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Abstract

Ectomycorrhiza can effectively promote water absorption in forest trees, en-
hance drought resistance, and maintain forest ecosystem stability. Mongolian
pine (Pinus sylvestris var. mongolica) in sandy lands is a typical ectomycorrhiza-
dependent tree species. To compare and analyze the drought resistance of my-
corrhizal Mongolian pine seedlings, we selected seedlings colonized by three
important ectomycorrhizal fungi—Suillus granulatus (Sg), Tricholoma sp. (Ts),
and Suillus luteus (Sl)—as experimental subjects. Through controlled indoor
experiments, five water treatment gradients were established based on soil satu-
rated water content: 80% (well-watered), 40% (moist), 20% (moderate water),
10% (mild drought), and 5% (severe drought), and physiological parameters
of Mongolian pine seedlings under drought stress were measured. The results
showed that: (1) The Sl treatment group primarily alleviated reactive oxygen
species damage to cells by enhancing antioxidant enzyme activity, thereby resist-
ing drought stress. Under mild drought, superoxide dismutase and peroxidase
activities reached maximum values of 425.16 U - g~! and 202.73 U - g !, respec-
tively. (2) The Sg treatment group both enhanced antioxidant enzyme activity
to resist drought stress and alleviated drought effects by accumulating proline
to regulate cell osmotic pressure. Under mild drought, superoxide dismutase ac-
tivity and soluble sugar content reached maximum values of 397.01 U -g~! and
199.50 g-mL™!, respectively. (3) The Ts treatment group primarily resisted
drought stress by enhancing maximum photochemical efficiency. Under normal
water conditions and mild drought stress, leaf maximum photochemical effi-
ciency was significantly higher than that of the control group (P<0.05). When
drought stress occurs, mycorrhizal seedlings can ensure normal physiological
activities of Mongolian pine and resist drought stress through enhancing antiox-
idant enzyme activity, regulating osmotic substance content, and improving leaf
photochemical efficiency. However, different ectomycorrhizal fungi employ dis-
tinct pathways to enhance drought tolerance in Mongolian pine. These results
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can provide a theoretical basis for deepening understanding of ectomycorrhizal
ecological functions and developing mycorrhizal afforestation technologies for
Mongolian pine in sandy lands.

Full Text

Physiological Responses of Mycorrhizal Pinus sylvestris
var. mongolica Seedlings to Drought Stress

LI Jialuo!,?, GUO Mishan®, GAO Guanglei!,?, A Lasa!,?, DU Feng-
mei?, YIN Xijaolin?, DING Guodong!,?

!Engineering Research Center of Forestry Ecological Engineering, Ministry of
Education; School of Soil and Water Conservation, Beijing Forestry University,
Beijing 100083, China

2Yanchi Ecology Research Station of the Mu Us Desert, Yanchi 751500, Ningxia,
China

3China Institute of Water Resource and Hydropower Research, Beijing 100038,
China

4Desertification Combating Centre of Bayannur City, Inner Mongolia Au-
tonomous Region, Bayannur 015000, Inner Mongolia, China

Abstract

Ectomycorrhiza can effectively promote water absorption in forest trees, enhance
drought resistance, and maintain forest ecosystem stability. Pinus sylvestris
var. mongolica is a typical ectomycorrhiza-dependent tree species. To com-
pare and analyze the drought resistance of mycorrhizal P. sylvestris var. mon-
golica seedlings, we studied seedlings infected by three important ectomycor-
rhizal fungi: Suillus granulatus (Sg), Tricholoma sp. (Ts), and Suillus luteus
(S1). Through indoor controlled experiments, we established soil saturated water
content gradients of 80% (wet), 40% (suitable water), and 5% (severe drought)
as water treatment gradients, and measured physiological characteristic param-
eters of P. sylvestris var. mongolica seedlings under drought stress. Results
showed: (1) The Sl treatment group mainly resisted drought stress by increas-
ing antioxidant enzyme activity to reduce free oxygen damage to cells. Under
mild drought, superoxide dismutase (SOD) and peroxidase activities reached
maximum values of 202.73 U-g and 202.73 U - g, respectively. (2) The Sg
treatment group both increased antioxidant enzyme activity to resist drought
stress and alleviated the impact by accumulating proline to regulate cell osmotic
pressure. Under mild drought, SOD activity and soluble sugar content reached
199.50 g-mL. (3) The Ts treatment group mainly resisted drought stress by in-
creasing maximum photochemical efficiency. Under normal water content and
mild drought stress, leaf maximum photochemical efficiency was significantly
higher than the control group (P<0.05). When drought stress occurred, my-
corrhizal seedlings could ensure normal physiological activities of P. sylvestris
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var. mongolica and resist drought stress by improving antioxidant enzyme ac-
tivity, regulating osmotic substance content, and increasing leaf photochemical
efficiency, but different ectomycorrhizal fungi had different approaches to im-
proving drought tolerance of P. sylvestris var. mongolica. The research results
can provide theoretical basis for deeply understanding the ecological functions
of ectomycorrhiza and developing mycorrhizal afforestation technology for P.
sylvestris var. mongolica.

Keywords: Pinus sylvestris var. mongolica; ectomycorrhizal fungus; drought
stress; antioxidant enzyme activity; osmotic regulation substance; photochemi-
cal efficiency

Introduction

Ectomycorrhiza is a symbiotic structure formed by various fungal hyphae and
fine roots in soil, widely present in forest ecosystems[1]. In arid environments, ec-
tomycorrhiza can effectively improve the ability of host plants to resist drought
stress, thereby regulating and maintaining host plant health[2-3]. On one hand,
ectomycorrhiza can directly regulate root microstructure through extraradical
hyphae and hyphal mantles, improving water absorption capacity and efficiency
of host plants, reducing root water loss, and ensuring normal growth and phys-
iological metabolism[4-6]. On the other hand, ectomycorrhiza can indirectly
improve water absorption capacity of host plants by enhancing reactive oxygen
species scavenging system enzyme activity, phosphorus absorption capacity, and
net photosynthetic rate, delaying the lethal time of drought stress|[7].

Pinus plants are common hosts of ectomycorrhizal fungi, with over 2000 ectomy-
corrhizal fungi forming ectomycorrhiza on Pinus plant roots[8]. Pinus sylvestris
var. mongolica is drought-resistant, cold-resistant, and barren-tolerant, and is
an important tree species for windbreak, sand fixation, and timber in China’
s “Three North” region[9]. Although P. sylvestris var. mongolica has strong
adaptability and stress resistance, the site conditions in the “Three North” re-
gion are harsh, and P. sylvestris var. mongolica still suffers severe drought
stress, especially for seedlings with relatively weaker adaptability and stress re-
sistance[10]. Therefore, improving the drought resistance of P. sylvestris var.
mongolica seedlings remains an important issue urgently needed to be solved in
afforestation and management of P. sylvestris var. mongolica.

Pinus sylvestris var. mongolica is a typical ectomycorrhiza-dependent tree
species[11], and mycorrhizal technology may be an important approach to im-
prove the drought resistance of P. sylvestris var. mongolica seedlings. In recent
years, mycorrhizal technology has been applied in P. sylvestris var. mongolica
afforestation, but basic research on mycorrhizal technology remains very limited
and weak due to the complex composition of ectomycorrhizal fungal communi-
ties[12]. Related studies on tree species have mostly focused on single ectomyc-
orrhizal fungi and host plant phenotypes and physiological characteristics[5].

chinarxiv.org/items/chinaxiv-202112.00096 Machine Translation


https://chinarxiv.org/items/chinaxiv-202112.00096

ChinaRxiv [$X]

Our previous research found that through network construction and module
screening, Suillus granulatus, Tricholoma sp., and Suillus luteus are important
nodes maintaining the stability of the ectomycorrhizal fungal network associated
with P. sylvestris var. mongolica, and their relative abundances have obvious
quantitative advantages[12]. From the perspective of known ecological functions,
Suillus is a common ectomycorrhizal fungal group in forest ecosystems that can
promote soil water and phosphorus absorption, improve host plant physiological
functions, and enhance host plant drought resistance[13-14]. Tricholoma species
are richly diverse, and their ectomycorrhiza can affect plant hormone and volatile
organic compound production, inhibit electrolyte leakage, and improve plant
cell water absorption and retention capacity, helping host plants adapt to arid
environments[15]. Therefore, Suillus granulatus, Tricholoma sp., and Suillus
luteus are key ectomycorrhizal fungi closely related to the drought resistance of
P. sylvestris var. mongolica.

This study used P. sylvestris var. mongolica as the research object, cultivated
mycorrhizal seedlings through pot control experiments, and analyzed the phys-
iological responses of P. sylvestris var. mongolica seedlings infected by three
important ectomycorrhizal fungi to drought stress, aiming to deeply understand
the ecological functions of ectomycorrhiza and provide theoretical support for
developing mycorrhizal afforestation technology for P. sylvestris var. mongolica.

Materials and Methods

1.2.1 Mycorrhizal Cultivation of P. sylvestris var. mongolica
Seedlings

The experimental soil was common aeolian sandy soil from northern sandy areas.
The experimental strains were obtained through fruiting body tissue isolation
and provided by the China Agricultural Microorganism Culture Collection Man-
agement Center. The research object was P. sylvestris var. mongolica seedlings
after inoculation with the strains.

In a laminar flow hood, potato dextrose agar solid medium (PDA) was inocu-
lated with Suillus granulatus (Sg), Tricholoma sp. (T8), and Suillus luteus (S1)
strains. The liquid medium was sealed with sterile sealing film and cultured in
the dark at 25°C for use in inoculating P. sylvestris var. mongolica seedlings.

After disinfecting P. sylvestris var. mongolica seeds and promoting germination,
they were placed on the surface of sterilized aeolian sandy soil, covered with 0.5
cm of soil, and sprayed with sufficient distilled water. During the period, 0.1%
carbendazim was sprayed 3 times to eliminate other fungal interference. Potting
used rectangular plastic pots (25 cm x 20 cm x 13 cm) with drainage holes at
the bottom, with approximately 20 seedlings planted per pot. The experiment
was conducted indoors (average temperature 25.10°C, average relative humidity
50.25%). After 3 months, the three inoculants were broken into mycelial suspen-
sions using a blender, sprayed evenly on the seedbed, while the blank control
group was sprayed with sterile water. To prevent other contamination, different
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inoculation treatment groups were spaced 50 cm apart, with KMnO, solution
sprayed around for disinfection and separated by plastic plates. Cultivation con-
tinued for another 3 months to allow sufficient colonization by ectomycorrhizal
fungi.

1.2.2 Drought Stress Experiment on Mycorrhizal Seedlings

After seedlings were cultivated until August, the saturated water content of
the experimental aeolian sandy soil was measured as 23.12% using the drying
method. Based on this, three drought gradients were established: soil saturated
water content of 80% (wet), 40% (suitable water), and 5% (severe drought)
as water treatment gradients. Each drought gradient included 3 ectomycor-
rhizal treatment groups and 1 blank control group, totaling 12 mycorrhizal
seedling treatment groups. Physiological indicators of P. sylvestris var. mon-
golica seedlings after drought stress treatment were measured, with 5 samples
randomly selected from each treatment for each indicator, and each sample was
tested 3 times. Indicators included cell membrane structure damage degree (rel-
ative conductivity, malondialdehyde MDA), osmotic regulation substances (pro-
line, soluble sugar), antioxidant enzyme activities (superoxide dismutase SOD,
peroxidase POD), leaf water potential, and maximum photochemical efficiency
Fv/Fm.

Relative conductivity was measured using a conductivity meter (DDS-11A,
China). MDA content was determined using the thiobarbituric acid colori-
metric method. Proline and soluble sugar contents were determined using the
ninhydrin colorimetric method and anthrone colorimetric method, respectively.
SOD and POD activities were determined using the nitroblue tetrazolium
method and guaiacol method, respectively[16]. Leaf water potential and
Fv/Fm were measured using a dew point potentiometer (WP4C, USA) and
chlorophyll fluorescence imager (FluorCam). For Fv/Fm measurement, leaves
were first fully dark-adapted for 20 min to obtain Fo (minimum fluorescence
under dark adaptation), then exposed to saturating light pulse (intensity 0.8
s) to maximize chlorophyll fluorescence intensity and obtain Fm (maximum
fluorescence under light response), with Fv/Fm calculated as (Fm-Fo)/Fm.

1.3 Data Processing and Analysis

Data processing used SPSS 19.0 software. Differences in physiological indicators
of mycorrhizal P. sylvestris var. mongolica seedlings under different drought
stress treatments were analyzed by one-way ANOVA with Duncan’ s test, with
significance level at P<0.05. Figures were plotted using Origin 2016 software.
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Results

2.1 Cell Membrane Structure Damage Degree of Mycorrhizal P.
sylvestris var. mongolica Seedlings

Mycorrhizal infection could reduce leaf relative conductivity to varying degrees.
Both mycorrhizal and control treatment groups showed gradually increasing leaf
relative conductivity with intensifying drought stress (P<0.05). The Sl treat-
ment group relative conductivity increased by 48.89% from sufficient water to
severe drought stress, while the control group increased by 42.59%. Under se-
vere drought stress, compared with the control group, Sg, Ts, and Sl treatment
groups decreased relative conductivity by 37.15%, 39.29%, and 14.19%, respec-
tively. Among different treatment groups, under sufficient water and severe
drought stress, Sg and Sl treatment group leaf relative conductivity was signifi-
cantly lower than the control group (P<0.05). Under wet conditions, Ts treat-
ment group relative conductivity decreased by 4.60% compared with the control
group. Under suitable water and mild drought stress, Sg, Ts, and Sl treatment
groups decreased relative conductivity by 11.16%, 13.26%, and 4.60% respec-
tively compared with the control group, with no significant differences among
the three treatment groups (P>0.05).

MDA content increased with drought stress (P<0.05). Under drought stress,
MDA content in mycorrhizal seedlings decreased to varying degrees (Fig. 1).
MDA content in Sg, Ts, and Sl treatment groups increased by 3.61 mol-g~!,
2.97 mol - g1, and 2.73 mol - g ! respectively from sufficient water to severe
drought stress, while the control group increased by 3.77 mol-g~!. Among
different treatment groups, under wet conditions, Sl treatment group had the
lowest MDA content, decreasing by 31.41% compared with the control group
(P<0.05). No significant differences were found among Sg, Ts, and control
groups (P>0.05). No obvious differences were found among treatment groups
at other water gradients.

[Figure 1: see original paper]

2.2 Osmotic Regulation Substance Content of Mycorrhizal P.
sylvestris var. mongolica Seedlings

Both mycorrhizal and control treatment groups showed gradually increasing
leaf proline content with intensifying drought stress (P<0.05). Under mild and
severe stress conditions, no significant differences were found in leaf proline con-
tent between Sg, Ts, Sl, and control treatment groups (P>0.05). Leaf proline
content in Sg, Ts, SI, and control treatment groups increased by 422.69 g-g~!,
351.58 g-g~ ', 351.11 g-g~', and 165.08 g-g ! respectively from sufficient wa-
ter to severe drought stress. Among different treatment groups, control group
leaf proline content was significantly lower than the three mycorrhizal treatment
groups (P<0.05). No significant differences were found between Sg, Ts, Sl treat-
ment group leaf proline content and the control group under sufficient water
and wet conditions (P>0.05). Under suitable water and mild drought stress,
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Sg and Sl treatment group proline content was significantly different from the
control group (P<0.05), increasing by 88.26 g-g~! and 26.24% respectively.
Under severe drought stress, Ts treatment group proline content was the high-
est, increasing by 26.24% compared with the control group, with significant
differences among Sg, Ts, and Sl treatment groups (P<0.05).

Both mycorrhizal and control treatment groups showed significantly increasing
soluble sugar content from sufficient water to suitable water conditions with
intensifying drought stress (P<0.05). Mycorrhizal seedlings could significantly
increase leaf soluble sugar content (P<0.05), with no significant difference only
under sufficient water conditions (P>0.05). Drought stress caused soluble sugar
content in P. sylvestris var. mongolica seedlings to first increase then decrease
(Fig. 2). The control group soluble sugar content began to decrease before
reaching mild drought stress, but mycorrhizal seedling soluble sugar content
decreased only under severe drought stress. Under wet drought stress, Sg, Ts,
and Sl treatment group seedling soluble sugar content significantly increased
(P<0.05), reaching maximum values of 213.15 g+mL™!, 199.50 g+mL™!, and
165.08 g+ mL™! respectively under mild drought stress, while the control group
reached its maximum of 199.50 g -mL~! under suitable water conditions.

[Figure 2: see original paper]

2.3 Antioxidant Enzyme Activity of Mycorrhizal P. sylvestris var.
mongolica Seedlings

SOD activity in Sg, Ts, Sl, and control treatment groups first increased then de-
creased with intensifying drought stress, reaching maximum values under mild
drought stress. SOD activity increased by 397.01 U-g~!, 315.24 U-g~ !, 311.42
U-g~ !, and 259.56 U - g~ ! respectively from sufficient water to severe drought
stress. Under sufficient water conditions, SOD activity was significantly lower
than under other stress gradients (P<0.05). Among different treatment groups,
under wet to severe drought stress, Sg, Ts, and Sl treatment group leaf SOD
activity was higher than the control group (P<0.05), with no significant differ-
ence only under wet conditions (P>0.05). Under sufficient water conditions, Sg
treatment group leaf SOD activity was significantly different from the control
group (P<0.05), increasing by 17.58%.

POD activity in Sg, Ts, Sl, and control groups increased with drought stress,
reaching the highest level under severe drought stress at 172.00 U - g~1, 202.73
U-g !, 425.16 U-g~ !, and 397.01 U - g~ ! respectively. POD activity was signif-
icantly lower under sufficient water and wet conditions than under other water
gradients (P<0.05). Sg, Ts, and Sl treatment group leaf POD activity was
significantly lower under wet and suitable water conditions than under mild
and severe stress (P<0.05). Among different treatment groups, under sufficient
water and wet conditions, Sg, Ts, and Sl treatment group leaf POD activity
was significantly higher than the control group (P<0.05). Under suitable wa-
ter conditions, Sg and Sl treatment group leaf POD activity was significantly
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different from the control group, increasing by 98.09%. Under mild and severe
drought stress, Sg, Ts, and Sl treatment group leaf POD activity was signifi-
cantly higher than the control group, with significant differences among Sg, Ts,
and Sl treatment groups (P<0.05).

[Figure 3: see original paper]

2.4 Maximum Photochemical Efficiency and Leaf Water Potential of
Mycorrhizal P. sylvestris var. mongolica Seedlings

Drought stress had significant effects on leaf Fv/Fm. Fv/Fm in Sg, Ts, Sl,
and control treatment groups first increased then decreased, being significantly
lower under severe drought stress than under other water gradients (P<0.05).
Fv/Fm reached maximum values of 0.85, 0.84, 0.86, and 0.82 respectively under
mild stress. Among different treatment groups, Sg, Ts, and Sl treatment group
Fv/Fm was significantly higher than the control group under wet conditions
(P<0.05), with no significant differences among Sg, Ts, and Sl treatment groups
(P>0.05). No significant differences were found among treatment groups under
sufficient water conditions (P>0.05). Under mild drought, Ts treatment group
Fv/Fm was 14.29% higher than the control group, with no significant differences
among Sg, Ts, and Sl treatment groups (P>0.05). No significant differences were
found among treatment groups under severe stress (P>0.05).

Leaf water potential in Sg, Ts, S, and control treatment groups decreased with
intensifying drought stress (P<0.05), decreasing by 0.21 MPa, 0.19 MPa, 0.21
MPa, and 0.21 MPa respectively. Mycorrhizal seedlings increased leaf water po-
tential significantly, but showed no obvious difference from the control group un-
der sufficient water conditions (Fig. 4). Among different treatment groups, Sg,
Ts, and Sl treatment group leaf water potential was significantly higher than the
control group under wet, mild drought, and severe drought conditions (P<0.05),
with no significant differences among the three treatment groups (P>0.05). No
significant differences were found among treatment groups under sufficient water
conditions (P>0.05). Under mild drought stress, Ts treatment group leaf water
potential was significantly different from Sg and Sl treatment groups (P<0.05).

[Figure 4: see original paper]

Discussion

3.1 Effects of Ectomycorrhiza on Cell Membrane Damage Degree of
P. sylvestris var. mongolica Seedlings

Plant leaf relative conductivity can reflect cell membrane permeability. With
the occurrence and intensification of drought stress, relative conductivity of P.
sylvestris var. mongolica seedlings showed a gradual increasing trend, but all
three mycorrhizal seedling groups were lower than the control group, indicating
that mycorrhizal infection alleviated drought stress damage to leaf cell mem-
branes, consistent with previous research results[17]. Ectomycorrhiza formation
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improved plant cell membrane stability, alleviated the consequences of cyto-
plasm leakage caused by changes in cell membrane permeability, inhibited the
increase in tissue fluid relative conductivity[18].

MDA is the final product of membrane lipid peroxidation, and its content can
characterize the degree of injury in plants under stress[19]. Meanwhile, with
intensified membrane lipid peroxidation, MDA content continuously increases.
Under drought stress, MDA content in mycorrhizal seedlings was significantly
lower than in the control group, consistent with previous research results[20].
After inoculation with ectomycorrhizal fungi, the colonized ectomycorrhiza in-
hibited MDA accumulation, slowed the membrane lipid peroxidation process,
reduced cell membrane oxidative damage, decreased cell membrane permeabil-
ity, and thus slowed the increase in relative conductivity. Differences in MDA
content in plants under drought stress can reflect their drought resistance perfor-
mance. In this study, the increase in MDA content in Sg, Ts, and Sl treatment
groups was lower than in the control group, indicating they suffered less damage
and had stronger drought resistance. Among them, the Sl treatment group had
a relatively larger increase, while the Sg treatment group had a smaller increase,
suggesting Sg was more effective than Sl in terms of MDA content.

3.2 Effects of Ectomycorrhiza on Osmotic Regulation Substance Con-
tent of P. sylvestris var. mongolica Seedlings

As a free osmotic regulation substance, proline can prevent cell water loss un-
der drought conditions and maintain normal cell osmotic pressure[21]. Under
drought stress, proline content in mycorrhizal seedlings continuously increased
and was significantly higher than in the control group, consistent with pre-
vious research results[22]. When drought stress occurred, the Sg treatment
group improved proline accumulation efficiency. The Ts treatment group had
strong drought resistance under wet conditions, while the Sl treatment group
had strong drought resistance under mild and severe drought stress. Differences
exist in osmotic regulation methods among different tree species and plant hosts
after ectomycorrhizal fungal infection. For example, proline content in Cyclobal-
anopsis glauca mycorrhizal seedlings was lower than in the control group under
drought conditions, while soluble sugar was significantly higher than in the
control group[23]. Ectomycorrhizal fungi improved plant water metabolism and
osmotic regulation capacity by promoting proline synthesis, reducing the degree
of plant damage[24]. Similar to proline, soluble sugar can be produced under
drought stress to balance plant cell osmotic pressure and maintain cell stability.
It includes glucose, trehalose, and other small molecules that can osmotically
regulate in plant cells[25].

In this study, soluble sugar content first increased then decreased with inten-
sifying drought stress. Control group soluble sugar content began to decrease
before reaching mild drought stress, but mycorrhizal seedling soluble sugar con-
tent decreased only under severe drought stress. After drought stress intensified,
soluble sugar participated in the osmotic regulation process, causing significant
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decreases in plant soluble sugar content. Ectomycorrhizal fungal infection im-
proved the ability of seedlings to produce soluble sugar, accelerating the accumu-
lation of osmotic regulation substances, lowering cell water potential, promoting
water entry into cells from outside, and helping plants maintain basic physio-
logical activities under more severe drought stress. Under wet, mild drought,
and severe drought conditions, Sg, Ts, and Sl treatment group soluble sugar
content showed no significant differences, indicating that Sg, Ts, and Sl had
similar effects in terms of soluble sugar content.

3.3 Effects of Ectomycorrhiza on Antioxidant Enzyme Activity of P.
sylvestris var. mongolica Seedlings

SOD and POD are major enzymes that improve plant drought resistance under
drought stress and are important protective enzymes in the plant cell membrane
lipid peroxidation enzymatic detoxification system[26]. SOD widely exists in
plant antioxidant systems, converting superoxide anion radicals to hydrogen
peroxide, while POD converts hydrogen peroxide to water. Ectomycorrhizal
fungal infection can increase SOD and POD activities in plants, accelerating the
conversion of superoxide anion radicals to water when drought occurs, thereby
improving plant reactive oxygen species scavenging capacity and making plants
more adaptable to arid environments. With intensifying drought stress, plant
leaf SOD and POD activities first increased then decreased, consistent with
previous research results[27-28].

The stronger the enzyme activity, the better the scavenging effect on superox-
ide free radicals, ensuring material transport and energy regulation in plants.
In this study, SOD activity in Sg, Ts, and Sl treatment groups was always
higher than in the control group, and only significantly higher than Ts under
mild drought. Different ectomycorrhizal fungal infections have different effects
on improving plant antioxidant enzyme activity. Mycorrhizal seedlings inocu-
lated with Sg showed significantly higher leaf POD activity than the control
group, while POD activity differences were not significant between Ts and con-
trol. When soil water content was 10%-20%, both SOD and POD activities
showed increasing trends, with Sg treatment group SOD activity significantly
higher than Sl, but POD activity differences between Sl and Sg were not signif-
icant. The Sg treatment group improved plant drought resistance by increasing
antioxidant enzyme activity in the reactive oxygen species scavenging system,
helping plants cope with more severe drought stress. The Sl treatment group
had more significant effects on improving antioxidant enzyme activity.

3.4 Effects of Ectomycorrhiza on Leaf Maximum Photochemical Effi-
ciency and Water Potential of P. sylvestris var. mongolica Seedlings

Fv/Fm is a commonly used method to evaluate plant physiological status. Plant
photosynthetic rate and Fv/Fm show decreasing trends with drought stress[29].
When water is deficient, leaf stomata close, stomatal conductance decreases,
but ectomycorrhizal fungi can inhibit the decrease in stomatal conductance,
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increase stomatal conductance, reduce resistance, and improve plant photosyn-
thetic efficiency. Ectomycorrhizal fungal infection can improve plant Fv/Fm,
and mycorrhizal seedlings of Betula alnoides showed significantly higher Fv/Fm
than the control group[30]. In this study, control group Fv/Fm appeared be-
fore mild drought stress, while all three treatment groups appeared after mild
drought stress, with Ts treatment group appearing under more severe drought
stress. This phenomenon may be related to initial fluorescence and chlorophyll
content.

As a reference indicator reflecting plant water status, leaf water potential can re-
flect the degree of drought stress suffered by plants—the more severe the drought
stress, the lower the plant leaf water potential[31]. Ectomycorrhizal colonization
enabled plant leaves to maintain better water status, slowing the occurrence of
water stress in plants. In this study, control group leaf water potential was
lower than the three treatment groups except under sufficient water conditions,
and responded most strongly to intensified drought stress. Ectomycorrhizal fun-
gal infection significantly improved seedling leaf water potential, with the most
significant improvement effect on leaf water potential of P. sylvestris var. mon-
golica seedlings inoculated with Sl under natural drought stress[32]. Mycorrhizal
seedlings showed no obvious difference from the control group under sufficient
water conditions, indicating that water exchange in P. sylvestris var. mongolica
seedlings had reached equilibrium at this time. Improving leaf water potential
can reduce water loss from plant cells under drought conditions and enhance
plant drought resistance.

Conclusion

Under the water treatment gradients set in this study, ectomycorrhiza signifi-
cantly improved the drought resistance of P. sylvestris var. mongolica. The Sl
treatment group mycorrhizal seedlings had higher antioxidant enzyme activity,
proline content, and Fv/Fm than the control group. The Sg treatment group
had higher proline content than other treatment groups, while the Ts treatment
group had the highest Fv/Fm. With the help of ectomycorrhiza, P. sylvestris
var. mongolica overall regulated its response to drought stress by avoiding re-
active oxygen species damage, regulating the osmotic process, and improving
photochemical efficiency.

Different ectomycorrhizal fungi improved the drought resistance of P. sylvestris
var. mongolica through different pathways. The Sl treatment group improved
antioxidant enzyme activity through the enzymatic scavenging mechanism in
the reactive oxygen species scavenging system to resist damage caused by reac-
tive oxygen species to cells, but the Sg treatment group had more significant
effects on improving SOD activity. The Sg treatment group promoted osmotic
regulation by accumulating proline content in plants, while the Ts treatment
group improved the drought resistance of P. sylvestris var. mongolica by im-
proving plant photochemical efficiency. Ectomycorrhizal fungi are beneficial for
improving the drought resistance of P. sylvestris var. mongolica. The research
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results are of great significance for deeply understanding the ecological functions
of ectomycorrhiza and can provide theoretical basis for developing mycorrhizal
afforestation technology for P. sylvestris var. mongolica.
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