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Abstract: Endophytic entomopathogenic fungi are promising agents for the promotion of plant
growth, the activation of immunity, and protection against phytopathogens. However, physiological
changes in plants after treatment with fungi are insufficiently studied. We investigated the effect of
potato inoculation with conidia from Metarhizium robertsii and Beauveria bassiana on the growth (fresh
and dry weight, length of shoots and roots, counts of stolons and leaves, and total surface area of
leaves) and physiological parameters (pigment contents, free proline and malondialdehyde content,
and activity of antioxidant enzymes) at the initial stage of the plant–fungus interaction (seven days)
under hydroponic conditions. The results showed that the fungi could act as an immune-modulating
factor for plants based on the increase in malondialdehyde and proline contents. At the same time,
we observed growth retardation and a decrease in the content of photosynthetic pigments, which
may be caused by a tradeoff between plant growth and the immune response.

Keywords: endophyte; Metarhizium robertsii; Beauveria bassiana; Solanum tuberosum; photosynthetic
pigments; antioxidant enzymes; proline; immune-modulating factor

1. Introduction

Endophytic fungi are attracting researchers’ interest because the plants associated with
them show increased plant productivity, as well as resistance to biotic and abiotic stresses.
Endophytism was identified for insect-pathogenic fungi more than 30 years ago [1,2].
The experimental confirmation of the capacity of insect-pathogenic fungi to colonize
plants, including agricultural crops, is widely presented in different studies [3–8]. Most
investigations have concentrated on the study of the endophytic competence of ascomycetes
from the genera Metarhizium and Beauveria due to their widespread distribution and active
use for the environmentally friendly control of herbivorous and blood-sucking insects [9,10].
Endophytic insect-pathogenic fungi (EIPF) are regarded as facultative endophytes or as
fungi with multifunctional lifestyles combining entomopathogenic properties with the
ability to exist in the rhizosphere and internal plant tissues [4]. However, EIPF also exhibits
many of the beneficial properties of obligate endophytes.

Most investigations are focused on the ability of EIPF to promote plant growth and its
capacity to minimize the damage caused by pests and pathogens. The growth-stimulating
effect of EIPF has been studied in detail. This effect has been associated with the trans-
mission of nitrogen via mycelia to plant roots [11,12], the induction of proteins involved
in photosynthesis and energy metabolism in plants [13], the activation of phytohormone
production in colonized plants [14], and the synthesis of hormone-like substances by
fungi [15]. The protective effect of the endophytic fungi Beauveria and Metarhizium against
the fungal phytopathogens Pythium myriotylum, Rhizoctonia solani, Fusarium oxysporum,
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Botrytis cinerea, Sclerotinia sclerotiorum, and others has been shown in a number of stud-
ies [14,16–20]. However, the mechanism of phytopathogenic microorganism suppression
by EIPF has not been thoroughly studied. It is assumed that the potential mechanisms of
plant pathogen inhibition by endophytes include several mechanisms: direct effects (an-
tagonistic interaction between endophytes and pathogens), indirect effects (enhancement
plant defense), and ecological effects (occupation of ecological niche) [21]. Currently, there
is enough evidence for the antagonistic activity of EIPF against fungal plant pathogens
during cocultivation [20,22–24]. Investigations on the induction of protective reactions in
response to EIPF colonization are rare and sketchy. For example, it has been shown that
entomopathogenic fungi increase the activity of plant protective compounds [25–27]. An
assessment of transcriptomic responses of Arabidopsis thaliana to B. bassiana colonization [14]
as well as Zea mays to M. robertsii colonization [28] revealed changes in the expression of
genes related to jasmonic (JA) and salicylic acid (SA) signaling pathways. In our previous
studies, we showed that M. robertsii and B. bassiana had direct and indirect inhibitory effects
toward the phytopathogen Rhizoctonia solani caused by changes in peroxidase activity in
potato plants during colonization by EIPF [29]. We speculate that the characteristics of
the interactions at early and subsequent stages of the plant–fungus relationship will be
different. Apparently, the plant may respond to primary contact with EIPF via “mild”
stress (such as elicitors), which subsequently leads to protective effects.

It is known that endophytes activate multiple defense responses directed at the forma-
tion of chemical and mechanical barriers against pathogens. A cascade of defense reactions
leads to the formation of inducted systemic resistance (ISR) and systemic acquired re-
sistance (SAR) [21,30,31]. It is apparent that defense mechanisms are multilayered; they
replicate each other and become more complicated during coevolution [30,32]. Plants
generally respond to elicitors by generating reactive oxygen species (ROS), including the
free radicals H2O2 (hydrogen peroxide), O2¯ (superoxide), and OH¯ (hydroxyl radicals).
Protective enzymes, including superoxide dismutase, catalase, and ascorbate peroxidase,
actively participate in the neutralization of the toxic effects of ROS [33]. The high activity
of those enzymes is an important component of plant resistance [34,35].

Notably, the polyfunctional amino acid proline is one of the most important nonenzy-
matic antioxidants. An increase in the free proline level is a physiological reaction of many
plants in response to various stresses [36]. Proline is capable of protecting cells against
damage by acting as an osmotic agent and free radical scavenger. Proline accumulates
under stress conditions, and as it breaks down, it provides an energy reserve for further
stimulating plant growth [37].

Because the induced production of ROS and their neutralization are energetically
costly, the question about the “price” of resistance often arises [38]. In the process of selec-
tion of endophyte-plant pairs, it is important to assess not only the increase in resistance
to pathogenic organisms but also to minimize the possible negative effect of endophytic
colonization. It should be noted that potatoes may be only occasionally colonized by EIPF
in agrosystems with natural loads of Metarhizium and Beauveria in soils [39]. The fungal
community of potato’s internal tissues is represented mainly by phytopathogens such as
Cladosporium, Fusarium, and Alternaria [39]. Therefore, the coadaptive potato–EIPF system
is not stable in agrosystems. However, treatment of potatoes with high concentrations
of EIPF in the laboratory and under field conditions leads to successful endophytic colo-
nization [29,40,41]. Since Metarhizium and Beauveria are not stable colonizers of potatoes,
we expected to observe a pronounced potato physiological response at the early stage
of colonization.

In this paper, we evaluated alterations in growth parameters, photosynthetic pigment
contents, and defense reactions in virus-free hydroponically grown regenerant potato
plants during the early stage of the interaction between plants and the fungi M. robertsii and
B. bassiana. The hydroponic conditions of the experiment allowed us to estimate the effect of
fungi on plants in a balanced nutrient medium and minimize the influence of environmental
factors. Hydroponic systems have successfully proven themselves in the study of the
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influence of endophytes on plants [42,43]. An analysis of the early plant response to EIPF
colonization can help us understand plant resistance mechanism formation and reveal the
potential of EIPF as a multifunctional biocontrol agent.

2. Materials and Methods
2.1. Fungal Isolates and Their Cultivation

Isolates of the entomopathogenic fungi Metarhizium robertsii (strain P-72) and Beauveria
bassiana (strain Sar-31) from the collection of microorganisms at the Institute of Systematics
and Ecology of Animals (Siberian Branch of the Russian Academy of Science) were used.
The species were previously identified using the translation elongation factor (EF1α)
sequence [44] and compared to the sequence of the GenBank. The sequences are available
in GenBank under accession numbers KP172147.2 (P-72) and MZ564259 (Sar-31).

Cultures were grown on Sabouraud dextrose agar with 0.25% yeast extract (SDAY)
at 26 ◦C in the dark for 10 days. The conidial mass was harvested and suspended in
water–Tween-80 solution (0.03%). The concentration of conidia was determined using
a Neubauer hemocytometer (Fristaden Lab, USA). Suspensions of conidia were added
to the liquid medium in which plants were grown, and the final concentration in the
medium was 1 × 106 conidia/mL. The effective concentration of conidia was selected from
preliminary assays.

2.2. Plant Cultivation and Treatment

Hydroponic culture of plants of the potato (Solanum tuberosum L.) cv. Lugovskoi (iden-
tifier 8,301,891) propagated in vitro were used in the experiments. The potato plantlets
were regenerated from aseptic stem-node potato meristems and cultured on Murashige and
Skoog agar medium (MS) [45] for 30 days (Figure A1a (Appendix A)). Then, the seedlings
were adapted to liquid half-strength modified Murashige and Skoog agar medium (0.5MS
without sucrose and agar) for two weeks. Seedlings were cultivated in a controlled cli-
mate chamber using L36 W/77 Fluora luminescent lamps (Osram, Germany; 100 µM
photons m−2 s−1) with a 16-h day/night photoperiod and day/night temperatures of
23 ± 0.5 ◦C/20 ± 0.5 ◦C. After adaptation, seedlings were cultivated in liquid medium
(0.5MS, without sucrose and agar) and then transferred to the same medium freshly inocu-
lated with fungal conidia or to conidia-free medium (untreated plants-control) (Figure A1b).
Seven days after fungal treatment, plant materials were collected for analysis. This is the
optimal period to get an adequate early response in plants (growth and physiological pa-
rameters). A longer incubation period may lead to contamination of the nutrient medium
with foreign microorganisms.

2.3. Plant Colonization Essay

The frequency of plant colonization with entomopathogenic fungi was estimated by
plating plant tissues on media. Plant roots were sterilized by 0.5% hypochlorite for 2 min,
70% ethanol for 2 min, and rinsed in sterile autoclaved water [46]. Then, plant tissues were
imprinted [47] and plated on modified Sabouraud agar (10 g peptone, 40 g D-glucose an-
hydrous, 20 g agar, 1 g yeast extract) supplemented by 0.35 g/L cetyl trimethyl ammonium
bromide; 0.05 g/L cycloheximide; 0.05 g/L tetracycline; and 0.6 g/L streptomycin (for
inhibition of saprotrophic fungi and bacteria) in 90 mm Petri dishes (one plant per dish).
The dishes were incubated for 10 days at 24 ◦C. After incubation, the number of plants
overgrown by Metarhizium and Beauveria was counted. Samples showing fungal growth on
the imprints were excluded from the analysis. Representative colonies were reisolated on
Sabouraud agar for molecular analysis to confirm the isolates as belonging to the studied
fungi. DNA extraction, amplification, sequencing of the TEF region, and blast analysis
were performed as described in previous work [44]. Root microscopy was performed using
a light microscope (Axioskop 40, Carl Zeiss, Germany; magnification 200×) after vortexing
the roots in water–Tween-80 solution (0.03%).
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2.4. Plant Growth Parameters and Leaf Photosynthetic Pigment Contents

The lengths of potato plant roots and shoots were estimated and expressed in centime-
ters. The total leaf surface area for each plant was calculated from the paper leaf template
and expressed in square centimeters. The weight of the fresh root and shoot plant biomass
(FW) were determined after drying by filter paper at once. To obtain dry root and shoot
material (DW), the organs were frozen at −80 ◦C and lyophilized to constant weight. All
measurements were performed with an accuracy of 1 mg.

The photosynthetic pigment contents were determined in fresh leaves from the middle
nodes of the plants. Leaf samples (15 mg) were fixed in 96% ethanol (200 µL), homogenized
using clean Eppendorf tubes and plastic pistils, and centrifuged using a MiniSpin centrifuge
(Eppendorf, Germany) at 8000 rpm for 10 min. The supernatants were transferred to clean
Eppendorf tubes and brought to 1.5 mL with 96% ethanol. The optical density (D) of the
solutions was measured immediately at wavelengths of 470, 664, 648, and 720 nm on a
spectrophotometer (Genesys 10S UV-Vis, Thermo Scientific, USA). Samples containing
free 96% ethanol were used as a control. The pigment concentration (C) was calculated
according to Lichtenthaler [48] using the following formulas:

C chl a = 13.36 × D664.2 − 5.19 × D648.6 (1)

C chl b = 27.43 × D648.6 − 8.12 × D664.2 (2)

C chl a + b = 5.24 × D664.2 + 22.24 × D648.6 (3)

C carot = (1000 × D470 × 2.13 × C chl a − 97.64 × C chl b)/209 (4)

To estimate the amount of pigments per sample weight (A): (5)

A = C × V/1000 × n, (6)

where C is the concentration, V is the volume of the extract, and n is the sample weight (g),
chl, chlorophyll, and carot, carotenoids.

2.5. Lipid Peroxidation

Lipid peroxidation (LPO) was determined by the main reaction product malondi-
aldehyde (MDA) using the method of Heath and Parker [49]. One hundred milligrams
of the plant material (roots, stems, and leaves) was homogenized in 1 mL of 20% (w/v)
trichloroacetic acid (TCA). The homogenate was centrifuged using a 5430R centrifuge
(Eppendorf, Germany) for 15 min at 10,000× g and 4 ◦C. To 500 µL of supernatant, 1.5 mL
of 0.5% thiobarbituric acid (TBA) was added, mixed, and incubated for 30 min at 95 ◦C.
After incubation, samples were transferred to an ice bath for cooling and centrifuged for
12 min at 10,000× g. Absorption was measured using a spectrophotometer (Genesys 10S
UV-Vis Thermo Electron, Germany) at wavelengths of 532 and 600 nm. Due to the reactivity
of TBA with several reactive substances in biological samples, thiobarbituric acid reactive
substances (TBARS) are now commonly used instead of MDA.

The TBARS content was calculated using the formula:

C = (E532 − E600) × V1 × 2/156 × V2 × m (7)

where C is the TBARS concentration of µg/g FW; E is the optical density of the solution
at wavelengths of 532 and 600 nm; V1 is the volume of TBA, mL; V2 is the supernatant
volume, mL; and m is the sample weight, g.

2.6. Activity of Antioxidant Enzymes in the Leaves

The activities of total superoxide dismutase (SOD) and peroxidase (POX) were mea-
sured in crude extracts of leaf tissues. Leaf samples (200 mg) were ground in liquid
nitrogen using clean Eppendorf tubes and plastic pistils. The homogenate was mixed
with 0.066 M K/Na-phosphate buffer, pH 7.4, containing 1 mM of dithiothreitol (DTT)
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and 0.5 mM of phenylmethylsulfonyl fluoride (PMSF) in dimethyl sulfoxide (DMSO) with
insoluble polyvinylpyrrolidone (PVP). After centrifugation of the homogenate at 10,000× g
for 20 min at 4 ◦C using a 5430R centrifuge (Eppendorf, Germany), the resulting super-
natant was used to measure enzyme activity. To determine total SOD activity, a method
adapted from Beauchamp and Fridovich [50] was used. We added 40 µL of supernatant to
2 mL of the reaction medium containing 1.75 mL of 50 mM Tris–HCl buffer (pH 7.8), 0.2 mL
of 0.1 M DL-methionine, 0.063 mL of 1.7 mM nitro blue tetrazolium (Sigma-Aldrich, Saint
Louis, Missouri, USA), 0.047 mL of 1% Triton X-100, and 0.060 mL of 0.004% riboflavin.
The reaction proceeded under a model F36 W/54 luminescent lamp (Philips, Hungary)
for 30 min. Absorption was measured using a spectrophotometer (Genesys 10S UV-Vis
Thermo Electron) at a wavelength of 560 nm. SOD activity was calculated in units of
transmission density (∆A) of the incubation mixture during the reaction for 1 min and
1 mg of protein.

The activity of peroxidase was measured according to Shevyakova et al. [51] with H2O2
and guaiacol (Fluka, Switzerland), which were used as a substrate and hydrogen donor,
respectively. To 50 µL of supernatant, added 1.95 mL of 0.066 M potassium phosphate
buffer (pH 7.4) containing 200 µL of 7 mM guaiacol and 250 µL of 0.01 M H2O2. Absorption
was measured using a spectrophotometer (Genesys 10S UV-Vis Thermo Electron) at a
wavelength of 470 nm. POX activity was expressed as mM guaiacol/(mg protein min).

The protein content in the samples was determined according to Esen [52]. For the
calibration curve, bovine serum albumin was used.

2.7. Free Proline Content in Plants

The free proline concentration was calculated according to Bates et al. [53] in roots,
stems, and leaves. Forty milligrams of plant material was ground as described above.
Distilled water (1 mL) was added to each tube with disrupted material and incubated
for 30 min at 98 ◦C. The extract (200 µL) was transferred to volumetric tubes, and 800 µL
of distilled water, 1 mL of glacial acetic acid, and 1 mL of ninhydrin reagent (1.25 g of
ninhydrin, 20 mL of 6 M H3PO4, 30 mL of glacial acetic acid) were added; samples were
then incubated for 1 h in a boiling water bath. Distilled water was added to the control
samples. The optical density was measured using a spectrophotometer (Genesys 10S
UV-Vis Thermo Electron) at a wavelength of 520 nm. The proline content was calculated
using the formula:

C = E × k × (V/m × 1000) (8)

where C is the concentration of proline, µM/g FW; E is the optical density; k is the coefficient
calculated from the calibration curve; V is the final volume of extract, mL; and m is the
weight of the sample, g.

2.8. Statistical Analyses

The assessment of fresh weight, organ length, and morphometric parameters was
carried out on 50 plants; the organ’s dry weight, colonization of plants, contents of pigments,
proline, and TBARS was carried out on 25–30 plants; and for the assessment of enzyme
activity, 15–20 plants were used for each treatment. The experiments were conducted twice.
Data were analyzed using the program Statistica 8.0 (StatSoft Inc, Tulsa, OK, USA) and
PAST 3 [54]. The normality of the data distribution was confirmed with the Shapiro–Wilk
W test. Normally distributed data were analyzed by one-way ANOVA followed by Tukey’s
post hoc test. Non-normally distributed data were analyzed with the Kruskal–Wallis test
followed by Dunn’s post hoc test. The chi-square test was used to estimate differences in
the fungal colonization of plants. Data are presented as the mean values and standard
errors (SEs).
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3. Results
3.1. Root Colonization with Fungi

Root colonization of potatoes was registered at 7 days after planting in medium
inoculated with conidia. Both fungi B. bassiana and M. robertsii were detected in the roots
(Figure 1). The percentage of plants colonized with entomopathogenic fungi was 68% and
80% after M. robertsii and B. bassiana treatments, respectively, and the difference between
these treatments was not significant (χ2 = 0.62, p = 0.43). Microscopic analysis of roots
confirmed the colonization of roots with both fungi. Mycelia were observed mainly in the
growth zone of root hairs, and mycelial penetration into the tissues of the roots took place
in the intercellular area (Figure A2). The growth of fungi was not registered in the control
plant in either the plating on medium or microscopy assays. It is important to note that the
proportion of germinated conidia was only 3–5% in the bulk MS medium with cultivated
plants after 7 days of the experiment.

Figure 1. Fungal reisolation from the surface of sterilized roots on Sabouraud modified medium: (a) Control; (b) M. robertsii
(strain P-72); (c) B. bassiana (strain Sar-31).

Analysis of the TEF region of reisolated cultures confirmed their belonging to the
investigated fungi. The identity of M. robertsii and B. bassiana reisolated strains was 100%
with the strains P-72 (KP172147.2) and Sar-31 (MZ564259), respectively.

3.2. Effect of the EIPF on Plant Growth

The one-week cultivation of potato plants with EIPF conidia caused a slight decrease
in several growth parameters (Figure 2, Table 1). Inoculation with M. robertsii conidia led
to a significant decrease in total fresh plant weight (FW) by 13.32% (Dunn’s test, p ≤ 0.038,
compared to the control and B. bassiana) and to a decrease in the shoot and root lengths by
13.04 and 15.76%, respectively (p < 0.001 compared to the control and B. bassiana, Table 1).
However, the decrease in total dry plant weight (DW) after treatment with M. robertsii was
insignificant. Treatment of potato plants with B. bassiana did not lead to significant changes
in total FW, DW, or linear dimensions relative to the control (p ≥ 0.78, Table 1).
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Figure 2. Growth response of Solanum tuberosum plants to nutrient medium (0.5 MS) with the
addition of conidia from the entomopathogenic fungi M. robertsii (P-72) and B. bassiana (Sar-31)
(1 × 106 spores/mL). Exposure—7 days.

Table 1. Effect of treatment with EIPF on plant growth: length (cm) and weight (g). Values are the
means ± SE. The same letters in a raw indicate insignificant differences between treatments (Dunn’s
test, p > 0.05).

Control M. Robertsii B. Bassiana

Total length (n = 50) 28.80 ± 0.73 a 24.64 ± 0.64 b 28.44 ± 0.66 a
Shoot length (n = 50) 13.89 ± 0.36 a 12.08 ± 0.19 b 13.60 ± 0.28 a
Root length (n = 50) 14.91 ± 0.38 a 12.57 ± 0.45 b 14.84 ± 0.40 a

Total FW (n = 50) 5.06 ± 0.23 a 4.39 ± 0.19 b 4.99 ± 0.23 a
Shoot FW (n = 30) 3.87 ± 0.24 a 3.48 ± 0.22 a 3.85 ± 0.24 a
Root FW (n = 30) 0.85 ± 0.05 a 0.72 ± 0.04 a 0.84 ± 0.04 a

Shoot/root ratio (FW) (n = 30) 4.75 ± 0.24 a 4.78 ± 0.19 a 4.64 ±0.24 a
Total DW (n = 30) 0.48 ± 0.03 a 0.46 ± 0.02 a 0.48 ± 0.03 a
Shoot DW (n = 30) 0.44 ± 0.03 a 0.42 ± 0.02 a 0.43 ± 0.03 a
Root DW (n = 30) 0.04 ± 0.002 a 0.04 ± 0.003 a 0.04 ± 0.003 a

Shoot/root ratio (DW) (n = 30) 10.98 ± 0.68 a 10.94 ± 0.36 a 9.95 ± 0.28 a
FW—fresh weight; DW—dry weight.

Regarding changes in shoot and root FW and DW, there were no significant differences
between the control and treated plants. However, slight trends of a decrease in these
parameters were observed after treatment with M. robertsii. For example, the fresh weight
of roots decreased at the level of marginal significance (p = 0.057 compared to the control
and B. bassiana). Significant differences in the shoot/root ratio for both FW and DW were
not registered after treatment with either fungus compared with the control (p ≥ 0.43).

No significant effect of EIPF on stolon formation was revealed (p ≥ 0.13 compared
with the control, Table 2). However, plants treated with both fungi M. robertsii and B.
bassiana had significantly decreased leaf numbers (p = 0.028 and p = 0.003 relative to the
control, respectively). In turn, the area of assimilating organs of the experimental plants
also decreased. A significant decrease in the leaf surface area was observed under the
influence of M. robertsii (p = 0.008, Table 2).

Table 2. Effect of treatment with EIPF on the biometrics and leaf area of Solanum tuberosum (50 plants
were used for each treatment). Values are means ± SE.

Treatment Number of Stolons Number of Leaves Leaf Surface Area, cm2

Control 2.50 ± 0.24 a 7.88 ± 0.18 a 63.26 ± 3.65 a
M. robertsii 2.88 ± 0.18 a 7.36 ± 0.19 b 50.77 ± 2.66 b
B. bassiana 2.82 ± 0.22 a 7.18 ± 0.16 b 55.20 ± 2.80 ab

The same letters in a column indicate insignificant differences between treatments (Dunn’s test, p > 0.05).
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3.3. Effect of EIPF on the Photosynthetic Pigment Content

We showed a significant decrease in the content of photosynthetic pigments in potato
plants inoculated with B. bassiana conidia (chl a—p = 0.016; carot—p = 0.004; total chl
content—p = 0.029 compared to the control) but not in plants treated with M. robertsii
(Table 3). Alterations in chl b content were not significant under the influence of either
fungus. Treatment with B. bassiana also led to a significant decrease in the total pigment
content compared to M. robertsii-treated plants (p = 0.015). Changes in the pigment compo-
sitions after B. bassiana conidia inoculation led to a significant decrease in the chl a/b ratio
(p = 0.021 compared to M. robertsii-treated plants).

Table 3. Effect of EIPF on the content of photosynthetic pigments and pigment ratio in potato
leaves. Presented values are means ± SE (n = 25). The same letters in a raw indicate insignificant
differences between treatments (pigment contents—Tukey HSD, p > 0.05; ratio of pigments—Dunn’s
test, p > 0.05).

Control M. Robertsii B. Bassiana

Chlorophyll a 2.18 ± 0.10 a 2.36 ± 0.08 a 1.86 ± 0.06 b
Chlorophyll b 0.56 ± 0.03 a 0.55 ± 0.02 a 0.51 ± 0.03 a
Carotenoids 0.51 ± 0.02 a 0.54 ± 0.02 a 0.42 ± 0.02 b

Total chlorophyll 2.74 ± 0.12 a 2.91 ± 0.09 a 2.37 ± 0.08 b
Total pigments 4.22 ± 0.28 ab 4.56 ± 0.30 a 3.70 ± 0.22 b

Chlorophyll a/b 4.05 ± 0.14 ab 4.32 ± 0.08 a 3.84 ± 0.16 b
Total chlorophyll/carotenoids 5.47 ± 0.13 a 5.41 ± 0.04 a 5.53 ± 0.24 a

3.4. Effect of EIPF on Lipid Peroxidation

It was found that the early stage of the potato–EIPF interaction was accompanied by
an increase in TBARS in plants (Figure 3). The maximal increase in the TBARS level was
registered in potato roots (28–35%) under the influence of both M. robertsii and B. bassiana
(p = 0.026 and p = 0.049 compared to the control, respectively). In the leaves, M. robertsii
caused a 1.33-fold increase in the TBARS content (p ≤ 0.01 compared to control and B.
bassiana), and B. bassiana had no significant effect (p = 0.70 compared to control). In the
stems, treatment with fungi did not significantly change the TBARS content relative to the
control; however, the general pattern of the alterations was similar to that of the TBARS
level in leaves, and significant elevation was registered in M. robertsii-inoculated plants
compared to B. bassiana-treated plants (p = 0.02).

3.5. Effect of EIPF on the Activity of Antioxidant Enzymes

Inoculation of potato plants with M. robertsii conidia caused a significant 1.65-fold
increase in POX activity in the leaves (p = 0.014 compared to the control, Table 4). However,
no changes in SOD activity in the leaves were registered under the influence of this fungus
(p = 0.91 in comparison with the control). Inoculation of plants with B. bassiana conidia led
to a slight (1.18–1.24-fold) and insignificant increase in the activity of POX and SOD (p =
0.163 and p = 0.29 compared to the control, respectively).

Table 4. Effect of treatment with EIPF on the activity of antioxidant enzymes in the leaves of Solanum
tuberosum. Values are means ± SE (15–20 plants for each treatment).

Treatment Superoxide Dismutase Activity,
U/mg Protein

Peroxidase Activity,
mM Guaiacol/(mg Protein min)

Control 61.66 ± 11.89 a 1.55 ± 0.17 a
M. robertsii 59.88 ± 7.71 a 2.56 ± 0.30 b
B. bassiana 76.77 ± 11.17 a 1.83 ± 0.18 a

The same letters in a column indicate insignificant differences between treatments (Dunn’s test, p > 0.05).
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Figure 3. Effect of treatment with EIPF on the TBARS content in plant organs. Twenty-five plants
were used for each treatment. The results are presented as the median, 25–75% quartile deviation
and min and max values. Different letters show significant differences between treatments for each
group (Dunn’s test, p < 0.05).

3.6. Effect of EIPF on Proline Accumulation in Different Parts of Plants

The level of free proline accumulation in potato plant organs was estimated in response
to treatment with EIPF conidia (Figure 4). We detected a significant increase in the proline
content in the potato plant stems after inoculation with M. robertsii conidia compared to the
control (1.9-fold; p = 0.046) and B. bassiana-treated plants (p = 0.029). Significant changes in
the proline content were not registered in the roots and leaves under the influence of either
EIPF (p ≥ 0.35).

Figure 4. Effect of inoculation with EIPF on the free proline content in plant organs. Twenty-five plants
were used for each treatment. The results are presented as the median, 25–75% quartile deviation and
min and max values. Different letters show significant differences between treatments for each group
(Dunn’s test, p < 0.05).
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4. Discussion

As shown in our work, a 7-day period was enough for colonization of potato roots
by both fungal species, B. bassiana and M. robertsii. The initial fungal growth on the
root surface, particularly in the root hair zone, and penetration into the root tissue were
registered (Figure A2). After surface sterilization, the percentage of plants with fungi-
positive roots was 68–80%. Successful early colonization of Solanaceae plants is consistent
with other studies carried out on sterile substrates [40,55]. In particular, colonization of
potato plant leaves and stems (up to 75%) was observed 5 days after spraying with a
suspension of M. brunneum strain [40]. Substrate treatment with strains of B. bassiana and
M. brunneum led to sweet pepper root endophytic colonization (42–51%) after 7 days [55].
Therefore, the initial colonization of the plant organs and method of inoculation (the zone
of direct contact of fungal conidia with plant tissues) are closely related.

The positive influence of EIPF on Solanaceae plant growth, such as tomatoes and
potatoes, has been shown (e.g., [41,56–59]). Previously, we showed that treatment of sterile
sand with tomato seedlings by M. robertsii conidia following 14 days of incubation led
to elevation of plant weight [41]. In the present work, we detected a slight reduction in
some parameters of the plant biomass and linear dimensions of plants on the 7th day after
inoculation with M. robertsii conidia. In particular, a slight decreasing trend in root FW
after treatment with M. robertsii was detected. It was shown previously that endophytic
colonization may increase root biomass, including an increase in the root surface area [60].
Our opposing result may be caused by differences in the technique of plant cultivation
and time points of the experiment. Additionally, we showed that treatment with both
fungi caused a decrease in the leaf number and leaf area, and the effect of M. robertsii was
stronger. It should be noted that the influence of EIPF on the growth parameters is most
often estimated at 20–30 or more days after treatment, while we estimated the parameters
in the early stages. In longer-term experiments in sterile or nonsterile substrates, growth
stimulation of potatoes was recorded after treatments with Metarhizium and Beauveria
species [29,41,59]. Moreover, plant growth stimulation under the influence of endophytes
on nutrient-poor substrates is more pronounced [41]. The MS medium that was used in
our experiments was balanced for mineral nutrition. Thus, it can be assumed that plants
colonized by fungi did not have any advantages over the control plants.

Inoculation with B. bassiana caused a decrease in the amount of photosynthetic pig-
ments. Information about the effect of endophytes on the photosynthetic pigment compo-
sition of plants is contradictory. Studies have shown an increase in the total chlorophyll
content due to plant colonization by EIPF [61–64]; however, the chlorophyll content was
estimated at a later time post-treatment (from 20 to 93 days). In particular, an increase in
chlorophyll content was noted during the colonization of sorghum with B. bassiana and M.
brunneum [61] in tomato and in wheat after seed inoculation with B. bassiana [62]. Chlor-
phyll was also increased in sorghum and wheat after treatment of soil with M. brunneum [63]
and in cardamom after the treatment of the soil surface with Lecanicillium psalliotae [64].
The authors [62,64] explained this elevation as an increase in iron availability from the sub-
strate due to fungal siderophores in colonized plants. Racić et al. [65] showed that tomato
colonization with Trichoderma brevicompactum under normal moisture did not affect the
content of tomato photosynthetic pigments, but under dry conditions, the total chlorophyll
content increased significantly in comparison with noncolonized plants. Guler et al. [66]
observed similar effects during the colonization of maize seedlings by Trichoderma atroviride.
Most likely, the effect of endophytes on the content and composition of photosynthesizing
pigments depends largely on the method of inoculation, the duration of colonization, the
composition of the substrate for plant growth, and certain endophyte-plant systems.

The obtained data indicate the presence of oxidative stress in plants in their initial
interaction with both species of fungi. MDA is widely used as a marker of LPO [67]. We
found a statistically significant increase in the TBARS level in the roots under the action
of both fungi, i.e., in the zone of direct contact of plants with conidia. Furthermore, in
the potato leaves during colonization with M. robertsii, a significant increase in TBARS
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was detected, which agreed with the more pronounced effect of M. robertsii compared
to B. bassiana.

We established a change in the activity of antioxidant enzymes in leaves under the
influence of EIPF. In particular, inoculation with M. robertsii led to a significant increase in
POX activity. Slight increasing trends were observed for SOD and POX activities after B.
bassiana treatments, but differences were insignificant compared to control plants. These
data are consistent with studies on the effects of other fungal endophytes on plants. An
increase in the level of antioxidant enzymes in response to inoculation with Trichoderma
harzianum has been shown in tomato seedlings [68] and Ochradenus baccatus [69]. Bagy
et al. [70] registered a slight increase in SOD levels and a significant increase in ascorbate
peroxidase activity after inoculation of potatoes with the endophytic fungus Epicoccum
nigrum. Peroxidase is involved in the formation and lignification of cell walls (lignin
and suberin formation) and in the protection of plant tissues from damage caused by
microorganisms [71,72]. Therefore, it can be proposed that in its early stages, plants
respond to endophyte colonization as an attack on pathogens, which leads to the activation
of defense systems.

Proline plays an important role in plant stress resistance. It has been shown that proline
accumulates in plants under unfavorable conditions [73]. Usually, proline accumulation is
estimated to function as an osmoprotectant and a molecular chaperone in plants, specifically
for salinity and drought [74,75]. Proline also has a role in scavenging ROS and shows singlet
oxygen quenching ability [76]. To our knowledge, there is no information about the effect of
EIPF on the level of free proline in colonized plants. However, there is much experimental
evidence about proline accumulation in plants colonized by mycorrhizal fungi and obligate
endophytes, particularly under osmotic stress conditions [77–79]. We found that proline
accumulates actively in the stems of plants treated with M. robertsii. It is likely that proline
accumulation in plants may also indicate a response to initial colonization by EIPF, but this
aspect still remains to be studied in detail.

The decreased response of plants to colonization by B. bassiana compared to that by
M. robertsii allows us to speculate that B. bassiana is more adapted to endophytism. The
defense reactions of Solanaceae generally occur earlier and largely against microorganisms
incompatible with them, preventing their successful development in plant tissue as a
result [80]. The degree of colonization of different plant tissues with EIPF supports this
assumption. In particular, M. robertsii mainly colonizes the roots [81,82], but B. bassiana
has been isolated from almost all plant organs [83,84]. Moreover, Ahmad et al. [28] found
that genes related to the SA pathway are mainly expressed in maize in response to M.
robertsii colonization. The authors suggest that the plant may have perceived M. robertsii
as a biotrophic pathogen. A study of Arabidopsis thaliana gene expression in response to
colonization with B. bassiana strains showed changes in the expression of genes related to
both JA and SA signaling pathways [14].

5. Conclusions

The obtained results support the hypothesis that in the early stages of communication
between plants and fungi, EIPF may act as an elicitor leading to activation of enzymatic
and nonenzymatic defense reactions in potato plants. Activation of these responses may
be costly for plants and lead to growth retardation. We observed a slight decrease in
the biomass and linear dimensions, as well as in leaf surface area and the content of
photosynthetic pigments, in potato plants. Considering the high amount of data on the
stimulation of plant growth under the influence of endophytes, it can be proposed that
the slight retardation caused by the initial contact with EIPF does not exceed the normal
reaction in plants and can be quickly compensated. The effect of EIPF on plants depends
on the species and strain of the fungus. This fact needs to be studied in detail in the
future, especially during the selection of the plant and fungal pairs to reach the greatest
useful effect.
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Appendix A

Figure A1. Growing plants in the laboratory: (a) Cultivation of potato plantlets on Murashige and Skoog agar medium;
(b) Cultivation of potato seedlings in a liquid half-strength modified Murashige and Skoog agar medium (without sucrose
and agar).

Figure A2. Root colonization by entomopathogenic fungi: (a) M. robertsii (strain P-72); (b) B. bassiana (strain Sar-31). Light
microscopy (with magnification 200×), scale bar: 50 µm. The areas of fungal penetration into the root tissues are shown
by arrows.
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