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Abstract: The considerable decrease in crop productivity associated with the expansion of saline soils
is an acute problem in agriculture. Endophytic fungi positively affect plant fitness under salinity
conditions. The effects of potato inoculation with the conidia of the Beauveria bassiana strain Sar-31
on growth (the weight of fresh and dry biomass, shoot and root length, numbers of stolons and
leaves, and the leaf surface) and physiological indices (the concentration of pigments, free proline
and malondialdehyde, and antioxidant enzymes’ activity) were evaluated under moderate chloride
salinity (100 mM). The results indicated that the plant’s association with the fungus mitigated
the negative impact of salinity probably because of the activation of antioxidant enzymes and
accumulation of free proline in potato tissues. Moreover, under the influence of B. bassiana Sar-31, the
number of stolons significantly increased, which is one of the main characteristics of potato as an
agricultural crop. Thus, Sar-31 may be a promising candidate for further investigation of its ability to
stimulate growth and increase the stress tolerance of potato plants.

Keywords: salinity; fungal colonization; endophyte; oxidative stress; proline; antioxidant enzy-
matic activity

1. Introduction

Salinity is the dominant stress factor limiting the growth and productivity of agricul-
tural crops, which is especially true under the conditions of a dry climate. Over 800 mil-
lion hectares of soil are currently affected by salinity, and this problem is continuing to
worsen [1,2]. The most widespread type of salinization is that caused by sodium chloride;
its effect on plants is the most harmful [3]. Soils are regarded as saline if their electrical
conductivity is above 4 dS/m, i.e., equivalent to a ≥40 mM solution of NaCl [4].

Intense salinization affects all major physiological processes in plants. The adverse
action of the increased salt content is based on a disturbance of osmotic and ionic home-
ostasis in plants’ tissues as well as the toxicity of inorganic ions to cellular metabolism [5,6].
These processes are accompanied by the formation of excessive amounts of reactive oxygen
species (ROS) causing oxidative stress [7,8]. In cells and tissues, an excess of ROS leads to
enzyme inactivation, protein and nucleic acid damage, and the dysfunction of membranes.
Additionally, the development of osmotic and oxidative stress harms the photosynthetic
apparatus, thus leading to impaired crop production [9].

Potato is one of the main food crops cultivated all over the world [10]. Wild species
of potato plants are relatively resistant to salinization [11], while modern potato cultivars,
which are a product of long-term selection, are much more susceptible to the action of
salinity [12,13]. The production and productivity of potato are affected by salt stress [14].
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Therefore, searching for new, effective ways to overcome the effects of salt stress on potato
plants is a relevant and topical task.

Researchers are trying to solve the problem of crop salt sensitivity by different methods,
including modern methods of selection [3,15,16], the treatment of plants with exogenous
phytohormones [17–20], and the colonization of plants by endophytic microorganisms
contributing to plant growth under salinity conditions [21–23]. The latter approach has
high potential because it includes a wide range of promising species of bacteria and fungi
for study.

Endophytic fungi associated with plants have been shown to diminish the abroga-
tive action of salt stress through the activation of systemic resistance, increased levels of
useful metabolites, the activation of the antioxidant system, and the modulation of plant
growth phytohormones. Plants’ colonization by endophytic fungi is accompanied by the
active absorption of nutrients and maintenance of ionic (Na+ and K+) homeostasis [24].
Among endophytic fungi, new species from various taxonomic and trophic groups are
continually being discovered and reisolated [25–28]. In recent years, entomopathogenic
fungi, primarily from the genera Metarhizium and Beauveria, have been explored as potential
endophytes (reviews: [29–31]). It has been experimentally proven that plant endophytic
colonization by entomopathogenic fungi negatively affects the development and number
of phytophages and leads to the stimulation of plant growth, a decrease in their damage
from phytopathogens, a change in immune status, and an increase in plant productiv-
ity [32–36]. For Solanaceae plants, similar effects have been registered in conjunction with
the application of entomopathogenic endophytes [37–41]. Nonetheless, only a limited
number of articles show an increase in resistance to osmotic stress, including salinity and
drought stress, in plants colonized by the entomopathogenic endophytes Metarhizium and
Beauveria [42–47]. For instance, in the work of Khan et al. [42], endophytic colonization by
Metarhizium anisopliae improved the growth parameters of soybean under chloride salinity.
The ability of the M. pinghaense isolate AAUBC-M26 to reduce salt stress (up to 50 mM
NaCl) in tomato plants under nursery and pot culture conditions was evaluated in a study
by Chaudhary et al. [43]. An increase in plants’ drought tolerance as a result of endophytic
colonization by Beauveria bassiana is demonstrated in the works of Dara, Kuzhuppillymyal-
Prabhakarankutty, and Gana [44–46]. The mitigation of salt stress by B. bassiana has been
shown by Akter et al. when treating rice seeds [47]. Considering the above findings, it can
be hypothesized that B. bassiana will also be conducive to the development of salt tolerance
in potato plants.

Previously, we have investigated the effects of different concentrations of NaCl (in the
range from 50 to 150 mM) on the growth and physiological parameters of mid-ripening
potato varieties [48]. It was found in our study that plants of the Lugovskoy variety
actively respond to moderate chloride salinity (100 mM) with a significant decrease in
plant weight and in the number of stolons, the accumulation of proline, and an increase
in the level of malondialdehyde (MDA). The impact of endophytic colonization by B.
bassiana and Metarhizium robertsii on growth parameters has also been estimated in this
variety [49]. It was found in that report that both fungi successfully colonize plants under
hydroponic conditions. The initial stage of colonization by fungi was accompanied by
placing a moderate level of stress on the plants, whereas inoculation with B. bassiana conidia
was tolerated by the plants much better. Preliminary experiments allowed us to choose
an optimal laboratory model for the estimation of the influence of an entomopathogenic
endophyte on potato’s susceptibility to salinity by an express test (the duration of the
experiments was 7 days). The aim of the present study was to investigate the effect of
inoculation with the conidia of B. bassiana on the growth and physiological parameters
of potato plants grown in the presence of moderately intense chloride salinity under
hydroponic conditions.
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2. Materials and Methods
2.1. A Fungal Isolate and Its Cultivation

In the experiments, a strain of the entomopathogenic fungus B. bassiana (Sar-31) was
used from the collection of microorganisms at the Institute of Systematics and Ecology
of Animals (the Siberian Branch of the Russian Academy of Sciences). The species was
identified using a translation elongation factor (EF1α) sequence [50] (accession number
MZ564259). When compared to GenBank sequences, 100% identity was found for B.
bassiana entries. Other species of this genus showed lower identity indices, thus confirming
the species’ identification as B. bassiana. The culture was incubated at 26 ◦C for 10 days
in the dark on Sabouraud dextrose agar supplemented with 0.25% yeast extract (SDAY).
An aqueous Tween 80 solution (0.03%) was used to prepare conidial mass, and the con-
centration of conidia was scored by means of a Neubauer hemocytometer (Fristaden Lab,
Chicago, IL, USA). The liquid medium used for the plant growth was supplemented with
the conidial suspension at the final concentration of 106 conidia/mL.

2.2. Plant Cultivation and Experimental Design

We used hydroponic culture of potato plants (Solanum tuberosum L.) cv. Lugovskoy
(identifier 8,301,891) propagated in vitro. Potato plantlets regenerated from aseptic stem-
node potato meristems were cultured on half-strength Murashige–Skoog agar medium
(0.5 MS) for 30 days. For 2 weeks, the seedlings were adapted to the liquid 0.5 MS medium in
a controlled climate chamber using L36 W/77 Fluora luminescent lamps (Osram, Germany;
100 µM photons m−2 s−1) with day/night temperatures of 23 ± 0.5/20 ± 0.5 ◦C and a
16 h/8 h day/night photoperiod. The seedlings were cultivated in the liquid medium for
6 weeks before they were transferred either to the pure medium serving as the control or
to the medium supplemented with the fungal conidia as described above. After 2 days,
salt (100 mM NaCl) was added to the medium to induce salinity stress. Thus, the plants
were grown in the presence of fungal conidia for 7 days and in the presence of salinity
for 5 days. The following growth parameters of potato plants were measured in each
treatment group: shoot and root length, shoot and root fresh and dry weight, and numbers
of leaves and stolons. A part of the plant material was used for analysis of physiological
and biochemical parameters. The above period is sufficient to obtain an adequate early
plant response. A longer experiment may lead to contamination of the nutrient medium
with foreign microorganisms.

2.3. Plant Colonization Assay

Plating of plant tissues in media was used to assess the frequency of plant colonization
by entomopathogenic fungi. Plant organs (roots, stems, and leaves) presterilized with
hypochlorite and ethanol [51] were imprinted [52] and planted on modified Sabouraud agar
(10 g/L peptone, 40 g/L anhydrous D-glucose, 20 g/L agar, 1 g/L yeast extract, 0.35 g/L
cetyl trimethyl ammonium bromide, 0.05 g/L cycloheximide, 0.05 g/L tetracycline, and
0.6 g/L streptomycin) in 90 mm Petri dishes (one plant per Petri dish) and incubated for
10 days at 24 ◦C. The imprints from each plant were carried out in separate dishes. Samples
in whose prints fungal growth was found were excluded from the analysis. The level of
colonization was determined as a percentage of Beauveria-positive organs. Twenty plants
from each treatment group were analyzed.

2.4. Plant Growth Parameters and Leaf Contents of Photosynthetic Pigments

The main potato plant growth parameters—the lengths of roots and shoots and the
total leaf surface area—were determined and expressed in centimeters. The gravimetric
method was utilized for measuring fresh and dry biomass of the plant material. To estimate
the weight of fresh plant biomass (FW), plants were dried in advance with filter paper, and
FW was determined to within 1 mg. Dry weight (DW) was determined after the material
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was fixed at 90 ◦C and dried at 70 ◦C until constant weight was reached. To calculate the
water content (WC), the following formula was used:

WC = [(FW − DW)/FW] × 100

The photosynthetic pigment content was evaluated spectrophotometrically in fresh
leaves from middle nodes of the plants according to the method presented in our previous
work [49]. Optical density (D) of a leaf ethanol extract was measured at wavelengths of
470, 664, 648, and 720 nm on a spectrophotometer (Genesys 10S UV-Vis, Thermo Scientific,
Waltham, MA, USA); 96% ethanol served as a control. Pigment concentration (C) was
determined [53] via the following equations:

Cchla = 13.36 × D664 − 5.19 × D648

Cchlb = 27.43 × D648 − 8.12 × D664

Cchla+b = 5.24 × D664 + 22.24 × D648

Ccarot = (1000 × D470 × 2.13 × Cchla − 97.64 × Cchlb)/209

To calculate the amount of pigment per unit of sample weight (A), the formula

A = C × V/(1000 × n)

was employed, where C is the concentration, V is the volume of the extract, and n is the
sample’s weight (g).

2.5. Lipid Peroxidation

The extent of lipid peroxidation was assessed using the method of Buege and Aust [54].
Formation of a colored product (thiobarbituric acid with thiobarbituric acid reactive sub-
stances (TBARS)) was evaluated at two wavelengths, 532 and 600 nm, on a spectropho-
tometer (Genesys 10S UV-Vis, Thermo Scientific, USA). TBARS were quantified in 100 mg
of the plant material (roots, stems, and leaves).

The TBARS content was calculated via the following formula:

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

where C is TBARS concentration in µg/g FW; E is optical density of the solution at wave-
lengths of 532 and 600 nm; V1 is the volume of thiobarbituric acid, mL; V2 is supernatant
volume, mL; and m is the sample’s weight, g.

2.6. Activity of Antioxidant Enzymes in the Leaves

Activities of total superoxide dismutase (SOD) and peroxidase (POX) were estimated
in crude extracts of leaf tissues. The activities of the enzymes were determined according
to our previous work [49]. The riboflavin/nitro blue tetrazolium (B2/NBT) method was
used to determine the total SOD activity. This technique was adapted from Beauchamp
and Fridovich [55]. Absorbance was measured spectrophotometrically (Genesys 10S UV-
Vis, Thermo Scientific, USA) at 560 nm. During the reaction, the total SOD activity was
calculated in units of transmittance (∆A) of the incubation mixture per minute per milligram
of protein.

The activity of peroxidase was measured with H2O2 and guaiacol (Fluka, Buchs,
Switzerland) according to Shevyakova et al. [56]. Absorbance was measured spectropho-
tometrically (Genesys 10S UV-Vis, Thermo Scientific, USA) at 470 nm. POX activity was
calculated in mM guaiacol/([mg protein]·min). The protein content of the samples was
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determined using the method of Esen [57]. Bovine serum albumin was used to create a
calibration curve.

2.7. The Free-Proline Content of Plants

In roots, stems, and leaves, free-proline concentration was estimated according to
Bates et al. [58]. The proline content was determined according to a calibration curve
constructed using a set of standard proline solutions in 3% sulfosalicylic acid. Optical
density was measured using a spectrophotometer (Genesys 10S UV-Vis Thermo Electron)
at 520 nm. The following formula was used to determine the concentration of proline in
the samples:

C = E × k × (V/m × 1000)

where C is the concentration of proline, µM/g FW; E is optical density; k is a 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 the water content and fresh and dry weights as well as the assays
of enzymatic activity were performed on 20 plants in each treatment group. Organ length
and morphometric parameters were measured in 50 plants in each treatment group. Levels
of pigments, proline, and TBARS were quantified using 10 plants per treatment group.
The experiments were conducted twice. Data were analyzed in STATISTICA 8.0 software
(StatSoft Inc., Tulsa, OK, USA). Normally distributed data were subjected to two-way anal-
ysis of variance (ANOVA) followed by a post hoc test (Fisher’s least significant difference
(LSD) test).

Data are presented as the mean and standard error (SE). The chi-square test was
performed to evaluate differences in the fungal colonization among the plants. Data are
presented as percentages.

3. Results
3.1. Plant Colonization by the Fungus

It was found that background chloride salinity under hydroponic conditions does not
affect the extent of colonization of potato plants by B. bassiana. After 7 days of plant growth,
both in the medium containing conidia and the medium containing conidia + salt, there was
colonization by fungi (Figure 1). After each treatment, 90–95% of the roots and stems and
5–20% of the leaves were colonized by the entomopathogenic fungus, and the difference
between these treatment groups was not significant (χ2 ≥ 0.34, df = 1, p ≤ 0.58; Figure 1b).
In the control plants, the growth of the fungus was not detectable (Figure 1a). It is important
to note that on the seventh day of the experiment, the proportion of germinated conidia on
the MS medium was only 4–7%.

3.2. Effects of B. bassiana and Salt on Plant Growth

The 1-week cultivation of the potato plants both with the fungus conidia and salt af-
fected several parameters of potato plant growth (Figures 2 and 3). The strongest inhibition
of growth characteristics was noted in the group treated with NaCl alone. Plants colonized
by the fungus were more tolerant to the salt stress. This finding was clearly evidenced
by such parameters as the length of the roots and the dry weight of plants (Figure 3a,c).
Under salinity stress, the length of the roots was significantly smaller in comparison to the
combined treatment with B. bassiana and salt (p = 0.003, Figure 3a). Inoculation with the
conidia of B. bassiana did not significantly influence the dry weight of the aboveground
and underground plant organs in comparison to that of the control (p = 0.08), whereas the
application of salt alone caused it to decrease in comparison with the control and fungus
treatment groups, respectively (p ≤ 0.017; Figure 3c). At the same time, in all treatment
groups, the fresh weight of the aboveground and underground plants’ organs was signifi-
cantly lower in comparison with that of the control (p ≤ 0.019; Figure 3b). A statistically
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significant decrease in water content was noted in the shoots and roots under the influence
of salt (F1,122 ≥ 9.30, p ≤ 0.003) as well as in the roots under the influence of B. bassiana
(F1,122 = 20.00, p < 0.001, Figure 4), which was most likely the cause of the equalization of
the dry weight between the control and inoculated plants.
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Figure 1. Colonization of S. tuberosum organs by B. bassiana. Plants were grown in a nutrient medium
(0.5 MS) supplemented with both entomopathogenic fungus B. bassiana conidia (strain Sar-31, final
concentration in the medium: 1 × 106 spores/mL) and salt (NaCl, 100 mM). (a) Fungal reisolation
from sterilized plant organs (roots, stems, and leaves) in the Sabouraud modified medium; (b) the
percentage of plant organs colonized by the fungus. The colonization was estimated on 20 plants
in each treatment group (each plant was a biological replicate). The two groups inoculated with B.
bassiana did not significantly differ in the extent of the plants’ organ colonization (χ2 ≥ 0.34, df = 1,
p ≤ 0.58).
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Figure 3. Effects of inoculation with B. bassiana and/or of salt on plant growth: length (a) and fresh
(b) and dry (c) weights. Values are the mean ± SE. Identical letters within a row indicate insignificant
differences between treatment groups (two-way ANOVA, Fisher LSD test, p > 0.05).

Horticulturae 2023, 9, 1140 8 of 18 
 

 

 
Figure 4. Effects of inoculation with B. bassiana and/or of salt on the water content (%). Values are 
means ± SE. Identical letters within a row denote insignificant differences between treatment 
groups (two-way ANOVA, Fisher LSD test, p > 0.05). 

Most of the quantitative parameters were also significantly different from the con-
trol, with the strongest inhibition being caused by exposure to salt alone (F1,396 ≥ 9.03, p ≤ 
0.003; Table 1). The interaction of factors led to a significant reduction in the leaf surface 
area (F1,396 = 8.56, p = 0.004). Meanwhile, a notable rise in the number of stolons was noted 
due to the effect of the B. bassiana conidia (F1,396 = 4.21, p = 0.04). Significant differences in 
the number of stolons from all other treatment groups were seen in the plants inoculated 
with B. bassiana alone (p ≤ 0.02). In the meantime, the numbers of stolons and leaves re-
mained at the control level when the fungus was applied simultaneously with salinity (p 
≥ 0.08, Table 1). 

Table 1. Effects of inoculation with B. bassiana and/or of salt on biometrics and leaf area of S. tu-
berosum (100 plants per treatment group). Values are means ± SE. 

Treatment 
Number of Stolons, 

pcs. 
Number of Leaves, 

pcs. 
Leaf Surface Area, 

cm2 
Control 2.82 ± 0.17 a 6.96 ± 0.12 ab 71.66 ± 2.49 a 

B. bassiana 3.37 ± 0.17 b 7.02 ± 0.17 b 59.62 ± 2.23 b 
NaCl 2.29 ± 0.16 c 6.52 ± 0.13 c 53.85 ± 2.47 b 

B. bassiana + NaCl 2.43 ± 0.17 ac 6.61 ± 0.14 ac 55.55 ± 2.08 b 
Identical letters in the columns indicate insignificant differences between treatment groups 
(two-way ANOVA, Fisher LSD test, p > 0.05). 

3.3. Effects of B. bassiana and Salt on the Photosynthetic Pigment Content 
Short-term exposure to the B. bassiana conidia and/or salt did not induce statistically 

significant changes in the levels of the photosynthetic pigments in potato plants com-
pared to those of the control plants (Table 2). Nonetheless, even minor changes in the 
pigment profiles led to a significant decline in the chlorophyll a/b ratio under the influ-
ence of B. bassiana (F1,76 = 7.54, p = 0.008). 

Figure 4. Effects of inoculation with B. bassiana and/or of salt on the water content (%). Values are
means ± SE. Identical letters within a row denote insignificant differences between treatment groups
(two-way ANOVA, Fisher LSD test, p > 0.05).



Horticulturae 2023, 9, 1140 8 of 17

Most of the quantitative parameters were also significantly different from the control,
with the strongest inhibition being caused by exposure to salt alone (F1,396 ≥ 9.03, p ≤ 0.003;
Table 1). The interaction of factors led to a significant reduction in the leaf surface area
(F1,396 = 8.56, p = 0.004). Meanwhile, a notable rise in the number of stolons was noted due
to the effect of the B. bassiana conidia (F1,396 = 4.21, p = 0.04). Significant differences in the
number of stolons from all other treatment groups were seen in the plants inoculated with
B. bassiana alone (p ≤ 0.02). In the meantime, the numbers of stolons and leaves remained
at the control level when the fungus was applied simultaneously with salinity (p ≥ 0.08,
Table 1).

Table 1. Effects of inoculation with B. bassiana and/or of salt on biometrics and leaf area of S. tuberosum
(100 plants per treatment group). Values are means ± SE.

Treatment Number of Stolons,
pcs.

Number of Leaves,
pcs.

Leaf Surface Area,
cm2

Control 2.82 ± 0.17 a 6.96 ± 0.12 ab 71.66 ± 2.49 a
B. bassiana 3.37 ± 0.17 b 7.02 ± 0.17 b 59.62 ± 2.23 b

NaCl 2.29 ± 0.16 c 6.52 ± 0.13 c 53.85 ± 2.47 b
B. bassiana + NaCl 2.43 ± 0.17 ac 6.61 ± 0.14 ac 55.55 ± 2.08 b

Identical letters in the columns indicate insignificant differences between treatment groups (two-way ANOVA,
Fisher LSD test, p > 0.05).

3.3. Effects of B. bassiana and Salt on the Photosynthetic Pigment Content

Short-term exposure to the B. bassiana conidia and/or salt did not induce statistically
significant changes in the levels of the photosynthetic pigments in potato plants compared
to those of the control plants (Table 2). Nonetheless, even minor changes in the pigment
profiles led to a significant decline in the chlorophyll a/b ratio under the influence of B.
bassiana (F1,76 = 7.54, p = 0.008).

Table 2. Effects of inoculation with B. bassiana and/or of salt on concentrations of photosynthetic
pigments and pigment ratios in potato leaves. Presented values are means ± SE.

Control B. bassiana NaCl B. bassiana
+ NaCl

Chlorophyll a (mg/g FW) 2.11 ± 0.06 a 2.04 ± 0.09 a 2.01 ± 0.11 a 2.04 ± 0.10 a
Chlorophyll b (mg/g FW) 0.51 ± 0.03 ab 0.52 ± 0.03 ab 0.48 ± 0.02 a 0.58 ± 0.04 b
Carotenoids (mg/g FW) 0.53 ± 0.02 a 0.51± 0.09 a 0.50± 0.03 a 0.51± 0.03 a

Total chlorophyll (mg/g FW) 2.62 ± 0.08 a 2.56 ± 0.11 a 2.48 ± 0.13 a 2.61 ± 0.13 a
Total pigments (mg/g FW) 3.15 ± 0.10 a 3.06 ± 0.14 a 2.99 ± 0.16 a 3.12 ± 0.15 a

Chlorophyll/carotenoids ratio 4.96 ± 0.10 a 5.09 ± 0.09 a 4.96 ± 0.08 a 5.17 ± 0.17 a
Chlorophyll a/b ratio 4.27 ± 0.14 a 4.07 ± 0.13 a 4.19 ± 0.08 a 3.67 ± 0.16 b

Identical letters within a row signify insignificant differences between treatment groups (two-way ANOVA, Fisher
LSD test, p > 0.05).

3.4. The Impact of B. bassiana and Salt on Lipid Peroxidation

It was found that in plants exposed to both B. bassiana and NaCl, TBARS are upregu-
lated (Figure 5). Under the influence of B. bassiana, the level of TBARS in the potato roots
rose by 20–40%, although the differences were not significant (p ≥ 0.127 as compared to
the control). Salinity was the main statistically significant factor that affected the level of
MDA in the stems and leaves (F1,75 ≥ 4.361, p ≤ 0.040). In the potato stems, the TBARS
level increased 1.6-fold under salinization (p = 0.007 as compared to the control). In the
leaves, B. bassiana caused a 1.40-fold significant reduction in the TBARS content (p = 0.007
as compared to NaCl).
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3.5. Effects of B. bassiana and Salt on the Activity of Antioxidant Enzymes 
In the leaves of S. tuberosum, either endophytic colonization by B. bassiana or salini-

zation enhanced the activity of the antioxidant enzymes (Figure 6). For instance, the total 
SOD level after inoculation with the B. bassiana conidia was significantly higher than that 
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Twenty plants were used in each treatment group. Presented values are means ± SE. Identical letters
denote insignificant differences between treatment groups within each organ (two-way ANOVA,
Fisher LSD test, p > 0.05).

3.5. Effects of B. bassiana and Salt on the Activity of Antioxidant Enzymes

In the leaves of S. tuberosum, either endophytic colonization by B. bassiana or saliniza-
tion enhanced the activity of the antioxidant enzymes (Figure 6). For instance, the total
SOD level after inoculation with the B. bassiana conidia was significantly higher than that
in the control (1.54-fold higher; p = 0.036; Figure 6a), although the influence of B. bassiana
as a factor was statistically insignificant (F1,75 = 1.51, p = 0.224). The peroxidase activity in
the leaves was the highest under the combined influence of the fungus and salt and was
significantly increased as compared to that of the control (1.59 times) and the “B. bassiana
alone” group (1.55-fold; p ≤ 0.031; Figure 6b). Nevertheless, only the NaCl factor had a
significant effect on the POX activity: F1,75 = 5.18, p = 0.026.
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same as in the control (p ≥ 0.635), but there was a significant upregulation of proline in all 
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Figure 6. Effects of inoculation with B. bassiana and/or of salt on the activity of antioxidant enzymes
in the leaves of S. tuberosum. (a) SOD activity; and (b) POX activity. Twenty plants were subjected to
each treatment. Identical letters indicate insignificant differences between treatment groups (two-way
ANOVA, Fisher LSD test, p > 0.05).
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3.6. Effects of B. bassiana and Salt on Proline Accumulation in Different Parts of Plants

It was found that in the presence of B. bassiana, the level of free proline was about
the same as in the control (p ≥ 0.635), but there was a significant upregulation of proline
in all the organs of the potato plants under salinity stress (2.2–2.8 times; p ≤ 0.040) and
especially with the joint application of B. bassiana and salt (2.0–3.9 times; p ≤ 0.036; Figure 7).
A statistically significant impact of salinity on the proline level was detectable in all the
organs of the potato plants (NaCl: F1,73 ≥ 9.41, p ≤ 0.003).
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Figure 7. Effects of inoculation with B. bassiana and/or of salt on the free-proline content of plant
organs. Twenty plants were subjected to each treatment. Identical letters denote insignificant
differences between treatment groups within each organ (two-way ANOVA, Fisher LSD test, p > 0.05).

4. Discussion

On the basis of our results, we can say that salinity did not affect the colonization
of potato plants by B. bassiana. Over a 7-day period, either with the soil inoculation
with pure fungi conidia or in combination with salt, the colonization of roots and stems
reached high values (90–95%). It is known that fungi, just like plants, experience osmotic
stress under elevated levels of salinity. Nonetheless, B. bassiana shows a high degree of
tolerance to salinity. For example, Cazorla Perfetti et al. [59] have demonstrated that the
in vitro germination of B. bassiana conidia is inhibited only at a salinity level exceeding
7% NaCl [59]. It should be noted that in our experiments, we chose a salt concentration
of 100 mM, corresponding to 0.6%, which is well below the threshold values. The strain
tested in our experiments was able to actively develop in vitro at a salt concentration of
50–150 mM. The salt did not reduce the fungal colonies’ radial growth in the medium. On
the other hand, the salt induced a significant increase in growth as compared to the growth
on the salt-free medium (Figure A1 (Appendix A)).

There are many papers testifying to the benefit of avirulent strains of endophytic
fungi from the genera Alternaria, Aspergillus, Trichoderma, Candida, Stemphylium, Penicillium
and Piriformospora for the growth of various crops (soybean, corn, rice, and basil) under
salt stress [60–64], and the same is true for tomato, which belongs to the same botanical
family as potato [65–69]. In addition, a number of authors have demonstrated the positive
effect of inoculation with entomopathogenic fungi on plant growth parameters under
high-salinity conditions [42,43,47,70]. For instance, articles by Khan et al. have shown
an improvement of growth parameters under salinity stress in soybean plants inoculated
with M. anisopliae LHL07 [42] and cucumber plants inoculated with Paecilomyces formosus
LHL10 [70] compared with those of control plants. Chaudhary et al. [43] and Akter
et al. [47] have registered significant attenuation of the destructive effect of salinity stress on
plants due to their inoculation with the conidia of entomopathogenic fungi (M. pinghaense
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AAUBC-M26 and B. bassiana BeauA1). Nevertheless, the growth stimulation by endophytic
fungi under salt stress was detectable only after prolonged exposure to these factors. As
a rule, researchers apply salt 1–3 weeks after a plant’s inoculation with the fungus, and
the duration of the salinization is at least 2 weeks [42,47,62–64,68,69]. In our relatively
short experiment, we noticed an inhibition of the growth of potato plants under chloride
salinization and as a result of colonization by B. bassiana. The strongest inhibition of
potato plant growth was caused by NaCl salinization alone. The low salt tolerance of
the Lugovskoy potato variety has been reported earlier, in an experiment with different
concentrations of NaCl (50 to 150 mM) [48,71]. The inhibitory effect of exposure to B.
bassiana was less pronounced and was reflected only in a reduction in the leaf surface area.
For some parameters, it also significantly mitigated the negative impact of salinization
(the plant dry mass and root length). Phenotypically, plants inoculated with the fungus
and grown either with an elevated level of salinity or without it did not differ from
each other. In contrast, plants treated with salt alone were significantly shorter than the
control and the fungus-inoculated plants (Figure 2). It should be noted that such obvious
differences in plant development were obtained in a very short period; this finding once
again highlights the active involvement of B. bassiana in the formation of salt tolerance in
potato. In a previous work, we showed that a short-term delay in potato plant development
is mediated by the activation of the defense system at the initial stage of colonization by
entomopathogenic fungi (B. bassiana or M. robertsii) [49]. Partially confirming our results,
the investigation by Proietti et al. [72] indicates an effect on tomato plants at early stages
of colonization by B. bassiana (5–7 days). These researchers discovered that the activation
of molecular pathways associated with protein and/or amino acid metabolism and the
biosynthesis of energy compounds occur later (12–19 days after colonization) and lead to
the stimulation of plant growth and development [72]. In our experiment, the quantitative
parameters (the numbers of stolons and leaves) of the plants colonized by B. bassiana
under salinity stress were similar to the control values (see Table 1). The application of the
fungus alone significantly raised the number of stolons. This parameter is very relevant
because it directly affects the tuber formation in new crops. Our results are consistent with
those of numerous reports on the growth-stimulating effects of inoculation with endophytic
entomopathogenic fungi, as demonstrated on a wide range of plants from different botanical
families and has been extensively documented in recent reviews [29–31,52,73,74].

Photosynthetic activity and changes in concentrations of photosynthetic pigments in
plants are often used to measure tolerance to abiotic stress. Numerous studies suggest
that elevated levels of salinity exert an inhibitory action on photosynthesis [75–81]. Salt
stress may affect chloroplast structures, thereby possibly lowering the chlorophyll content,
resulting in a reduced photosynthetic rate [75,78,82,83]. In plants affected by salt stress, a
decrease in the chlorophyll level is considered a typical symptom of the oxidative stress
associated with the inhibition of chlorophyll synthesis and degradation by chlorophyl-
lase [84,85]. Furthermore, salinity affects chlorophyll a more negatively than chlorophyll
b [86,87]. Under our experimental conditions, relevant changes in the concentrations of
photosynthetic pigments were not detectable. Probably, this finding is due to the briefness
of the exposure to salt as well as the activation of antioxidant systems (enzymatic and
nonenzymatic). Only a slight rise in the chlorophyll b content in the presence of the B.
bassiana conidia under salinity stress was noted. A similar effect has been detected by
Abdelaziz et al. [68]. They state that tomato colonization by Piriformospora indica raises
the level of chlorophyll b under salt stress. It should be pointed out that under salt stress,
the prolonged interaction of plants with endophytes causes an alignment of physiological
and biochemical parameters, including the biosynthesis of photosynthetic pigments, thus
increasing plant biomass [47,61,63,64].

In halophytic plants adapted to growth and survival in saline habitats, a set of adap-
tations related to selective ion uptake, Na+ compartmentalization, ion homeostasis, the
production of protective metabolites, the formation of salt glands and salt bladders, and
improvements in antioxidant properties have emerged during their evolution [88–90]. The
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vast majority of crops, including potato, are glycophytes, i.e., salt-sensitive plants. Gly-
cophytes have a relatively limited ability to adapt to salinity, mainly by the activation of
stress-induced protective systems [3]. The de novo synthesis of organic osmolytes and their
accumulation in plant tissues, the modulation of levels of endogenous phytohormones,
and the upregulation of antioxidant enzymes (e.g., superoxide dismutase, peroxidase, and
catalase) are consequences of this activation [47,90,91]. A widespread marker of oxida-
tive stress during exposure to a biotic or abiotic stressor is MDA: the end product of the
lipid oxidation of cell membranes by free ROS. In the present investigation, we quantified
MDA in roots, leaves, and stems. A significant increase in the MDA level was observed
in potato stems in the presence of NaCl salinity. At the same time, in the leaves of the
plants colonized by the fungus, an enhancement in the SOD activity was accompanied by
a statistically significant decline in the MDA concentration in comparison to that of the
control; in the leaves of the plants exposed to B. bassiana and salt, the POX activity was also
accompanied by a statistically significant decrease in the MDA level. The high activity of
the antioxidant system and consequent downregulation of MDA indicate the absence of a
pathological imbalance within the system of stress-induced protective mechanisms. An
increase in the activity of antioxidant enzymes has been documented in most papers on
the adaptogenic properties of endophytic fungi in relation to plants grown under salinity
stress [60,62–64,67,68] and after the application of B. bassiana [46,47,92]. In our experiments,
there were no significant changes in the MDA concentration of the roots, regardless of the
presence or absence of salt and/or the endophyte. There were no significant changes in
the MDA levels within the roots, regardless of the presence or absence of salt and/or the
endophyte. It is known that under salt stress, roots can quickly respond and adapt more
readily by activating secretion functions (e.g., [93–95]).

One of important factors of plants’ salt tolerance is proline. Typically, proline accu-
mulates in large quantities in response to drought or elevated salinity. This amino acid
is a well-known osmoprotectant. At the same time, it acts as a molecular chaperone,
contributing to the stabilization of subcellular structures and the neutralization of free
radicals [96,97]. In our experiment, the quantity of free proline was not different between
the potato plants colonized by the fungus and the control potato plants. On the other
hand, in the presence of elevated salinity levels, this amino acid accumulated in all the
analyzed plant organs, and the highest level of free proline was detected during the joint
application of the fungal conidia and salt. The accumulation of proline may be triggered by
the diminished water content of plant tissues owing to salinity stress and fungal inoculation
(Figure 4). This finding is consistent with data from other studies on the alleviating effect
of endophytic fungi or bacteria on salt stress [68,98,99].

Some researchers attribute the improved salt tolerance of plants inoculated with endo-
phytic fungi to an increase in the concentrations of phenols and flavonoids [43,61,62,64]
as well as to changes in the levels of endogenous phytohormones [60,62,63,67,68]. Accord-
ingly, our further studies will address the role of phytohormones and phenylpropanoid
pathway products in the development of salt tolerance in potato plants under the influence
of B. bassiana.

5. Conclusions

Our results support the hypothesis that potato plant colonization by the ento-
mopathogenic fungus B. bassiana can improve salt tolerance. Despite mild stress caused
by the initial stage of endophytic colonization, the plants showed better tolerance to stress
induced by chloride salinization. At least two aspects of salt tolerance were detected in
potato plants owing to the fungal colonization: (1) the enhanced activity of antioxidant
enzymes; and (2) the accumulation of free proline in tissues. Considering that the mech-
anisms improving plant stress tolerance are based on common principles and often act
additively or synergistically, the potential use of B. bassiana as a potato endophyte has
encouraging prospects.
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Figure A1. Radial growth of B. bassiana (strain Sar-31) on a PDA medium supplemented with NaCl. 
Fungus conidia were grown on the PDA medium. To assess the osmotolerance of the fungus, at 4 
days postplanting, 1 cm blocks were cut out and placed in the center of Petri dishes containing an 
“osmotic stress” medium (PDA with NaCl at 50, 100, or 150 mM) in four replicates. After 10 and 20 
days of cultivation of the fungus in the “osmotic stress” medium, colonies’ diameters were meas-
ured. (a) Radial growth of B. bassiana colonies on the PDA medium supplemented with different 
concentrations of NaCl (photo at 10 days). (b) The diameter of fungal colonies on the “osmotic 
stress” medium after 10 and 20 days. Identical letters denote insignificant differences between 
variants (one-way ANOVA, Fisher LSD test, p > 0.05). 
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Figure A1. Radial growth of B. bassiana (strain Sar-31) on a PDA medium supplemented with NaCl.
Fungus conidia were grown on the PDA medium. To assess the osmotolerance of the fungus, at
4 days postplanting, 1 cm blocks were cut out and placed in the center of Petri dishes containing
an “osmotic stress” medium (PDA with NaCl at 50, 100, or 150 mM) in four replicates. After 10
and 20 days of cultivation of the fungus in the “osmotic stress” medium, colonies’ diameters were
measured. (a) Radial growth of B. bassiana colonies on the PDA medium supplemented with different
concentrations of NaCl (photo at 10 days). (b) The diameter of fungal colonies on the “osmotic stress”
medium after 10 and 20 days. Identical letters denote insignificant differences between variants
(one-way ANOVA, Fisher LSD test, p > 0.05).
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