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Abstract Fusarium culmorum can affect plants in-
cluding cereals or develop saprophytically in the
soil. It is unknown whether its saprophytic ability is
different in strains with a different aggressiveness.
This knowledge could be used for effective breeding
of resistant cultivars. Here, we aimed to study the
development of two F. culmorum strains with a dif-
ferent aggressiveness in the soil under barley, to
compare their saprophytic ability and to reveal the
influence, if any, of the host plant on the develop-
ment of strains in the soil and on the roots. Sapro-
phytic development of the strains was studied on
membranes inoculated with macroconidia and placed
into non-sterile soil under barley of two genotypes.
The fungus was identified on the membranes and on
barley roots by indirect immunofluorescent method.
Both strains could develop saprophytically. The
more aggressive strain (Fc538) showed a lesser sap-
rophytic fitness than the less aggressive strain
(Fc885): its mycelial density was lower and the
number of chlamydospores was greater. Barley ge-
notypes influenced the development of the fungal
strains. Interestingly, conditions for saprophytic de-
velopment of both strains were more favourable in

the soil under barley of the resistant genotype. The
more aggressive strain colonized barley of the resis-
tant genotype more actively. Rot symptoms appeared
earlier in the barley of the resistant genotype, but the
number of diseased plants was greater in the barley
of the susceptible genotype. The presence of a sap-
rophytic stage in life cycle should slow down the
accumulation of aggressive races in field populations
of F. culmorum. Possible interactions between
F. culmorum strains and barley plants are discussed.
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Introduction

Fusarium culmorum (W. G. Smith) Saccardo is an
anamorphic facultative plant pathogen without a dis-
tinct substrate specialization, which can affect a wide
range of hosts including most cereals (Cook and
Baker 1983; Jenkinson and Parry 1994). In cereals
it causes Fusarium head blight (FHB), Fusarium root
rot and Fusarium crown rot (Paulitz et al. 2002; Wang
et al. 2006). These diseases result in reductions in
yield and grain quality as well as in grain contami-
nation with mycotoxins (Parry et al. 1995; McMullen
et al. 1997; Tóth et al. 2004). Colonising the roots of
cereals, F. culmorum may grow to the crown (Paulitz
2006). When F. culmorum infected the wheat seed-
lings, the development of the crown rot was followed
with the translocation of deoxynivalenol (DON)
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towards the head, which resulted in the accumulation
of the mycotoxin in the grain (Covarelli et al. 2012).

The damage caused by F. culmorum can be mitigated
by breeding cultivars with increased resistance. However,
the pathogen may reduce resistance level of the host by
evolving new, more aggressive races. One prerequisite
for this is that the pathogen has a large genetic variation.
In Gibberella zeae (anamorph: Fusarium graminearum),
which is closely related to F. culmorum, sexually-derived
progeny could be even more aggressive than the parental
isolates (Voss et al. 2010). F. culmorum is also known to
have a large molecular and phenotypic diversity
(Miedaner and Schilling 1996; Miedaner et al. 2001;
Muthomi et al. 2000; Mishra et al. 2003).

At the same time F. culmorum is known to be a
competitive saprotrophic coloniser of plant remains in
the soil (Burgess and Griffin 1967). An aggressive strain
F. culmorum 30 can develop saprophytically in sterile soil
without plants, forming mycelium, macroconidia and
chlamydospores, while in non-sterile soil its development
is suppressed by competitors (Shakhnazarova et al.
2000). In the presence of plants the intensity of sapro-
phytic development of Fc30 was higher than in the soil
without plants (Shakhnazarova et al. 1999). However, it
is unknown whether F. culmorum strains with a different
aggressiveness also differ in their saprophytic ability. As a
hypothesis, less aggressive strains may survive better in
the soil then more aggressive ones because the ability to
cause diseases in plants should not give any adaptive
advantages in the soil. The knowledge about this could
be used to assess the rate of accumulation of aggressive
races in the soil population of the fungus and to predict
the stability of selected plant cultivars.

In this work we studied the development of two strains
of F. culmorum in the soil and on the roots of barley
differing in resistance to root rot. One of the strains was
more aggressive than the other. The objectives of our
research were: (1) to compare the saprophytic ability of
a more and a less aggressive strain, and (2) to reveal the
influence, if any, of the host plant on the behaviour of the
strains in the soil and their development on the roots.

Mаterials and methods

Experimental design

In the experiment we aimed to determine: 1) whether
strains with a different aggressiveness differed in their

ability to saprophytic development in the soil under
barley, and 2) whether barley plants could influence
the pathogen when the latter was still in the soil, before
the colonisation of roots (taking into account that
F. culmorum is a facultative phytopathogen without a
distinct substrate specialisation). Barley plants with a
different susceptibility to root rot were used in order to
find out whether the intensity of development of a
fungal strain in the soil and its colonisation ability
depended on the influence of a certain genotype.

We tried to make experimental conditions as close as
possible to natural ones. For this reason, the experiment
was conducted in non-sterile soil in the presence of
plants. The soil was inoculated with macroconidia of
the fungal strains. In this way, we could assess the
colonisation ability of each strain (registering the
amount of fungus on the roots) and its influence on plant
susceptibility to disease. To assess the saprophytic abil-
ity of the strains in the soil under plants, we used
membranes inoculated with macroconidia and placed
in the soil inoculated with the corresponding fungal
strain. Barley seeds were placed into the soil. The state
of fungal strains on the membranes, the amount of
fungus on the roots and root rot symptoms were
assessed on the 3rd, 5th, 7th, 12th and 20th day of the
experiment. At each sampling date three pots were
emptied completely because partial sampling would
have damaged plant roots and membranes. To level
conditions for plants of different age, we used pots with
a different volume of soil. Fungal strains were identified
on the membranes and the root surface with the help of
an indirect immunofluorescence method.

It was expected that the data obtained in the experi-
ment would fill the gap in our knowledge about the
earliest stages of interactions between host plants and
strains with a different aggressiveness, starting from
germination of macroconidia and the development of
strains in the soil under barley, till their colonisation the
roots and effect on plants.

Study objects and fungal inoculum production

Barley seeds of two genotypes were obtained from
the collection of the N.I. Vavilov All-Russia Re-
search Institute for Plant Industry. Barley k-3454
Hordeum vulgare L., convariation vulgare, was
characterised as resistant to root rot. Barley k-
27652 H. vulgare L., convariation distichon, was
characterised as susceptible to root rot.
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Fusarium culmorum strains (Fc538 and Fc885) were
chosen from 25 strains obtained from the collection of
the All-Russia Research Institute for Plant Protection
based on their ability to cause root rot of various inten-
sity on the barley described above. In sterile vermiculite
Fc538 caused root rot symptoms in 100% of barley
plants of the susceptible genotype (k-27652) and in
85% plants of the resistant genotype (k-3454). Inocula-
tion of the vermiculite with Fc885 caused root rot symp-
toms in 50% plants of the susceptible genotype and in
20% plants of the resistant genotype. PCR with the use
of species-specific primers OPT18 F/R confirmed that
the isolates belonged to the species F. culmorum.
Species-specificity of OPT18 F/R primers for
F. culmorum was shown by Schilling et al. (1996).
DNA of Fc885 biomass did not amplify with the help
of N 1–2 F/R primers, which restrict the intergenic
fragment of the DNA region responsible for the synthe-
sis of the DON. Based on this, we assumed that this
strain probably did not produce deoxynivalenol. It was
shown that DNA of the high-producing DON
F. culmorum strains was amplified with N1–2 and N1–
2R primers, while no amplification was observed for the
low-producing strains (Bakan et al. 2002). The DNA of
Fc538 biomass was amplified with the use of the
primers mentioned. Fc538 was isolated from the seeds
of winter wheat (Nizhny Novgorod Region) in 1995.
Fc885 was isolated from the pumpkin stem (Leningrad
Region) in 1995.

The strains were grown for 10 days on Czapek-Dox
agarized medium (Singleton et al. 1992) at 25оC in the
dark. Noteworthy, Fc538 grown in culture formed abun-
dant macroconidia (by an order of magnitude more than
Fc885). Macroconidia of both strains were washed off
the medium with sterile water, filtered through nylon
cloth to separate the mycelium and concentrated by
centrifuging (4000×g, 10 min). A suspension of con-
centrated macroconidia in sterile water was made. The
inoculum was examined microscopically to assess its
quality (lack of mycelium and chlamydospores) and to
count the number of macroconidia.

Study of saprophytic behaviour of F. culmorum strains
in the soil under barley

Saprophytic development of F. culmorum strains was
studied on membranes placed into the soil. The method
of preparing membranes was described earlier
(Strunnikova et al. 2015). Briefly, sterile membrane

filters made of nitrocellulose (Millipore, pore diameter
0.23 μ) were cut into pieces with an area of ca. 3 cm2.
The prepared membranes were inoculated under sterile
conditions with the suspension of macroconidia of each
strain (30 μl of suspension per membrane), the concen-
tration being 5∙105 conidia/ml. Altogether, 33 mem-
branes with macroconidia of each F. culmorum strain
were prepared. The membranes were dried at room
temperature immediately after inoculation and inserted
into sterile nylon bags (pore diameter 200 μm). Three
membranes inoculated with Fc538 and three mem-
branes inoculated with Fc885 were left as inoculation
control for the subsequent assessment of the state of
each of the strains on the starting day of the experiment
(‘Day 0’ time point).

Conditions of experiment

Experiment was conducted in non-sterile soil with two
barley genotypes (k-3454 and k-27652) and two treat-
ments. The experiment was conducted in three biological
replications. The soddy-podzolic sandy loam soil was
analysed at the Department of Agrochemistry of the St
Petersburg StateUniversity (pH 5.38. Content (mg/kg soil)
NO3 – traces; NH4–90.0; P – 70.0; K – 101.2. Humus –
3.26%; total N – 0.14%; total C – 1.89%). Inoculation on
the Czapek-Dox medium did not reveal any native
F. culmorum in the soil. In one case (the first treatment)
we added to the soil the suspension of Fc538macroconidia
(10 ml of water with 106 macroconidia per 100 g of soil).
In another case (the second treatment), the same amount of
suspension of Fc885 macroconidia were added to the soil.
The soil was thoroughly mixed and put, in the amount of
700 g, 1200 g and 1500 g, into pots with a volume of
500 ml, 900 ml and 1100 ml, respectively. In this way, 30
pots inoculated with Fc538 and 30 pots inoculated with
Fc885 were prepared (in total, 60 pots). Membranes with
macroconidia of Fc538 and Fc885 prepared at the time of
the experiment establishment were placed into each pot at
a depth of 3 cm from the surface. The membrane with
macroconidia was put into the pot where the correspond-
ing fungal strain had already been introduced. After that,
presterilised and swollen barley seeds of each genotype
were placed into the pots, 6 seeds per pot. In addition,
barley of both genotypes was grown in the soil not inoc-
ulated with the F. culmorum strains (negative controls).
Barley was grown under natural light for 3 and 5 days in
500 ml pots, for 7 days in 900 ml pots, 12 and 20 days in
1100 ml pots. Soil moisture was sustained at a level of
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60% of complete water capacity by daily watering. Mem-
branes with strains of F. culmorum and barley plants were
sampled out 3, 5, 7, 12 and 20 days post inoculation (dpi).
Three pots were completely emptied in each case on the
sampling day. Membranes with F. culmorum strains were
dried at room temperature immediately after taking them
out of the soil and stored dry until the immunofluorescent
staining of the fungus on their surface.

Assessing the incidence of barley disease

Barley roots sampled on the 3, 5, 7, 12 and 20 dpi were
thoroughly and carefully washed to remove soil by
submerging them into water 3–4 times. Eighteen barley
plants were sampled on each day in each case. Roots of
all plants were examined for the presence of root rot
symptoms. The disease was expressed as the percentage
of plants with root rot symptoms. After diagnosing the
symptoms of disease, roots were air-dried at room tem-
perature and stored dry until the identification of
F. culmorum strains on their surface.

Drying the membranes and the roots fixed the sam-
ples, making it possible to stain them not on the day of
sampling but later.

Obtaining antibodies against F. culmorum and testing
their specificity

To obtain polyclonal antibodies, rabbits were injected
with a suspension of homogenised mycelia and
macroconidia of F. culmorum subcutaneously and a
solution of water-soluble proteins intravenously.
Water-soluble proteins were extracted and antibodies
were obtained, purified and concentrated following the
procedure described in Pantou et al. (2005). The speci-
ficity of the anti-rabbit antibodies obtained was deter-
mined by indirect immunofluorescence with the use of
goat anti-rabbit IgG conjugated to fluorescein isothio-
cyanate (FITC). Mycelia and macroconidia of
F. culmorum fluoresced brightly if 1:64-diluted immu-
noglobulins were used. No cross reactions were ob-
served with fungal structures of different Fusarium spe-
cies: (F. oxysporum, F. solani, F. gibbosum, F.
heterosporum, F. sambucinum, F. semitectum, F.
moniliforme, F. aquaeductuum) and isolates of other
soilborne fungi (Verticillium, Pythium, Paecilomyces,
Mucor, Gliocladium, Rhizoctonia, Penicillium,
Sclerotinia, Mycogone, Acremonium, Cladosporium).

Identification of F. culmorum strains on roots
and membranes

The procedure of identifying the fungus on the mem-
branes and on the roots was described earlier
(Strunnikova et al. 2015). In order to assess the coloni-
sation density of barley roots of both genotypes with
F. culmorum strains, nine barley plants (three randomly
selected plants from each of the three pots) were used in
each case. The roots of three-day-old plants were stained
and their entire surface was examined. Two root pieces
with a length of at least 3 cm were cut from each of the
nine plants sampled later. At least 6 cm of each of the
nine plants were stained and then microscopically ex-
amined in each case.

Dry roots were dipped in water for 30–40 min, de-
pending on the root diameter, and placed on filter paper to
remove water excess. Then the roots were stained with a
1% aqueous solution of neutral red for 20–30 min (to
quench autofluorescence), rinsed thrice with water and
gently dried again. The roots were then dipped for 20 min
into solutions of 1:64-diluted rabbit antibodies against
F. culmorum, rinsed with buffered physiological solution
(900 ml 0.2 M Na2HPO4, 100 ml 0.2 MKH2PO4, 0.85%
NaCl, pH 7.6) and slightly dried. Then they were treated
with goat anti-rabbit immunoglobulins conjugated to
FITC for 20 min, rinsed again and dried. The density of
root colonisation byF. culmorum strains was judged upon
by the frequency of occurrence of fungal microcolonies
in the optical field of the microscope. The number of
microcolonies in each viewed area of the root was
recalculated for the linear centimetre of the root.

The membranes were stained with 1% solution of
aniline blue on 70% ethanol for 6 min. Excessive stain
was removed by washing in water. The partially dried
membranes were treated with bovine serum albumin
conjugated to rhodamine for 15 min, washed and partly
dried. These treatments quenched autofluorescence of
the membranes and some soil microorganisms. Species-
specific antibodies and anti-rabbit antibodies conjugated
to FITC were then successively applied for 20 min each.
After each treatment the membranes were rinsed with
buffered physiological solution. Staining was performed
at room temperature. Stained membranes and roots were
examined in an Imager A1 fluorescence microscope
(Carl Zeiss, Germany) at a magnification of 400 × .

The entire area of the membranes was examined
microscopically and the amount of F. culmorum on each
membrane was registered in 30 fields of view, randomly
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selected in different membrane areas. The intensity of
mycelium growth was estimated using a 1 to 5 rating
scale developed previously, which corresponded to the
following amount of mycelium on membranes (in me-
tres): 1 = < 1 m/cm2; 2 = 1 to 2.3 m/cm2; 3 = 2.3–3.6 m/
cm2; 4 = 3.6–5.5 m/cm2; and 5 = > 5.5 m/cm2. Formed
macroconidia and chlamydospores were counted.

Statistical analysis

The average values of growth parameters of F. culmorum
strains on membranes and roots during the whole obser-
vation period are represented in the graphs. The density
of mycelium and the number of fungal structures were
assessed in 90 optical fields in each case (n = 90). To
assess the amount of Fc538 and Fc885 on the roots of
barley of both genotypes, roots of nine plants were used
in each case (n = 9). Standard errors of the average values
for each time point are represented in the graphs with a
vertical line. To determine statistical significance of the
differences, each mean was contrasted pairwise with
every other mean at each time point, followed by post
hoc multiple comparison Fisher LSD test (ANOVA). In
this way, at each time point we compared the develop-
ment of two strains under barley and on the roots of
barley of each genotype as well as the development of a
strain under barley of various genotypes and on the roots.
If P ≤ 0.05, these points were denoted by different letters.
To assess the ratio of mycelium and chlamydospores in
the populations of Fc538 and Fc885 formed on the mem-
branes in the soil, the number of chlamydospores was
recalculated per unit of mycelial density based on the data
obtained in each case (Fig. 5).

The influence of barley genotypes on the devel-
opment Fc538 and Fc885 on membranes and on the
roots over all considered time points was analysed
using repeated measurements ANOVA (Table 1).
For factorial effect, Fisher statistics (F) was calcu-
lated for each strain separately with the correspond-
ing significance level (p). For mathematical process-
ing we used the data of repeated measurements of
the development indices of fungal structures on the
membranes and on barley roots for the entire obser-
vation period. The result is presented as a dispersion
table giving the F-test, the number of degrees of
freedom (df time, df error) and p-value. All statisti-
cal analyses were performed using the Statistica v.
10.0, StatSoft Inc. 1984–2011.

Results

Saprophytic development of the fungal strains
on membranes in the soil under barley of two genotypes

Macroconidia of both strains introduced into the soil on
membranes germinated. Mycelium, new macroconidia
and chlamydospores could be seen on the membranes
by 3 dpi.

Microscopic examination of the membranes showed
that the development of Fc538 and Fc885 in the soil
under two barley genotypes was characterised by sever-
al common features. In both strains, some of the germi-
nated macroconidia increased in size and became chla-
mydospores (Fig. 1c, d, e). This transformation of the
germinated macroconidia into chlamydospores explains
the increase in the number of resting structures early in
the development of both strains (Fig. 4). In single cases
the fungal hyphae were distended and chlamydospores
were formed inside them (Fig. 1f). As early as by 5 dpi,
barley roots could be seen on some of the membranes
but no intensification of the fungal growth near the roots
was observed (Fig. 1b). Bacterial colonies were ob-
served on the membranes by 5 dpi and later. However,
there were few areas where the fungal hyphae were
distinctly seen to be colonised by the bacteria. Starting
from the 5th day, we could observe an active lysis of the
mycelium, accompanied by an increase in the diameter
of the hyphae and their subsequent complete destruction
(Fig. 1e). Usually, the lysis of the mycelium was
expressed in the fragmentation of the hypha, with only
some of its areas being destroyed (Fig. 1a).

Lysis (possibly, autolysis) was observed all the
time. It was mostly mycelium and the germinated
macroconidia that were being destroyed. However,
the development of both strains was also observed
all the time. It was expressed in the germination of
the macroconidia formed already on the membranes in
the soil as well as in mycelium growth. After 7–
12 days, the destruction prevailed over growth,
resulting in a decreased population density of each
strain (Figs. 2, 3 and 4). However, brightly fluorescing
fungal mycelium as well as occasional germinating
macroconidia could be seen on the membranes as late
as on 20 dpi, indicating that the fungus grew actively.

The strains of different aggressiveness varied in
number of the structures they formed during the de-
velopment in the soil. Mycelial density of the less
aggressive Fc885 on certain days of the experiment
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was higher than that of the more aggressive Fc538
regardless of the barley genotype (Fig. 2). The differ-
ence in the mycelial density between the strains was
more pronounced under plants of the susceptible ge-
notype. By 3 and 5 dpi the less aggressive Fc885
formed more macroconidia than the more aggressive
Fc538 (Fig. 3). In subsequent days the number of
macroconidia formed by the strains differed depend-
ing on the barley genotype and the time of sampling.
The number of chlamydospores formed per unit of
mycelial density was much higher in the more aggres-
sive Fc538 than in the less aggressive Fc885 (Fig. 5).

Barley genotypes influenced the development of the
fungal strains. Thus, the mycelial density of both strains
on the whole was higher under plants of the resistant
genotype than under plants of the susceptible genotype
(Fig. 2). Abundant formation of macroconidia by both
strains was observed earlier on the membranes in the soil

under barley of the resistant genotype (Fig. 3). Areas of
lysed mycelium were more often observed on mem-
branes under plants of the resistant genotype. It appeared
during the microscopic examination of the membranes
that the process of development (growth/lysis) of
F. culmorum, regardless of the strain, was more intense
under barley plants of the resistant genotype. A consid-
erable influence of barley genotypes on the saprophytic
development of Fc538 and Fc885 in the soil was con-
firmed by dispersion analysis of the data (Table 1).

Colonisation of the roots of barley of two genotypes
by the fungal strains

Control plants of barley of both genotypes grown in
the soil not inoculated with strains of F. culmorum
were colonised by this fungus (Fig. 6). Microscopic
examination showed that on the 3rd day and later the

Fig. 1 Fluorescence light
microscopy images of Fusarium
culmorum strains developing on
membranes in the soil under
barley of susceptible genotype (a,
d, f) and of resistant genotype (b,
c, e). a Fragmentation of
F. culmorum 885mycelium (FM),
7 days post inoculation (dpi). b
Development of F. culmorum 885
mycelium (M) near a root hair
(RH); intensification of fungal
growth near the root was not
observed, 7 dpi. c Transformation
of germinated macroconidia of
F. culmorum 885 into
chlamydospore (FCh), 3 dpi;
germinated macroconidia (GMc),
mycelium (M). d Transformation
of germinated macroconidia of
F. culmorum 538 into
chlamydospore (FCh), 3 dpi. e
Lysis of F. culmorum 538
mycelium (LM), 5 dpi; formation
of chlamydospores in the
germinatedmacroconidia (FCh). f
Formation of chlamydospore in
the hypha of F. culmorum 538
(ChFH); germinated
macroconidia (GMc), forming
chlamydospore (FCh), 5 dpi.
Scale bar is 10 μm in all panels
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fungus was present mostly at the root base. It did not
spread towards the root tip and did not observe on
root hairs. The amount of the fungus changed little
throughout the experiment and was the same on the
roots of barley of both genotypes.

In the soil inoculated with the pathogen, the fungal
strains were observed on the roots of barley of both
genotypes also by 3 dpi (Fig. 6). A similar dynamics
of colonisation of barley roots of both genotypes by the
two fungal strains was observed, which can be seen
from the curves on the graphs. The density of
F. culmorum on the roots decreased by 5 dpi, increased
again by 7 dpi and remained stable until the end of the
experiment in case of colonisation of the roots of barley
with Fc885. It was in case of colonisation of the roots of
barley of both genotypes with a more aggressive Fc538
that the density of the fungal mycelium on the roots
statistically significantly decreased by 20 dpi (Fig. 6).

The process of colonisation of barley roots had several
common features, which did not depend on the genotype of
the host or the strain of the fungus. The fungus colonised
the rootsmostly in the zone of the root hairs. By 3–5 dpi the
fungus was most often observed on the root hairs (Fig. 7a).
It should be noted that the appearance of F. culmorum on
the root hairs was observed on barley roots even on 20 dpi.
The colonisation of the roots by the fungus coming from
the soil may be a prolonged process. Not often but some-
times fungal microcolonies could be observed on 3-days-
old roots and in the elongation zone. Both fungal strains
were mostly represented on the barley roots by the myce-
lium andwere usually localised asmicrocolonies of various
size, usually small ones (Fig. 7b). Sometimes the fungus
was present as a hypha situated along the root in a groove,
the root tissues in the vicinity being somewhat necrotized
(Fig. 7c). In some casesF. culmorumwas present at the area
of formation of lateral roots (Fig. 7d). It was in these areas
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that the fungus was the most harmful to the plant, some-
times resulting in the death of the lateral root.

A more aggressive Fc538 colonised the roots of
barley of both genotypes more actively than a less
aggressive Fc885 (Fig. 6). This was evidently as-
sociated with a greater virulence of Fc538. Howev-
er, barley genotypes influenced the colonisation of
the roots by Fc538: its density on the roots of
barley of the resistant genotype was much higher
on 3, 7 and 12 dpi than on the roots of barley of
the susceptible genotype (Fig. 6). Statistically sig-
nificant influence of barley of both genotypes was
shown only in the case of Fc538 on the roots; the
influence on colonisation by Fc885 was not statis-
tically significant (Fig. 6, Table 1).

Influence of strains of Fusarium culmorum
on susceptibility of barley to root rot

Control barley plants grown in the soil not inoculated
with strains of F. culmorum did not have any symptoms
of root rot (data not shown).

On the whole, regardless of the host genotype,
the number of diseased plants was higher when the
soil was inoculated with a more aggressive Fc538 as
compared to a less aggressive Fc885 (Fig. 8). The
greatest number of diseased plants was noted in case
of barley of the susceptible genotype colonised with
Fc538. Colonisation of roots by the less aggressive
Fc885 caused root rot symptoms in approximately
the same number of plants of both genotypes.
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The time when the first plants with root rot symptoms
were noted differed depending on the barley genotype.
By 3 dpi, root rot symptoms were observed only in plants
of barley of the resistant genotype colonised with Fc538
(Fig. 8). In subsequent days, in case of inoculation with
this strain the number of diseased plants of the resistant
genotype increased gradually, reaching the peak by 20
dpi. On the roots of plants of the susceptible genotype
colonised with Fc538, the first rot symptoms appeared by
5 dpi, but the disease developed more intensely from then
on. The less aggressive Fc885 caused root rot symptoms
by 5 dpi also in plants of the resistant genotype. At that
time, the barley of the susceptible genotype did not have
any root rot symptoms yet. Colonisation of plants with

Fc885 resulted in a fast development of root rot in plants
of barley of the resistant genotype and a slower develop-
ment in plants of barley of the susceptible genotype.

Discussion

Our work is the first study of the behaviour of two
strains of F. culmorum with a different aggressiveness
in the soil and their interactions with barley plants
differing in susceptibility to root rot under conditions
close to natural ones.

We found that both studied strains of F. culmorum
could develop saprophytically in the soil under barley.

Table 1 Influence of barley of two genotypes on the number of structures formed by Fc538 and Fc885 in the soil and on the roots
(dispersion analysis)

Strain Dependent variable Statistical indices

F Time df Error df P

Fc538 Density of mycelium on membranes in soil 20.829 5 174 < 0.001

Number of macroconidia on membranes in soil 15.363 5 174 < 0.001

Number of chlamydospores on membranes in soil 13.283 5 174 < 0.001

Amount on roots 3.25 5 12 0.044

Fc885 Density of mycelium on membranes in soil 14.111 5 174 < 0.001

Number of macroconidia on membranes in soil 11.468 5 174 < 0.001

Number of chlamydospores on membranes in soil 16.22 5 174 < 0.001

Amount on roots 1.18 5 12 0.37
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They formed mycelium, macroconidia and chlamydo-
spores (Figs. 1, 2, 3, 4 and 5). A similar saprophytic
development of the aggressive strain 30 of F. culmorum
under various soil conditions has been observed in our
earlier study (Strunnikova 2011).

The structures formed by F. culmorum in the soil
have different functions. Mycelium is the structure with
the help of which F. culmorum feeds and spreads in the
soil. The fact that the fungal strains in our study formed
mycelium in the soil is an unequivocal indication of
their saprophytic development.Mycelium is more easily
lysed than macroconidia and especially chlamydo-
spores, as shown for Fc538 and Fc885 (present study)
and Fc30 (Shakhnazarova et al. 2004). However, it is
also constantly renewed owing to the growth of the
fungal hyphae and the germination of macroconidia
newly formed on the mycelium.

The function of F. culmorum macroconidia in the
soil is not entirely clear. They are formed on the
mycelium, and it would seem that their abundance
should directly reflect the mycelial density, but this is
not always the case. In our previous experiments, the
number of macroconidia formed by Fc30 depended
not only on the mycelial density but also on the soil
type (Shakhnazarova et al. 2004). In the present
study, differences in the number of macroconidia
formed in the soil in Fc538 and Fc885 (Fig. 3) could
be associated with the individual characteristics of
the strains. Even when the strains were grown on
the nutrient medium, Fc538 formed much more co-
nidia than Fc885. However, we cannot rule out that
barley of the two genotypes also had some influence
on the differences in the number of macroconidia
formed by the fungus in the soil.

Fig. 7 Fluorescence light microscopy images of Fusarium
culmorum strains developing on barley roots of susceptible geno-
type (b, c) and of resistant genotype (a, d). a hyphae of
F. culmorum 885 colonising barley root hairs, 3 days post inocu-
lation (dpi). b, a small microcolonia of F. culmorum 538 formed

on barley root surface, 5 dpi. c hyphae (H) of F. culmorum 538
growing along the barley root; a necrosis zone was observed
(arrows), 7 dpi. d The microcolony of F. culmorum 538 was
formed near the lateral root; the death of the lateral root (DLR),
12 dpi. Scale bar is 10 μm in all panels

588 Eur J Plant Pathol (2018) 151:579–592



Chlamydospores of F. culmorum are resting struc-
tures, ensuring the survival of the fungus under adverse
conditions. They are less easily lysed than mycelium
and macroconidia. As shown in our experiments with
Fc30, the number of chlamydospores in the soil popu-
lation of the fungus usually increased at the times when
the mycelium and the macroconidia were actively lysed
(Shakhnazarova et al. 2004). In another experiment, the
most abundant formation of chlamydospores in the in-
troduced macroconidia of Fc30 was noted when the
same membrane was сo-inoculated with the fungus
and the antagonistic bacterium Pseudomonas
fluorescens, which suppressed the fungal growth con-
siderably (Strunnikova et al. 2007).

There were fewer structures of Fc538 and Fc885 by
20 dpi but, importantly, their number never fell down to
the zero level (Figs. 2, 3 and 4). Apparently, as many
fungal structures remained on the membranes as it was
possible under the existing conditions in the soil. We
know that Fc30 introduced in the soil on the membranes
can develop there throughout the vegetation period of
barley (100 days), forming all the structures character-
istic of this fungus (Strunnikova et al. 2008).

We found that the two F. culmorum strains with a
different aggressiveness in our experiment showed a
different saprophytic fitness. It was higher in the less
aggressive Fc885 than in the more aggressive Fc538.
This was indicated by the fact that the population of
Fc885 was mostly represented by the mycelium, which
is a vegetative structure, while that of Fc538 was mostly
represented by chlamydospores — resting structures

(Figs. 2, 4, and 5). The mycelium of Fc885 may be
more resistant to lysis than that of Fc538.

However, the question of most interest to both
breeders and farmers is likely to be how fast highly
aggressive races, capable of reducing the resistance
level of new cultivars, may accumulate in the field
populations of F. culmorum. A lower saprophytic ability
of the more aggressive Fc538 as compared with the less
aggressive Fc885 does not mean that the saprophytic
stage would not exercise a selection pressure on highly
aggressive strains. Our results indicated that the more
aggressive Fc538 existed as a saprophyte even in the
soil under affected barley. On the membranes in the soil
Fc538 formed mycelium and macroconidia, that is,
structures that are the most susceptible to the attacks of
soil microflora. As a result, the mycelial density of the
aggressive Fc538 decreased considerably by 12 dpi
(Fig. 2), the number of macroconidia decreased by 20
dpi (Fig. 3) and chlamydospores were also subject to
lysis though less actively than the mycelium. Earlier we
have shown that antagonistic soil microflora could con-
siderably decrease the population density of another
aggressive fungal strain, Fc30 (Strunnikova et al.
2007, 2008, 2015).

All these considerations indicate that soil antagonis-
tic microfloramay be a powerful restraining factor of the
accumulation of aggressive strains in the field popula-
tions of F. culmorum.

The absence of root rot symptoms in control barley
plants grown in the soil not inoculated with the pathogen
as well as the negative result of the inoculation experiment
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may indicate that the presence of the fungus on the roots
of control plants was associated with the seed infection
rather than the presence of native F. culmorum in the soil.

Assessing the effect of two barley genotypes on the
development of F. culmorum strains in the soil and their
colonisation of the roots, we obtained several new and
rather unexpected results. The genotypes of barley in-
fluenced the development of Fc538 and Fc885 in the
soil (Figs. 2, 3 and 4, Table 1). The most pronounced
differences in the number of structures formed by the
strains were observed in the soil under barley of the
susceptible genotype (Figs. 2, 3 and 4). Interestingly,
however, the soil conditions under barley of the resistant
genotype were apparently more favourable for the sap-
rophytic development of F. culmorum. The density of
mycelium of both strains and the number of
macroconidia (in case of Fc885) were greater in the soil
under barley of the resistant genotype as compared with
the soil under the barley of the susceptible genotype
(Figs. 2 and 3). A more intensive fungal growth in the
soil under resistant barley might be associated with an
additional source of nutrition— possibly, root exudates.
Root exudates of the barley of the resistant genotype
may contain some components attractive for the fungus.
The result is an increased density of the mycelium of
both strains on the membranes under barley of the
resistant genotype.

Another surprising finding was the ability of the
more aggressive strain to colonise actively the roots of
barley of the resistant genotype (Fig. 6). Though the
more aggressive strain Fc538 colonised barley of both
genotypes in greater amounts that the less aggressive
Fc885, Fc538 colonised more actively the roots of
plants of the resistant rather than the susceptible geno-
type. Active colonisation by Fc538 of the roots of barley
of the resistant genotype may be due to a higher myce-
lial density of this strain in the soil under this barley
(Fig. 2). However, the mycelial density of the less
aggressive Fc885 in the soil under barley of the resistant
genotype also increased but this was not accompanied
by an enhanced colonisation of the roots of the resistant
barley by this strain (Fig. 6). It might be that the less
aggressive Fc885, being better adapted to the develop-
ment in the soil, did not Bstrive^ to occupy another niche
(plant roots) in contrast to the more aggressive Fc538
less adapted to the existence in the soil.

Finally, though root rot symptoms appeared earlier
in barley of the resistant genotype colonised by both
strains, these plants were later less affected by rot than

the susceptible barley (Fig. 8). The fungus may have
colonised the roots of the barley of the resistant geno-
type not on 3 dpi, when we started observations, but
earlier. We observed a more active development of the
mycelium on the membranes in the soil under barley
of the resistant genotype (Fig. 2). F. culmorum, intro-
duced directly into the soil, may also have developed
actively under barley of the resistant genotype. An
active development of mycelium in the soil might
have resulted in an earlier colonisation of the roots
of barley of the resistant genotype. As soon as the
fungus colonised the roots, it could induce defence
responses in barley. The emergence of the first root rot
symptoms as early as on 3 dpi (Fig. 8) may be an
indication that the fungus colonised the roots of barley
of the resistant genotype earlier that the roots of the
susceptible barley. However, it is also possible that
host defence responses may develop at different rates,
hence the differences in the disease level in barley
with a different susceptibility to root rot.

Differences in the pathogenesis of Fc538 on the roots
of barley of the resistant and the susceptible genotypes
accompanied by a different colonisation level might be
associated not only with the abundance of the fungus on
the roots but also with the amount of the toxins it
produces. The role of DON produced by F. culmorum
in the pathogenesis in FHB disease of wheat has been
shown (Mesterhazy et al. 1999). A direct correlation
was found between the disease index and DON concen-
tration in barley seedlings infected with F. culmorum
(Hestbjerg et al. 2002). At the same time, in case of
wheat infected with Gibberella zeae no significant cor-
relation was found between the biomass of the fungus
(measured as Fusarium exoantigen absorbance) and
DON production (Voss et al. 2010).

Differences in the intensity of root rot caused by
Fc538 in the barley of the resistant and the susceptible
genotypes may be due to the complex of defence reac-
tions in the resistant barley. So, it was found that differ-
ent intensity of FHB in the susceptible and the resistant
wheat cultivars was associated with the restriction of the
spreading of the hyphae of F. culmorum, a lower con-
centration of toxin production by the pathogen and with
an impaired diffusion of toxins in the tissues of the heads
of the resistant cultivar (Kang and Buchenauer 2000).

In conclusion, a decreased density of populations of
F. culmorum introduced into the soil on the membranes,
which was shown in this study, gives some reasons to
believe that aggressive isolates of the pathogen would not
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accumulate in the soil under affected cultivars. A lesser
density of mycelium in Fc538 might indicate that the
more aggressive strain, when it developed in non-sterile
soil, was more vulnerable than the less aggressive Fc885.

The comparison of data on the development of strains
of varying aggressiveness on the membranes in the soil
under barley of different genotypes with the level of root
colonisation and susceptibility to disease provides a new
insight into early stages of interactions between
F. culmorum and barley and into the influence of con-
ditions on these interactions.
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