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Previous investigations in this laboratory have shown that the
addition of nitrogen and phosphorus was necessary for the rapid decom-
position of glucose added to a sandy soil, but that the level of some other
nutrient element or elements was still limiting maximum microbial
activity. The purpose of the present investigation was to determine which
inorganic elements other than nitrogen and phosphorus were required for
maximum rate of glucose oxidation in this soil.

Experimental

The soil used in these studies was classified as an Ottawa loamy fine sand. Its
chemical and physical properties, as well as the methods of preparation and in-
cubation, were described previously (StoTzKY and NormAN 1961). All experiments,
unless otherwise noted, were conducted with 200 g samples of soil in 1/, pint wide-
mouth canning jars. The samples received 0.08°/, (w/w) nitrogen as NH,NO, and
0.04%/, (w/w) phosphorus as K,HPO, and KH,PO, combined to give a py of 6.95.
Glucose, nitrogen, phosphorus, and other elements were added with sufficient
water to bring the soil moisture content to field capacity (16°/, w/w). The soils were
incubated at 25 +4- 1° C and continuously flushed with CO,-free air. The CO, evolved
from the soils was collected in NaOH and determined titrimetrically (Storzxy
et al. 1958).

Results

Effect of eloments other than witrogen and phosphorus on the rate of CO,
evolution

In order to determine if mineral elements other than nitrogen and
phosphorus were required for maximum microbial activity, a mineral
nutrient solution was added at various concentrations with 4%/, (w/w)
glucose. This high level of glucose was used in order to maximize any
effects of the minerals. The composition of the complete mineral solution
at different concentrations, referred to as ‘“relative concentrations”, is
presented in Table 1. Deficient solutions, i.e., solutions containing all
elements except one, were added at a relative concentration of 10; all
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amendments were adjusted to py 7 before addition to the soil. The in-
fluence of complete and deficient mineral solutions on the rate of CO,
evolution is presented in Fig.1a. The addition of complete solution in-
creased the rate of CO, evolution during the early part of the incubation.
The rate of respiration was greater in the soils treated with the higher
concentrations, but no additional increase was observed with relative
concentrations greater than 10; only a slight additional increase was
noted with concentrations greater than 5.

Table 1. Composition of mineral solution at different relative concentrations

(mg/100 g soil)
Relative concentration
Element ; i
1 ] 5 | 10 } 20 ] 30
N 105 | 525 | 1050 | 21.00 | 8150
P 0054 | 077 | 154 | 308 | 462
K 1.17 5.85 CILTO 2340 3510
Ca 1.00 I 5.00 | 10.00 | 20.00 30.00
Mg 0.24 120 240 | 48 | 7.20
8 0.32 1.60 3.20 | 6.40 | 960
Fel 0.0025 ' 00125 | 0.025 L 0.050 L 0.075
Mn 0.0025 0.0125 | 0025 | 0.050 | 0.075
B 0.0025 ’ 0.0125 | 0.025 | 0.050 | 0.075
Zn 0.00025 0.00125 0.0025 0.005 |  0.0075
Mo 0.00025 | 000125 | 00025 ' 0005 | 0.0075
Cu 0.0001 ) 0.0005 ] 0.001 0.002 | 0.003
al 177 885 . 1770 | 3540 | 5310
Na? 0.13 | 0.65 . 130 260 | 3.90
(o2 0.006 | 0.03 [ 006 | 012 018

! Fe added as ferric tartrate.
2 Na used only in the K-deficient solution.

The soil treated with a relative concentration of 30 evolved slightly
less CO, at the peak of respiration (3rd day) than did the soil which
received a concentration of 20. There was also an inverse relationship
between respiration and relative concentrations of minerals greater than 1
on the second day of incubation. This suppression in microbial activity
at high levels of glucose and inorganic salts was also observed in the pre-
vious study (Storzgy and NorMaN 1961) and was probably the result
of increased osmotic pressures.

The rate of CO, evolution from soils treated with the various deficient
solutions was the same as from the soil treated with complete solution
at a relative concentration of 10, with the exception of the sample which
received the solution containing no sulfur. This soil respired at a rate
similar to the one which received only nitrogen and phosphorus, indicat-
ing that sulfur was responsible for the increased respiration of the samples
treated with complete mineral solutions.
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Once the maximum rate of respiration was attained, the level of CO,
evolution decreased rapidly in the soils which had received sulfur, presum-
ably as a result of substrate depletion. The soils which received no sulfur
evolved less CO, at the time of maximum respiration, but maintained a
higher level of evolution later in the incubation period. Inasmuch as the
endogenous organic matter content of this soil was low and previous

experiments (StorzKy and Nor-

s A ] [ MAN 1961) had suggested that no
280} appreciable ““priming action”
24 0“ occurred, it was assumed that all
L ‘ evolved CO, was derived from
@ ' the added glucose. After 8 days of
/50 .| incubation, CO, equivalent to
r approximately 60°/, of the added
/‘mF glucose was evolved from soils
80 \
S R w e N
40+ ary —_— Table 2. pg of soils treated with differ-
B ~ — ent concentrations of mineral solution
7 S A VT S N S W T o
P and 4%/, glucose
! (pu determined after 22 days
B — f incubati
0  po— = of incubation)
- ] Relative concentration
— / / of mineral solution pr
# - No minerals added 6.5
B g/ / 1 74
20— 5 8.3
B f 10 8.5
.‘/:L L I IO T O S S L1l 1) il 20 85
0 2 & 6 8 W0 12 W 16 B 20 2 30 8.3
Incvbotion fime (days) 10 ]:4
Tig.1. Effect of concentration of complete and (Deficient solutions)?
deficient mineral solutions on microbial activity 10 6.3
in a soil treated with 4%/, glucose. A. Daily rate (S~deﬁcient solution)

of €0, evolution. B. Cumulative recovery of

added glucose as CO,. Relutive conceniration of 1 . .
mineral solution: ® None; © 1;05; 4 10 (complete All deficient solutions except the

+ deficient); 4 20; m 30; @ 10 (S-deficlent) S-deficient sclution.

treated with sulfur, and only an additional 10%/, was recovered in the
following 14 days (Fig.ib). The recovery of glucose from soils which
received no sulfur was essentially linear throughout the entire incubation
period. Nevertheless, the quantity of carbon recovered as CO, at the end
of the incubation was approximately the same for all treatments. The
addition of sulfur, therefore, resulted only in a more rapid but not in a
greater total decomposition of glucose. These results were similar to those
obtained in the nitrogen and phosphorus addition experiments (StrorzKy
and NorMAN 1961), and support the suggestion that, although the original
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concentration of inorganic nutrients determines the rate of glucose
utilization, the degree of utilization is controlled by the turnover rate of
these nutrients.

The pg of the soils was determined potentiometrically at the end of the
incubation on a 1:2 soil: water mixture (Table 2). The pg was correlated
with the rate of CO, evolution: the soils which received minerals at a

relative concentration of 5 or 00 :

greater and from which 609/, sk | ] 1% Clucose J A
of the glucose had been re- [i

covered after 8 days had a “w

pu higher than 8; the soils or

which received no sulfur and ij INERRREN
in which oxidation of the ) l B_l|
glucose proceeded at a linear ool ‘

rate had a final pg approxi- & B
mately the same as at the 2 @ ‘
beginning of the incubation; < ’ L.

and the soil which received §gp—— 7T T TN
complete mineral solution. ab éﬁoﬁ C

a relative concentration of 2,0 .

lexhibited arate of respiration | ME 4% Glucose

and a final py intermediate 200 [

between the above mentioned 25 0t 1

two groups of soil. The soils ;

in which decomposition pro- I "“}X& t

ceeded at a rapid rate were ¢ J RIAN R
densely overgrown with fungi, b a \ —Q\i ~~~~~~~~~~~~~ i
whereas visible fungal growth o A T‘Dﬁﬁmﬁ{*ur
was sparse in the soils which 0 2 % 6 8 /02 58202 Y
received no sulfur. These re- Incubation fime (days)

£i : rat Fig. 2, Effect of concentration of sulfur added as MgS0,
la_ OnS}.up s bei?W.een a _e' of on the daily rate of CO, evolution from a soil treated
microbial a.otlwty, visible with various levels of glucose. Per cent sulfur: =«+--+

overgrowth of fungi, and pr ¢ Ty AN S0 G 0t
were also observed in the

previous study. Although the total amount of glucose oxidation during
the incubation period was essentially the same for all treatments, the
size of the microbial population and possibly also the pathways and
organisms involved in the oxidation were apparently influenced by the
levels of available nitrogen, phosphorus, and sulfur.

The resulbs of this experiment indicated that sulfur was limiting
maximum microbial activity in this soil and that the small amount of
sulfur initially present in the soil was alternately mineralized and re-
utilized by the microorganisms. The effect of various ratios of sulfur and

Arch. Mikrobiol., Bd. 40 25
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glucose on the rate of respiration was examined, in order to further
verify these observations.

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

The CO, evolution curves for soils treated with 1, 2, or 4%/, glucose and
with different levels of sulfur as MgSO, showed that the requirement for
sulfur increased as the concentration of glucose increased (Fig.2). A
sulfur concentration of 3.2 - 10—4 %/, was sufficient to obtain a maximum

Table 3. Effect of carbon: sulfur ratios on rate of respiration

Additives O/ of soil Relat b
Glucose Carbon Sulfur C/8 of additives} ;4 adgitsi?;es ] of feaslpli‘r,:,tlgine2

(*lo) (g/100 g) (g/100 g)

0 0 0 0 421

1 0.4 0 oo 1474 1

1 0.4 3.2-10 1250 800 4

1 0.4 8.0-10 500 475 4

1 0.4 1.6-10-3 250 283 4

2 0.8 0 oo 2526 1

2 0.8 3.2-10 2500 1371 3

2 0.8 8.0-101 1000 814 4

2 0.8 1.6 -10-2 500 485 4

4 1.6 0 co 4632 1

4 1.6 3.2+104 5000 2514 2

4 1.6 8.0 101 2000 1492 3

4 1.6 1.6-10-3 1000 889 4

4 1.6 3.2-10-3 500 492 4

4 1.6 6.4-10-3 250 260 4

4 1.6 1.3-10-2 125 132 4

1 Soil contained 0.16%; carbon and 3.8 - 10-* 0/, sulfur
% Arbitrary scale increasing from 1 to 4.

rate of CO, evolution from soil treated with 19/, glucose (Fig.2a). When
the glucose concentration was doubled, an addition of 8.0 - 10-% ¢/, sulfur
resulted in the maximum rate of respiration (Fig.2b). An increase in the
glucose level to 4%/, required a sulfur concentration of at least 1.6 - 10-3 0/,
for maximum rate of CO, evolution (Fig.2¢). Increases in respiration
with levels of sulfur greater than 1.6 - 10-3 ¢/, were slight, and after 4 days
of incubation the total amount of CO, evolved from samples treated with
40/, glucose and levels of sulfur greater than 8.0-10-4 9/, was identical.
At the termination of the incubation, the per cent of glucose recovered
as CO, at each level of glucose addition was approximately the same for
all concentrations of sulfur. A carbon: sulfur ratio of about 900 or less
was required for the maximum rate of respiration in this soil, regardless
of the levels of glucose and sulfur added (Table 3). The difference between
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the maximum rates of CO, evolution attained in this (Fig.2c) and the
previous (Fig.la) experiments (477 vs. 318 mg C/100 g s0il/24 hr.) from
samples treated with 49/, glucose and sulfur was probably the result of
the higher osmotic pressures developed when mineral solutions rather
than MgSO, were added.

The enhancement of microbial activity due to the addition of sulfur
was further observed when the recovery of unchanged glucose and the

| | o
‘/Va sulfur

/00—
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Fig.3. Effect of sulfur on the percent recovery of unchanged glucose after various periods of
incubation from a soil initially treated with 1, 2, or 4%/, glucose

20

soil pgr were measured after various lengths of incubation. Multiple 100 g
subsaraples of soil treated with 0.089/, nitrogen, 0.04%/, phosphorus,
1.6 - 103 9/, sulfur (as MgSO,), and 1, 2, or 49/, glucose were established
(STorzrY et al. 1958). Because the previous experiment indicated that
1.6 - 1073 9/, sulfur resulted in the maximum rate of respiration with all
3 levels of glucose, this concentration was used in subsequent experiments.
Sub-samples of soil were withdrawn periodically during the incubation
period, extracted with water, and glucose was determined enzymatically
(Srorzry and Normaw 1961). The disappearance of glucose from the soil
was more rapid in the presence of sulfur than in its absence. The rate of
glucose disappearance, both in the presence and absence of sulfur, was
dependent upon the original concentration of glucose (Fig.3).

The pr throughout the incubation was lower in the soils which re-
ceived no sulfur (Fig.4), probably due to the accumulation of acidic
metabolic intermediates (STorzKY and NorRMAN 1961). The decom-
position of both glucose and intermediates was accelerated by the addi-
tion of sulfur. Although the final pg of the soils was directly related to
the amount of glucose added, as in the previous studies, it was higher for

25%
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each level of glucose when sulfur was added, indicating a greater produc-
tion and/or accumulation of basic material when the supply of all neces-
sary nutrient elements was ample.

These results clearly show that there was a direct relationship in this
soil between microbial activity and the relative levels of glucose and
sulfur. Tnasmuch as sulfur was added as the sulfate-ion and oxygen was

found to be limiting during periods

} ‘ I \ of active oxidation of the glucose
~L ‘ (Storzry 1960; SrtoTzRY and

9—A
B ’ | Normaxn 1961), it was possible
that the requirement was not for

sulfur as an element but for sulfate
as an electron acceptor. In order to

| clarify this possibility, compounds
s u containing sulfur at different oxi-
s dation stages and in various struc-
IS S S NNV N NN R tural configurations were tested
3 1 for their ability to satisfy the sulfur
PS B [ 74 requirement.
7 A v, A Effect of type of sulfur compound
5&”"“?“““ L. on the rate of 00, evolution

/

y Various sulfur compounds, in

|

W/ .

'}/ / amounts designed to give a final
4

concentration of 1.6-10-3 %/ sulfur,

/

0 3 6 9 k2 K5 B 4 M 27 30

e ln lip b ] were added to soils containing 49/,
Incubation time | dais) glucose, 0.08%/  nitrogen, and 0.049/,

Fig.4. Effect of sulfur and glucose on the soil phOSPhOI‘HS: The compounds were
})—H--d-ulfTi?gG Iﬂlcc(il;atﬂr;/ éluééze;-loo;:/o/“(}?ﬂﬁ;i representative of those present in
04°%, Glucese. B ZiToSul”fur: R Ng G]ucose; soil (STARKEY 1950) and included
4 1%/, Glucase; & 2°/, Glucose; ™ 4°/, Glucose some which could not act directly

as electron acceptors: sulfate as

MgSQ,; thiosulfate asNa,S,05; carbamide as thiourea ; sulfide as l-cysteine
hydrochloride, glutathione, and thioglycolic acid; disulfide as I-cystine;
thioether as dl-methionine; the thiazole ring as thiamine hydrochloride;
and elemental sulfur (sublimed). It was assumed that the carbon and
nitrogen contained in the organic sulfur compounds did not contribute
appreciably to the rate or amount of CO, evolution, inasmuch as the
quantities added did not exceed 12 mg or 5.6 mg, respectively. This
assumption was verified by Hzsse (1957), who found that 25 mg of
carbon added as methionine or cystine to 100 g of East African soil was
completely oxidized in less than 10 days. All the compounds, except
elemental sulfur and thiourea, readily satisfied the requirement for sulfur




Factors Limiting Microbial Activities in Soil. IT 377

(Fig.5). This was in agreement with studies of FREDERIOK et al. (1957),
JorDAN and BARRER (1959), STARKEY (1950) and STEINBERG (1941),
which have indicated that most organic forms of sulfur are as available
as sulfate to most soil microorganisms. A slight lag in CO, evolution was
observed with cystine, thiamine, and thioglycolate. The amount of glucose
recovered as CO, at the end of the experiment was the same for all treat-
ments, again showing that available sulfur only increased the rate but
not the total amount of glucose decomposition.
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Tig.5. Effect of type of sulfur compound on the daily rate of CO, evolution from a soil treated with
4%/, glucose, *=---* No Sulfur; --+—-+-- Thiourea; —-—-— Elemental Sulfur; e MgSO0,; o0 Na,S,0;;
A Cysteine; ® Cystine; ¢ Methionine; 4 Thioglycolic Acid; © Glutathione; ¢ Thiamine

The increased rate of CO, evolution from soils treated with MgSO,,
therefore, was apparently the result of sulfur as a nutrient and not of
sulfate acting as an electron acceptor. The addition of the nitrate ion as a
possible electron acceptor also did not affect the rate of respiration of this
soil (unpublished data).

Discussion

All the forms of sulfur tested, except elemental sulfur and thiourea,
readily served as a source of sulfur. Elemental sulfur was utilized only
slightly, suggesting the absence of bacteria of the genus Thiobacillus.
Many heterotrophic microorganisms, however, are capable of oxidizing
elemental sulfur in the presence of decomposable organic matter, though
at a rate slower than the Thiobacilli (GLEEN and QUAasTEL 1953;
GurTToNNEAU and Kemuine 1932; Taomas and HENDRICKS 1943).
The possible absence of Thicbacilli, therefore, would not explain the
negligible utilization. The elemental sulfur used in these studies was
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insoluble in water and was added as a suspension. VogLER and UMBREIT
(1941) suggested that direct contact between sulfur particles and bac-
terial cells is required for oxidation of elemental sulfur. Although sub-
sequent studies of GLEEN and QUASTEL (1953), STARKEY et al. (1956)
and Visewtac and SanTurR (1957) have indicated that direct contact is
not necessary, the soils in this study were incubated under static con-
ditions and the opportunity for direct contact existed. Nevertheless,
the insolubility and the small quantity of elemental sulfur added
(1.6 mg/100 g soil) undoubtedly resulted in poor distribution of the
particles throughout the soil and in limited opportunity for contact
with the microorganisms.

Thiourea is known to be toxic, even at low concentrations, to certain
microorganisms, FULLER et al (1950) found that 20mg thiourea/100g soil
inhibited nitrification but not ammonification in an alkaline soil; at a
concentration of 10 mg/100 g, thiourea was slowly nitrified. QuUasTeL
and ScHOLEFIELD (1951) observed that 25 mg thiourea/l. prevented
nitrification in pure culture and that adaptation of the nitrifiers to this
compound did not occur. FREDERICK et al. (1957) reported that 1°¢/,
thiourea was only slowly decomposed in soil and that, during a
42.week incubation period, it caused 999/, reduction in the number of
fungi and greatly reduced the numbers of bacteria and actinomycetes.
This compound was also a poor source of sulfur for Aspergillus niger
{STEINBERG 1941). Although the rate of CO, evolution from the thiourea-
treated soil (3.8 mg thiourea/100 g soil) was only slightly greater than
that from soil which received no sulfur, thiourea apparently was not
toxic, otherwise no glucose oxidation would have occurred. The non-
toxicity of thiourea and the negligible availability of its sulfur suggested
that this compound was decomposed slowly in this soil.

The lag in the rate of respiration from soils treated with thiamine
and thioglycolic acid was in agreement with the results of other in-
vestigators, and was probably a reflection of the time required for the
development of specific populations capable of decomposing these
compounds. FREDERICK et al. (1957) observed that thiamine was de-
composed in soil at a slower rate than methionine or cystine. STRINBERG
(1941) reported that A.niger was unable to utilize thiamine or thio-
glycolate as a source of sulfur. The latter compound did not replace
cysteine in the culture of rhizosphere bacteria (WEsT and LocHEEAD
1940).

A lag in the rate of respiration occurred also when cystine was added.
The greater availability of cysteine as compared to cystine was not in
agreement with the suggestion of FrExmY (1958) that the pathway of
cysteine decomposition in soil is cysteine — cystine — sulfate. This
pathway was also proposed by Stanr et al. (1949) for the oxidation of
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cysteine by Microsporum gypsewm. Methionine was also utilized more
rapidly as a source of sulfur than was cystine, in contradiction to reports
by FrEpERICK et al. (1957), QuasrerL and ScHOLEFIELD (1951) and
StarrEY (1950) that methionine is less susceptible than cystine to
decomposition.

It has been reported that methionine or its decomposition products
inhibit nitrification and microbial growth (Hmsse 1957; LEms 1952;
QuasteL and ScHOLEFIELD 1951; STaHL et al. 1949). STARKEY and
co-workers (1956, 1957) found that, as a result of microbial decomposi-
tion, the sulfur of methionine was lost from soil as volatile thiol and
disulfide. No odor of volatile sulfur compounds was detected during the
course of these experiments, and the rate of respiration with methionine
was similar to that obtained with MgSO,. The level of methionine added
in this study (7.5 mg/100 g soil), however, was only 5%, of the concen-
tration reported by QuasTeL and ScHOLEFIELD (1951) to be inhibitory
for nitrification.

The differential utilization in this study of sulfur compounds of
various complexity, e.g., glutathione vs. thioglycolate, agreed with the
suggestion of STARKEY (1950) that the decomposability of sulfur in
soils 1s not entirely related to the type of sulfur linkage but to the other
portions of the molecule as well.

The sulfur of methionine, as well as that of the other compounds, was
apparently incorporated rapidly into mierobial cells. The addition of
sulfur compounds to soil is usually accompanied by a marked decrease
in pg as a result of the formation and accumulation of sulfate (FREDE-
RICK et al. 1957; STARREY 1956; Wagsman 1952). In this study, the py
of soils which received no sulfur was lower throughout the incubation
period than the pg of samples treated with MgS80,. The non-toxicity of
the sulfur compounds; the absence of volatile sulfur products of me-
thionine decomposition ; the equal total utilization of glucose in both the
presence and absence of sulfur; the lack of increased respiration with
levels of sulfur greater than amounts required for maximum rates of
respiration ; and the failure of sulfur additions to lower the pm of the
soil, all indicated that the sulfur economy in the soil was well balanced,
that no free sulfate accumulated in the presence of available substrate,
and that there was a rapid mineralization and re-utilization of the small
amount of sulfur originally present in the soil. These results were in
agreement with those of the previous study, which showed that the
small amounts of soil nitrogen and phosphorus were also rapidly turned
over during the decomposition of glucose. The elimination of plateaus in
the CO, evolution curves when sulfur was added further supported the
suggestion that the turnover rate of elements in this soil was nitrogen >
phosphorus > other elements. Sulfur was the only element other than
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nitrogen and phosphorus which limited microbial activity in this soil,
inasmuch as no response wag obtained with the addition of any of the
other mineral nutrients usually assumed to be essential for micro-
organisms. Apparently the levels of these elements were sufficient
for maximum microbial activity. ‘
In the previous paper it was suggested that the rate-limiting in-
fluence of inorganic elements might be used to control the activity and
type of soil population. Although
Table 4. Sulfur content and carbon:sulfur  the rate of organic matter decom-
ratio of some PZ”; t:;‘ffgmls commonly  position may possibly be control-
e led by manipulation of the C/N
LFrom the dafa of Mtzxs (1959) 1 /P ratios, it is doubtfulif the

Plant material Avera‘leslgmtem i ¢/st same could be accomplished with
the C/S ratio. The sulfur contents
Alfalfa hay 5 90 of some plant materials commonly
Scybean hay 2.8 161 . .
Ot straw 24 187 added to soil are presented in
Wheat straw 2.9 205 Table4. The C/S ratios of these
Corn stover 1.7 265 materials are substantially nar-
Rye straw 1.2 374 rower than the ratio necessary
1Carbon content of plant material for maximum rates of glucose oxi-
was assumed to be 45%/,. dation. Inasmuch as thisand other

studies (FREDERICK et al. 1957;
STARKEY 1950; STEINBERG 1941) have shown that most organic forms
of sulfur are as available as inorganic sulfur, and the work of JorpaN and
BARKER (1959) has indicated that the sulfur contained in green manures
is rapidly mineralized, this element should not be limiting in the de-
composition of crop residues under natural conditions.

The minimum level of sulfur for normal plant growth ranges from
0.3 to 1 mg/100 g soil according to JORDAN and co-workers (1958) and
Lxrrur (1958). This soil with a sulfur content of 0.38 mg/100 g was,
therefore, undoubtedly sulfur-deficient. Nevertheless, neither the barley
nor alfalfa crops that were grown on it prior to sampling, nor the potato
crops grown subsequent to sampling, exhibited visible sulfur deficiency.
Plants absorb SO, directly from the atmosphere and may satisfy part
of their sulfur requirement from this source (FriED 1948, SETTERSTROM
1952, Taomas and HENDRICKS 1943). The fact that the plants did not
exhibit a sulfur deficiency, even though the sulfur level in the soil was
too low for maximum microbial activity, suggests that perhaps it is not
sufficient to approach soil fertility only in terms of crop response. It may
be necessary to fertilize with specific elements solely to satisfy the
mineral requirements of the soil microflora. In studies in which highly
carbonaceous materials, such as sugars, are added to soil for the purpose
of increasing microbial activity, the requirement of the soil microflora
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for sulfur, and for other elements, should be as well defined as the
requirements for nitrogen and phosphorus. In our investigations of
factors which limit microbial activity in soil, the use of sulfur has
provided a simple mechanism whereby the activity and the ecology in
the soil can be controlled.
Summary

The only nutrient element other than nitrogen and phosphorus which
limited microbial activity in a sandy soil was sulfur. The addition of
extremely small quantities of MgSO,, ranging from 0.32 to 1.6 mg
sulfur/100 g soil, markedly increased the rate of oxidation of glucose.
The optimum concentration of sulfur was correlated with the levels of
glucose added, and a C/S ratio of 900 or less was required for maximum
respiration. A number of compounds containing sulfur at different
oxidation stages and in various structural configurations readily satisfied
the sulfur requirement, indicating that the response was to sulfur as a
nutrient and not to sulfate as an electron acceptor. Thioures and elemental
sulfur were utilized only slightly. The differential utilization of the
various sulfur-containing compounds and the implications of sulfur as a
limiting factor of microbial activities in soil were discussed.
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