by large additions of glucose and inorganic elements will
be discussed in detail in a subsequent paper.

Although the initial concentration of essential inorganic nutrients
determined the rate of utilization of added glucose, the degree of utiliza-
tion was controlled by the turnover rate of the nutrient elements. The
rate of turnover appeared to be nitrogen > phosphorus >>other elements,
the last of which will be discussed in a subsequent paper (SToTzkY and
Normax 1961). Because the turnover rate of inorganic nutrients was
fairly rapid, the extent of decomposition of glucose was independent
of the original C/N or C/P ratios of the system. CHASE and Gray (1957)
suggested that the kinetics of organic matter decomposition in soil are
composed of a series of superimposed first-order reactions. The results
of the present study support this suggestion; at least four superimposed
first-order reactions were apparent, presumably due to the limitation
of nitrogen, phosphorus, other elements, and space, respectively. Despite
the number of limiting factors, the over-all kinetics of the decomposition
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of glucose was essentially a first-order reaction, inasmuch as the velocity
of a complex reaction is determined by the order of the slowest step.
The adherence of glucose decomposition in soil to first-order kinetics
indicates that the factors which influence the activity of pure cultures
and natural populations developing on single substrates are similar,

When, as in these studies, a substrate is uniformly distributed through-
out the soil water, the situation may arise in which population develop-
ment may be limited by restrictions of space. Microorganisms in soil
develop largely in the water films encompassing the soil components,
particularly in the contact rings or necks between particles (BARTHOLO-
MEW and NORMAN 1946; BHavMIEK and Crark 1947; BELLINGER and
QuasTEL 1948; QuasteErn and ScHoLesrELD 1951). The available space
for colonization appears to be directly related to the water content
(BravMmix and CLark 1947). Although the soil-water system is, in effect,
continuous, there is probably little adjustment and movement of cells
as in liquid culture. Even in the latter, however, restriction of microbial
development resulting from limitations of space has been reported at
high population densities (Batr 1929; CoxTo1s 1959).

Limitations of space assume considerable importance in mixed culture
systems because of effects on the sequential development of specialized
populations capable of decomposing metabolic intermediates or in-
completely oxidized products. The decomposition of even a simple
substrate in soil, such as the glucose added in this study, apparently
requires a sequence of organisms. Under natural conditions the substrates
are far more complex, and numerous specialized groups of organisms
are probably required to prevent accumulation of these products. The
importance of space as a factor in limiting a specific microbial trans-
formation in soil, viz., nitrification, was also demonstrated by QUasTEL
and ScEHOLEFIELD (1951), who suggested that, once the surface of “soil
crumbs’’ were saturated with cells, further growth of microorganisms
will not oceur except to replace cells which have died and disintegrated.
The number of microorganisms in this soil was not correlated with the
level of activity, presumably due, in part, to the limitation of space;
however, the aetivity per cell may have inereased through adaptive
mechanisms, as suggested by QuasTer and ScHoLEFIELD (1951) and
KarzNeELsoN and STEVENSON (1956). Nevertheless, the final determinant
of microbial activity was the concentration of an available carbon source,
and when this was depleted, activity decreased rapidly.

The soil had. a low endogenous microbial level and exhibited a lag
period before an appreciable amount of respiration oecurred. It is doubt-
ful if air-drying this soil prior to use affected the respiration rates, as
has been suggested by StEvVENsow (1957), Birom (1958), CuasE and
Gray (1957) and LesEnsanrzev (1924). Air-drying probably did not
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appreciably increase the amount of soluble organic matter, inasmuch as
the level of native soil organic matter was not only low, but also relatively
resistant to decomposition. Even if drying resulted in some solubilization
of organic matter, its effect was overshadowed by the high levels of
glucose added. Nor should drying have had a marked effect on the phy-
siological state of the microorganisms, as suggested by BircH (1958);
the soil was sampled in winter, and the number of microorganisms, as
well as their endogenous activity, was low.

Although the diffusion rate of liquids was adequate in this sail,
that of gases may not have been sufficiently rapid to keep pace with
the oxygen demand when microbial activity was at a maximum. The
anaerobic breakdown of added glucose under these experimental con-
ditions is significant (Storzry 1960). Gas diffusion is, undoubtedly,
impeded when there has been heavy development of microbial tissue in
the water films, especially at points of contact between soil particles.
The soils were superficially aerated with a constant flow of CO,-free air
at a rate (14 1/hr) which was considerably higher than the rate of gas
exchange under natural conditions (RusserL 1950). The rate was probably
adequate to remove effectively liberated CO, from the soil surface but
may not have ensured rapid oxygen replacement in the soil mass.
Transitory anaerobiosis may be of more frequent occurrence in the
field when carbonaceous materials are rapidly decomposing than is
ordinarily recognized.

The influence of various environmental factors on microbial activity,
only a few of which have been discussed in this paper, appeared to be
very similar in soil as in pure culture, indicating the value and validity
of applying pure-culture techniques to soil microbiological studies. The
influence of other factors will be discussed in subsequent communications.

Summary
The influence of several environmental factors on microbial activity
in soil was measured by CO, evolution, substrate disappearance, forma-
tion of intermediates, and changes in pg. Although good correlation was
obtained between these parameters, microbial activity was not directly
correlated with the numbers of bacteria and fungi estimated by dilution
plating, Possible explanations for this are presented.

The results obtained indicated that the decomposition in soil of even
a simple substrate, such as glucose, is complex. The kinetics of glucose
decomposition appeared to be composed of a series of first-order reactions,
presumably resulting from the rate-limiting influence of nitrogen, phos-
phorus, other elements, and space for development, respectively. Although
the concentration of inorganic nutrient elements limited the rate of
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glucose decomposition, it did not affect the extent of decomposition.
The influence of each of the limiting factors was discussed.

No inhibitors of microbial activity were detected in the soil after
69 days of incubation with glucose. Some inhibition was noted when
high levels of glucose and minerals were added, presumably the result
of hypertonic osmotic pressures and/or toxicity of glucose.

The diffusion rate of liquids through the soil was rapid, but that of
gases was not, and some anaerobic breakdown of glucose occurred.

A limitation of available space for development of sequential micro-
bial populations was inferred, and the implications of this as an ecological
factor were discussed.

The results of this study indicated that the techniques of the pure-
culture microbiologist can successfully be applied to soils, and that
factors which limit microbial activity in pure culture are also operative
in soil.
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