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Abstract—Fungal and bacterial substrate-induced respiration have been distinguished in gray forest and chest-
nut soils in various ecosystems (forest, grassland, arable soil, fallow land, and shelterbelt) using the antibiotics
cycloheximide and streptomycin. The optimal inhibitory concentrations of the antibiotics, added separately and
in combination; the preincubation time of the antibiotics with the soil before glucose addition; and the mass of
added inert material (talc) have been determined. The inhibitor additivity ratio (IAR) has been calculated for
the antibiotics. With the IAR differing from 1.0 by a value of more than 5%, the fungal and bacterial substrate-
induced respiration cannot be distinguished reliably. Respiration measurements show that the microbial com-
munities of natural ecosystems are dominated by fungi (81-95% on average). The smallest amount of fungi

(54-59%) is found in the arable soil ecosystem.
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The microbial biomass of soil is an important
parameter in ecological studies. The proportion of
fungi to bacteria, which are the major components of
the microbial community of soil, depends on the type of
soil and the degree of its disturbance. The fungal-to-
bacterial biomass ratio can serve as an indicator of the
degree of deterioration occurring in natural ecosystems
[1, 2]; the pollution of soil with, for instance, SO, [3];
the intensity of management of upland grassland [4];
and varying soil pH [5]. The fungi and bacteria present
in soil can be distinguished by (1) counts on agar
media; (2) direct microscopy; (3) determination of spe-
cific cellular components, such as diaminopimelic acid,
chitin, adenosine-5'-triphosphate, ergosterol, and fatty
acids; and (4) physiological approaches. It should,
however, be noted that each of these methods has cer-
tain disadvantages. For instance, counting on agar
media allows only a small fraction (0.01-1%) of a soil’s
microbial population to be detected. The specific cellu-
lar components of fungi and bacteria may occur outside
the cells. Direct microscopy can distinguish fungal and
bacterial cells, but fails to detect their metabolic activ-
ity. Many of these disadvantages can be avoided
through the use of a selective respiratory inhibition
method [6, 7], which involves a selective inhibition of
the substrate-induced respiration (SIR) of fungi and
bacteria by specific inhibitors. The most commonly
used inhibitors are streptomycin and cycloheximide,
which suppress the synthesis of bacterial (70S) and fun-
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gal (80S) ribosomes, respectively [8]. The accuracy of
the selective inhibition technique is still the subject of
debate [9].

The aim of this work is to optimize the procedure for
evaluating fungal and bacterial contributions to the total
substrate-induced respiration of soil and to determine
the structure (in other words, to estimate the relative
amount of fungi and bacteria) of the microbial commu-
nity for soils of various ecosystems.

MATERIALS AND METHODS

Soil. The experiments were carried out with samples
of gray forest, chestnut, and dark chestnut soils collected
in various ecosystems from a depth of 0—5 cm. The soils
had close pH values but a different content of organic
matter and microbial biomass (Table 1). A mixed soil
sample from each ecosystem had roots removed, was
sieved through a screen with a 2-3 mm mesh size, and
was stored in a fridge at 10°C at its natural moisture
capacity until further use. Before the experiment, the soil
samples were incubated for 3 days at room temperature
(22°C) at a 55% water-holding capacity.

Substrate-induced respiration. This parameter
(SIR) was estimated from the initial rate of microbial res-
piration in the soil samples after their enrichment with
glucose to provide a source of carbon and energy [10].

Antibiotics. The preliminary experiments were
aimed at determining the concentrations of antibiotics
(streptomycin and cycloheximide added separately and
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Table 1. The organic carbon content (Corg), microbial biomass (MB), and pH of the soils under study
Soil (0-5 cm) | Ecosystem Location Plant Corg, % PHaque [MB, g Clg
Gray forest Forest Moscow region, Pushchino Aspen, birch 242 6.0 1817
Grassland Perennial grasses 1.76 6.6 1354
Arable soil Wheat 0.96 5.8 447
Dark chestnut | Shelterbelt | Volgograd region, Netkachevo |Oak 1.55 6.4 1033
Fallow soil Grasses 0.49 6.0 229
Arable soil Mustard 1.03 6.3 473
Chestnut Shelterbelt | Volgograd region, Plemkhoz Elm 1.57 7.7 933
Fallow soil Fescue, wormwood 1.99 6.3 961
Arable soil Sunflower 0.96 8.2 546

in combination) that provided for the maximum inhibi-
tion of the respiration of soil microorganisms. Cyclo-
heximide was added to the soil at different concentra-
tions 0.5, 1, 4, 8, and 16 h before the addition of glu-
cose. Streptomycin was added 0.5 and 1 h before the
glucose addition. In the case of a combined addition of
the antibiotics to a soil sample, the sample was first
incubated with cycloheximide for 4 h and then with
streptomycin for 0.5 h, after which glucose was added.
As a control, we used soil samples to which only glu-
cose was added. The final moisture capacity of the soil
samples was 60—65% of the total. To ensure a better dis-
tribution of cycloheximide over the soil samples, the
antibiotic was mixed with the inert material talc at a
proportion of 1 : 2. The control samples also contained
talc in an equivalent amount.

The inhibitor additivity ratio (IAR) was calculated
for streptomycin and cycloheximide using the formula

IAR = [(A - B) + (A — O)J/(A - D),

where A is the respiration with glucose, estimated as
the amount of CO, evolved from the soil; B is the res-
piration with glucose and cycloheximide; C is the res-
piration with glucose and streptomycin; and D is the
respiration with glucose, streptomycin, and cyclohex-
imide [11]. IAR = 1 implies that streptomycin and
cycloheximide show neither an additive nor antagonis-
tic effect, IAR > 1 implies a high additive effect for
streptomycin and cycloheximide, and IAR < 1 implies
the occurrence of an antagonism between streptomycin
and cycloheximide. In the two last cases, the confidence
value for measurements performed by the selective
inhibition technique is low.

Fungal and bacterial respiration. The fungal and
bacterial components of soil respiration (FR and BR,
respectively) were calculated using the following for-
mulas:

FR = (A -B)/(A - D) x 100%,

BR =(A-C)/(A-D) x100%,
where A, B, C, and D have the same definitions as
in the previous paragraph. As was already men-
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tioned, the two last formulas are valid provided that
A-[(A-B)+(A-0O)]=D=x5%[12].

All the measurements were performed in five repli-
cates. The data are expressed as the average values fol-
lowed by the standard deviation from the mean.

RESULTS

The concentration of inhibitors. Figure 1 shows
the effect of streptomycin (panel a) and cycloheximide
(panel b) on the substrate-induced respiration (SIR) of
gray forest soil collected in forest and arable soil sites.
Streptomycin was added to these soils at concentrations
that varied from 10 to 40 and from 10 to 60 mg/g of soil,
respectively. The inhibition of SIR by streptomycin was
observed at antibiotic concentrations exceeding 10 mg/g
(arable soil) and 20 mg/g (forest soil). The inhibition of
SIR by cycloheximide was observed at concentrations
exceeding 20 mg/g (arable soil) and 30 mg/g (forest soil).

In the case of chestnut soils, the inhibition of SIR by
streptomycin was observed at concentrations exceeding
5 (arable soil) and 10 (fallow land and shelterbelt) mg/g
of soil (Fig. 2). When streptomycin was added to the
soil at higher concentrations (20-30 mg/g of soil), it
enhanced the emission of CO, from the soil, which can
be attributed to the utilization of streptomycin by soil
microorganisms resistant to this antibiotic [3, 13].
When cycloheximide was added to the chestnut soil
taken from shelterbelt and arable soil at a concentration
of 15 mg/g of soil, it inhibited SIR by 49 and 59%,
respectively. At lower concentrations (5 and 10 mg/g of
soil), cycloheximide inhibited SIR by 4 and 28% (ara-
ble soil and shelterbelt, respectively) and by 44 and
35% (arable soil and shelterbelt, respectively).

Thus, as a rule, the inhibitory effect of streptomycin
was greater in the case of arable soils, which have a
lower microbial biomass than untilled soils. The same
pattern, however, was not observed in the case of cyclo-
heximide.

The effect of soil preincubation with the antibiotics.
Extending the time of soil preincubation with strepto-
mycin from 0.5 to 1 h before the addition of glucose
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Fig. 1. The effect of different concentrations of (a) strepto-
mycin and (b) cycloheximide on the degree of inhibition of
the substrate-induced respiration of gray forest soil in (—e—)
forest and (—<¢—) arable field.

was not accompanied by a noticeable increase in the
degree of respiration inhibition (Table 2). For this rea-
son, further experiments were performed with the pre-
incubation time equal to 30 min.

Similar experiments with cycloheximide showed
that, when this antibiotic was incubated with the soil
samples for 0.5 and 1 h, it inhibited SIR by 8 and 16%

Table 2. Inhibition of the substrate-induced respiration
(SIR) of soil as a function of the preincubation time with
streptomycin

SIR inhibition,
Soil (streptomy- Ecosystem % ts.d.
cin, mg/g)

0.5h 1.0h
Gray forest soil (40) | Forest 46+ 6 34+1
Arable soil 25+5 22+7
Chestnut soil (5) | Shelterbelt 28+1 28+3
Fallow soil 113 15+2
Arable soil (38 2mg/g)+3| 334

Note: s.d. stands for “standard deviation”.
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Fig. 2. The effect of different concentrations of streptomy-
cin on the degree of inhibition of the substrate-induced res-
piration of chestnut soil in (—e—) fallow field, (—0—) shelter-
belt, and (—O-) arable field.

in the case of arable and forest sites of gray forest soils,
respectively. Extending the preincubation time to 4 h
provided for SIR inhibition of 21 and 46% (arable and
forest sites of gray forest soils, respectively). Extending
the preincubation time to 8 and 16 h did not result in a
noticeable increase in the degree of SIR inhibition
(Table 3). The inhibitory effect of cycloheximide corre-
lated with its concentration.

The effect of the inert material talc. The inhibitory
effect of cycloheximide on SIR increased when the
antibiotic was added to the soil samples in the form of
a mixture with talc, reaching a maximum at a cyclohex-
imide/talc ratio of 1 : 2. It is known that talc stimulates
the respiration of soil by promoting the liberation of
CO, from the organo-mineral complex of the soil [10].
Our experiments also showed that the respiration of soil
was higher in the presence of talc. For this reason, talc
was also added to the control soil samples in an amount
corresponding to double the mass of the added cyclo-
heximide.

The inhibitor additivity ratio of the antibiotics.
The inhibition of the SIR of gray forest soil and the IAR
of the antibiotics calculated from the SIR data are pre-
sented in Table 5. At IAR < 1, the antibiotics inhibited
SIR to a lesser degree than when IAR was within
1+ 5%. For this reason, the experimental variants for
which IAR < 1 were excluded from consideration
[7, 11]. For the gray forest soil collected in a forest
environment, the appropriate inhibitor combination
was found to be either streptomycin at a concentration
of 2 mg/g of soil plus cycloheximide at a concentration
of 15 mg/g of soil or 8 mg/g streptomycin plus 15 mg/g
cycloheximide (the IAR values for these inhibitor com-
binations are given in Table 5 in bold). The latter com-
bination was the most appropriate because it inhibited
SIR to the greatest degree (by 59%).
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For arable gray forest soil, three appropriate inhibi-
tor combinations were found: 2 mg/g streptomycin plus
15 mg/g cycloheximide, 4 mg/g streptomycin plus
5 mg/g cycloheximide, or 4 mg/g streptomycin plus
15 mg/g cycloheximide (Table 5). The best inhibitor
combinations were the first and the third because they
inhibited SIR to the greatest degree (by 60 and 59%,
respectively). The combination of 4 mg/g streptomycin
plus 5 mg/g cycloheximide, even though its IAR was
within the accepted range (1 £ 5%), inhibited SIR by as
little as 40%. For this reason, the respective results were
excluded from consideration.

Optimization of the combined action of the anti-
biotics. The optimal combination of the antibiotics is
expected to occur when (1) either antibiotic exerts a sta-
ble inhibitory effect on SIR; (2) the antibiotic combina-
tions inhibit SIR to the maximum degree; and (3) the
IAR of the antibiotics is within the range 1 + 5%. Table 6
summarizes the data for various types of soil and eco-
systems. For instance, when streptomycin and cyclo-
heximide were added separately to the soil sample from
fallow land, they inhibited soil respiration by 12 and
51%, respectively. The combined addition of the antibi-
otics suppressed soil respiration by 60%, which com-
prised approximately the sum of the inhibitory effects
of the individual antibiotics (12 + 51 = 63%). For gray
forest soil collected in grassland, the total inhibition of
the soil respiration comprised, on average, 88%. The
IAR for these experiments was within the accepted
range (1 = 5%).

Proportion of fungal to bacterial contributions to
the SIR of various soils and ecosystems. Calculations
showed that the fungal contribution to the SIR of gray
forest soil collected in grassland and forest locations
was 90 and 81%, respectively (Fig. 3). For dark chest-
nut soil collected in an oak forest and from fallow land,
the fungal contribution to SIR was 84 and 95%, respec-
tively, and, for the arable gray forest and dark chestnut
soils, 59 and 54%, respectively.

Thus, the measurement of the fungal and bacterial con-
tributions to SIR by a method optimized with respect to
the concentrations of the antibiotics and the contact time
of a particular antibiotic with the soil samples before the
addition of glucose showed that the fungal contribution to
the SIR of the soils found in natural ecosystems (forest,
shelterbelt, fallow soil, and grassland) varied from 81 to
95% while, in the case of arable soils, this contribution
was lower (between 54 and 59%).

DISCUSSION

It is known that the concentrations of antibiotics
needed to inhibit the respiration of soil fungi and bacte-
ria depend on the properties of the soil in question. For
instance, the inhibitory concentrations of the antibiotics
for arable and forest soils were found to be 0.5-0.6 mg/g
and up to 16 mg/g of soil, respectively [7, 14]. The effect
of the antibiotics when added to the soil at high concen-
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Table 3. Inhibition of the substrate-induced respiration of
arable chestnut soil as a function of the preincubation time
with different concentrations of cycloheximide

Cyclohexim- SIR inhibition, % * s.d.
ide, mg/g 4h 8h 16 h
5 4+3 1+1 14+6
10 2042 343 9+4
20 2345 1542 17+4
30 21+4 17+1 21+1

Note: s.d. stands for “standard deviation”.

Table 4. The effect of different concentrations of cyclohex-
imide and talc on the degree of inhibition of the substrate-in-
duced respiration of gray forest soil (the preincubation time
was 4 h)

Ecosys. | Cyclohex- | SIR inhibi- | CYSIONEX" | g npipi.
oy imide, | tion, % of (mg/g | tion, % of
mg/g the control of s% i%) the control

Forest 5 ND 5+10 0

10 35 10 + 20 37

15 30 15+30 50

Arable 5 ND 5+ 10 39

soil
10 31 10+ 20 44
15 37 15+ 30 57

Note: ND stands for “not determined”.

trations may be mitigated due to their adsorption by
humus. Nevertheless, the autochthonous microbial
community of forest soil can adapt to the utilization of
complex plant detritus and humus components [14].
Our experiments also showed that fertile soils rich in
organic matter and biomass should receive elevated
concentrations of antibiotics.

Most of the experiments aimed at distinguishing the
fungal and bacterial components of SIR in arable soil
[6, 7], forest soil [15], grassland soil [16, 17], and plant
debris [18] have shown that the microbial soil commu-
nity is dominated by fungi, which agrees with our data.

It should be noted that researchers who have com-
paratively evaluated the methods of selective respira-
tory inhibition and direct microscopic examination
came to different conclusions. In particular, Lin and
Brookes [12] and Beare et al. [18] concluded that the
two methods give comparable results, but West [16] and
Velvis [19] disagreed with this conclusion. West found
that the proportion of fungi (F) to bacteria (B) in two
grassland soils when estimated by the selective respira-
tory inhibition and direct microscopy techniques was
F:B=1:1and1: 2, respectively. In the case of arable
soils, direct microscopy revealed three times as much
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Table 5. The effect of different concentrations of cycloheximide and streptomycin, added separately and in various combi-
nations, on the degree of inhibition of the substrate-induced respiration of gray forest soil (forest and arable soil) and the in-
hibitor additivity ratio (IAR) of the antibiotics

Antibiotic SIR inhibition, % of the control % s.d. IAR
Antibiotics concentration,
mg/g of soil Forest Arable soil Forest Arable soil
Cycloheximide 5 0 39+ 1 - -
10 37+4 44t4 - -
15 50+4 57+8 - -
Streptomycin 2 5+1 8=x1 - -
4 6+1 1+1 - -
8 14+4 23+ 1 - -
Streptomycin + 2+5 13+7 35+8 0.04 1.31
cycloheximide
2+ 10 52+4 463 0.79 1.10
2+15 54+3 602 0.98 1.04
4+5 1510 40t 1 0.01 1.01
4+10 4716 52+1 0.85 0.87
4+ 15 56x9 59+4 0.92 0.98
8+5 2117 437 0.52 1.39
8+10 422 3815 1.18 1.67
8+15 59+3 27+4 1.03 2.69

Notes: s.d. stands for “standard deviation”. IAR is only calculated when the antibiotics are added in combination.

Table 6. The effect of different concentrations of cycloheximide and streptomycin, added separately and in various combi-
nations, on the degree of inhibition of the substrate-induced respiration of soils in various ecosystems and the inhibitor addi-
tivity ratio of the antibiotics

SIR, pg C-CO,/(h g of soil); (SIR inhibition, % of the control); mean =+ standard deviation
Soil Streptomycin +
oot | Swepomien | Codonenmide | oxclohenimide | 1AR
> > (10+10;4+4;10+ 15)*
Fallow chestnut soil 9.76 £0.56 (0) | 859+£08(12£8) | 479+£048(51x7) | 3.87£0.64(60x5) | 1.04
Arable dark chestnut soil 5.84+0.18(0) | 414043 (29+£7)| 402£03(31£5) 245+033(58+6) | 1.04
Gray forest soil in grassland | 16.17 £0.61 (0) |14.95+0.33 (11+2)| 3.55+0.79(79+5) | 2.01+£0.49(88+3) | 1.02

* The concentrations of streptomycin, cycloheximide, and their combinations are shown in mg/g of soil for fallow chestnut soil, arable
dark chestnut soil, and gray forest soil in grassland, respectively.

MICROBIOLOGY  Vol. 74

No. 3

2005



THE ANTIBIOTIC-AIDED DISTINGUISHING 341

%

100 + (a)

80

60

401

Forest Grassland Arable soil

% 1
100 (b)

80

60

201

1 1
Fallow soil

J
Shelterbelt Arable soil
Fig. 3. Diagram showing the proportion of (2) fungi and
(1) bacteria in gray forest (a), fallow chestnut, and dark
chestnut (shelterbelt and arable soil) (b) soils.

soil fungi as bacteria; however, the selective respiratory
inhibition method failed to distinguish fungi and bacte-
ria [16]. In the arable soils of Denmark, the F : B ratio
was found to be 0.5-0.6 with the selective respiratory
inhibition method and 0.19-0.46 using direct micros-
copy [19]. In some soil horizons, both methods have
given comparable results [20]. We believe that the
results obtained by the selective respiratory inhibition
method commonly correlate with the results obtained
by direct microscopic examination.

It is noteworthy that the degree of SIR inhibition and
the calculated values of IAR indicate the high accuracy
of the selective respiratory inhibition method. For
instance, at IAR = 1.4, the F : B ratio varies from 1.64
to 2.29, averaging 1.97 [11]. Our experiments showed
that high IAR values correspond to low values of SIR
inhibition.

It should be emphasized that the selective respira-
tory inhibition method is based on the assumptions that,
first, the F : B ratio is the same in microbial components
sensitive and insensitive to antibiotics [16] and that,
second, the fungal and bacterial components of a
microbial biomass respond to glucose in a similar way
[17]. The inhibitors of fungal and bacterial respiration
(recall that they are evaluated by the evolution of CO,
from soil) cannot provide for their complete suppres-
sion. In our experiments, the degree of respiratory inhi-

MICROBIOLOGY  Vol. 74

No. 3 2005

bition varied from 60 to 90%. The complete inhibition
of soil respiration cannot be achieved for the following
reasons: (1) glucose is metabolized in soil into CO, due
to the functioning of constitutive enzymes; (2) these
enzymes undergo degradation, as is evident from the
fact that the evolution of CO, tends to decline 2 h after
the addition of antibiotics and plateaus between 4 and
9 h, whereas new enzymes are not synthesized because
of the inhibitory action of the antibiotics; (3) extending
the incubation time does not increase the inhibition of
soil respiration, presumably because of the growth of
antibiotic-resistant microorganisms.
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