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Phytopathogenic microorganisms are widespread
concomitants in agricultural practice; many diseases
are caused by various micromycetes [1]. Much atten-
tion has been paid by researchers to biological features
of phytopathogenic fungi and infection mechanisms
[2]; however, data on the ecology of phytopathogen
populations are scarce. Modern agriculture requires
optimization of the means of plant protection and reso-
lution of the contradiction between the activity of prep-
arations, their environmental safety, and profitability
[3]. Of special importance is the study of the reasons for
the explosive increase in the number of phytopathogens
on certain substrates and the elucidation of mechanisms
controlling their abundance. Fungi, antagonists of phy-
topathogens, such as representatives of the genus 

 

Tri-
choderma

 

, are finding expanding application in agri-
cultural practice [4–7]. It is known that 

 

Trichoderma

 

species are widespread within microbial communities
of healthy plants [8].

The effect of environmental factors on the behavior
of microbial populations has been extensively studied;
it was shown that intrapopulational interactions are of
particular ecological importance. There is evidence for
the role of autoregulation in the activation of resting
forms of microorganisms [9–11]. The study of autoreg-
ulation of resting form germination in pure and enrich-
ment cultures of micromycetes is essential for the elu-
cidation of their ecological strategies and prediction of
microbial interactions in nature.

The aim of this work was to study intrapopulational
regulation of conidium germination in phytopathogenic
micromycetes and its role in the competition between

these micromycete populations and fungi of the genus

 

Trichoderma.

 

MATERIALS AND METHODS

Strains of phytopathogenic micromycetes, typical
representatives of the genera 

 

Fusarium, Botrytis

 

, and

 

Bipolaris

 

, were obtained from the All-Russia Collec-
tion of Microorganisms (VKM): 

 

Fusarium oxysporum

 

Schlechtendal emend. Snyger et Hansen FW-387, 

 

Bot-
rytis cinerea

 

 Persoon: Fries FW-401, and 

 

Bipolaris
sorokiniana

 

 (Saccardo) Schoemaker VKM F-3045.
Strain 

 

Trichoderma longibrachiatum

 

 Rifai FW-829
was isolated by us from the rhizoplane of rose plants
grown in a greenhouse [8].

To obtain conidia, micromycetes were cultivated at

 

28

 

°

 

C

 

 for 7 days on agar medium containing (g/l) pep-
tone, 5; glucose, 10; 

 

KH

 

2

 

PO

 

4

 

, 1; 

 

MgSO

 

4

 

, 0.5; agar, 20.
The conidia were washed off the agar, centrifuged,
washed thrice with water, and subjected to ultrasonic
treatment on a UZDN-1 disintegrator at 22 kHz and
0.44 A for 30 s to obtain a suspension of single spores.
Microconidia of 

 

F. oxysporum

 

 FW-387 were obtained
by filtration of the spore suspension through a filter
with pore size 10 

 

µ

 

m.
Viability of conidia was determined routinely [12];

monoconidium suspension (0.04 or 0.02 ml in the case
of phytopathogenic micromycetes and 

 

Trichoderma

 

strains, respectively) was placed on a thoroughly
degreased microscope slide and distributed evenly with
a loop over an area of 4 cm

 

2

 

. For each sample, 12 spec-
imens were prepared and 50 microscope fields were
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Abstract

 

—The autoregulation of conidium germination in phytopathogenic micromycetes of the genera

 

Fusarium, Botrytis

 

, and 

 

Bipolaris

 

 was studied. It was shown that 

 

Trichoderma longibrachiatum

 

 was less com-
petitive than 

 

Fusarium oxysporum

 

 after their simultaneous inoculation but inhibited the phytopathogen growth
in the case of earlier introduction. In the latter case, no autoinhibition of the germination of 

 

F. oxysporum

 

conidia occurred; moreover, a cooperative effect was observed, i.e., the number of germinated 

 

F. oxysporum

 

conidia increased with an increase in their density.
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examined. The number of conidia per milliliter of sus-
pension (population density) was calculated by the
formula

 

N

 

 = 

 

S

 

1

 

an

 

/

 

v

 

S

 

2

 

,

where 

 

N

 

 is the number of conidia per milliliter of sus-
pension, 

 

S

 

1

 

 is the specimen area (

 

µ

 

m

 

2

 

), 

 

a

 

 is the number
of conidia per microscope field (averaged over all spec-
imens), 

 

n

 

 is the dilution of the suspension, 

 

v

 

 is the vol-
ume of the drop placed onto the slide (ml), and 

 

S

 

2

 

 is the
area of the microscope field (

 

µ

 

m

 

2

 

).
Population density and the absence of conidium ger-

mination were determined by microscopic examination
of specimens fixed and stained immediately after their
preparation. To estimate the germination capacity of
conidia, specimens, prior to drying, were incubated in a
humid chamber at 

 

28

 

°

 

C

 

 and 100% humidity for 6, 15,
18, 24, and 39 h. Then the specimens were air-dried,
fixed, and stained with Calcofluor White [13]. Conidia
were counted under a LYuMAM I-3 luminescent
microscope; the microscope field area was 9800 

 

µ

 

m

 

2

 

.

The average distance between conidia (

 

r

 

 = 

 

,
where 

 

r

 

 is distance and 

 

m

 

 is the population density cal-
culated per unit area) was used as the abundance index.
Conidium numbers (

 

a

 

) of 0.1, 1, 2, 5, 10, 15, 20, and
40 per microscope field corresponded to population
densities of 

 

1 

 

× 

 

10

 

5

 

, 1 

 

× 

 

10

 

6

 

, 2 

 

× 

 

10

 

6

 

, 5 

 

× 

 

10

 

6

 

, 1 

 

×

 

 10

 

7

 

,
1.5 

 

× 

 

10

 

7

 

, 2 

 

× 

 

10

 

7

 

, and 

 

4 

 

× 

 

10

 

7

 

 conidia per milliliter with
an average distance between conidia of 156, 50, 35, 22,
15, 13, 11, and 8 

 

µ

 

m, respectively.
Standard deviations (

 

δ

 

n

 

 – 1

 

) for conidium numbers
did not exceed 10%.

RESULTS AND DISCUSSION

The time course of conidium germination in the
micromycete 

 

F. oxysporum

 

 is shown in Fig. 1. The ger-
mination of conidia in the humid chamber depended on
their abundance; by the 15th hour of incubation, the
proportion of germinated conidia comprised 50 and
5.7% in specimens containing 1–5 and 15 conidia per
microscope field, respectively, with an average distance
between them of 50–22 and 13 

 

µ

 

m, respectively. By the

1/4m

 

18th hour of incubation, the proportion of germinated
conidia increased 1.5-fold in all specimens. By the end
of incubation, conidium germination was almost com-
plete or comprised 90% in specimens containing one
and five spores per microscope field, respectively. In
specimens containing 15 conidia per microscope field,
the proportion of germinated conidia reached 16% by
the 24th hour of incubation and then remained
unchanged. No conidium germination was observed in
specimens containing 20 conidia per microscope field
with an average distance between them of 11 

 

µ

 

m. It
should be noted that both micro- and macroconidia ger-
minated in specimens with low population densities
(Figs. 2a and 2b), whereas only macroconidia germi-
nated at the density of 15 conidia per microscope field
(Figs. 2c and 2d). In all cases, conidium germination
could be described by logarithmic regression equations
with rather high correlation coefficients (

 

R

 

), ranging
from 0.91 to 0.95.

A different character of conidium germination was
observed in another phytopathogenic micromycete,

 

Bot. cinerea

 

 (Figs. 2e, 2f, and 3); in specimens contain-
ing one spore per microscope field, conidium germina-
tion reached 50% only by the 18th hour and increased
to 95% at the end of incubation. When the population
density was five conidia per microscope field, the num-
ber of germinated conidia was 11–13% within 15–18 h
of incubation, increased threefold by the 24th hour, and
then remained unchanged. Thus, the number of germi-
nated conidia at the density of five spores per micro-
scope field was less than half that in specimens contain-
ing one conidium per microscope field. In this case,
conidium germination could be also described by loga-
rithmic regression equations with high correlation coef-
ficients (

 

R

 

 ranged from 0.91 to 0.98). Thus, conidium
germination in 

 

Bot. cinerea

 

 appeared to be more sensi-
tive to population density than that in 

 

F. oxysporum.

 

The proportion of germinated conidia decreased three-
fold and by 10%, respectively, with increasing spore
density from one to five conidia per microscope field.
No germination of 

 

Bot. cinerea

 

 conidia was observed in
specimens containing 15 spores per microscope field.

The character of conidium germination in 

 

Bip. soro-
kiniana

 

 specimens containing one spore per micro-
scope field was similar to that in the fungi described
above; within 15 h of incubation, germinated conidia
amounted to 50%. In specimens containing 0.1 conidia
per microscope field with an average distance between
spores of 156 

 

µ

 

m, about 70% of conidia germinated by
the 15th hour of incubation. In both variants, 100% (or
almost 100%) germination of conidia was observed by
the 18th hour of incubation. It should be noted that
conidia of 

 

Bip. sorokiniana

 

 could not be stained with
Calcofluor White; a dark conidium with luminescent
germ tubes is visible against a slightly bright back-
ground. By the 15th hour of incubation, germ tubes in

 

Bip. sorokiniana

 

 could reach 400–500 

 

µ

 

m in length,
whereas the length of germ tubes in 

 

F. oxysporum

 

 and

 

Bot. cinerea

 

 never exceeded 50 

 

µ

 

m. At the end of incu-

 

Fig. 1.

 

 Time courses of germination of the 

 

F. oxysporum

 

conidia as dependent on the average distance between them:
(

 

1

 

) 50, (

 

2

 

) 35, and (

 

3

 

) 13 

 

µ

 

m. 

 

R

 

 is the correlation coefficient.
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bation, clearly defined microcolonies were formed.
Growth curves satisfied logarithmic regression equations,
much like those obtained for the F. oxysporum specimens
containing one conidium per microscope field.

The dependence of conidium germination on the
population density in the micromycetes studied is dem-
onstrated in Fig. 4. For all micromycetes, the preferable
distance between conidia for their germination was
50 µm; in the case of F. oxysporum specimens, a dis-
tance of 30 µm was also favorable, and the proportion
of germinated conidia reached 80–95%. The behavior
of micromycete populations was different; in the case
of F. oxysporum and Bot. cinerea, the proportions of
germinated conidia increased with increasing distances
between them more sharply than in Bip. sorokiniana.

Thus, intrapopulational regulation of conidium ger-
mination is a common property of two micromycetes

(F. oxysporum and Bot. cinerea) out of the three genera
studied.

Taking into account the complicated interactions
between micro- and macroconidia in F. oxysporum

(‡) (b)

(c) (d)

(f)(e)

Fig. 2. Germination of F. oxysporum conidia as dependent on their density. (a, b) At low population density, both micro- and mac-
roconidia germinated; (c, d) at a density of over 15 conidia per microscope field, only macroconidia germinated. (e, f) Germination
of Bot. cinerea conidia. Magnification, 1000×.

Fig. 3. Time courses of germination of the Bot. cinerea
conidia as dependent on the average distance between them
(µm). Curve designations are as in Fig. 1.
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(Fig. 2), the germination of microconidia in this fungus
was studied in more detail. The effect of population
density on the germination of microconidia in
F. oxysporum is shown in Fig. 5. In all variants, micro-
conidium germination started by the sixth hour of incu-
bation. In specimens containing two conidia per micro-
scope field with an average distance between them of
35 µm, germinated microconidia comprised over 50%
by the sixth hour and almost 100% at the end of incu-
bation. The autoinhibition of microconidium germina-
tion was observed in specimens containing 10 and
15 conidia per microscope field with average distances
between them ranging from 15 to 13 µm; about 80% of
microconidia germinated by the 18th hour; conidium
germination almost ceased by the 15th hour of incuba-
tion. In specimens containing 40 conidia per micro-

scope field with an average distance between them of
8 µm, spore germination ceased earlier, by the 12th
hour of incubation; germinated microconidia com-
prised about 40%. It can be concluded that distances
between conidia of 35 µm and above were most favor-
able for microconidium germination.

Our earlier studies on the rate of conidium germina-
tion in fungi of the genus Trichoderma [11] did not give
sufficient grounds for the assumption that control of a
phytopathogen population involved a competition
mechanism [9, 15]. Modeling experiments on the inter-
actions between phytopathogens and representatives of
the genus Trichoderma were carried out.

To evaluate the competitive abilities of fungi
belonging to the genera Fusarium and Trichoderma,
their conidia were placed together onto a microscope
slide. Specimens contained five conidia of T. longibra-
chiatum and two and ten microconidia of F. oxysporum
per microscope field. As seen from Fig. 6 (columns 1),
combined incubation of conidia of the two fungi
showed no effect on the time course of microconidium
germination in F. oxysporum; the autoinhibition of
microconidium germination prevailed. When micro-
conidia of F. oxysporum were incubated with partly
germinated (by 20%) T. longibrachiatum conidia, ger-
mination of the former was inhibited at both spore den-
sities tested (Fig. 6, column 2).

It is noteworthy that the competitive ability of
F. oxysporum was higher at an increased density of
microconidia, which indicates the appearance of a
cooperative effect instead of autoinhibition.

Thus, experiments modeling initial micromycete
colonization of such substrates as root-surrounding
zones and plant roots allowed the study of conidium
germination in micromycetes of the genus Tricho-
derma, widely applied in agricultural practice, and phy-
topathogenic fungi of the genera Fusarium, Botrytis,
and Bipolaris.

The autoregulation of the germination of resting
forms (conidia) was revealed in all the micromycetes
studied. Phytopathogenic micromycetes appeared to
be more active colonizers than the fungi of the genus
Trichoderma; conidia of fungi belonging to the genera
Fusarium, Botrytis, and Bipolaris germinated at
higher rates than did those of Trichoderma. On com-
bined incubation, T. longibrachiatum conidia did not
inhibit the germination of F. oxysporum microconidia;
however, when F. oxysporum microconidia were incu-
bated with the developed T. longibrachiatum culture,
an inhibitory effect of the latter was revealed. The
optimal strategy for the practical application of Tri-
choderma cultures seems to be presowing seed treat-
ment [16].

It is of interest that, under competition between
T. longibrachiatum and F. oxysporum, microconidium
germination in the latter increased with increasing cell
density, which indicates the appearance of a coopera-
tive effect instead of autoinhibition. In the future, it is
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Fig. 4. Relative amounts of germinated conidia as functions
of the average distances between them (µm):
(1) F. oxysporum, (2) Bot. cinerea, and (3) Bip. sorokiniana.
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Fig. 5. Time courses of the germination of the F. oxysporum
microconidia as dependent on the average distance between
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worthwhile to define conditions for the operation of
mechanisms responsible for autoinhibitory and cooper-
ative effects on the development of various micro-
mycetes; such studies are of both fundamental and
practical importance.
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