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Mongolian pine (Pinus sylvestris var. mongholica ) is a key species for ecological
restoration in northern China, frequently exposed to cyclical drought-rewatering
stress in arid and semi-arid regions. While ectomycorrhizal fungi (EMF) are known to
enhance plant drought tolerance, their mechanistic role in mediating Mongolian
pine’s response to drought-rewatering cycles remains unclear. In this study, two-
year-old Mongolian pine seedlings inoculated with Rhizopogon sp. (Rh) and
Tomentella sp. (To) fungi. Outdoor pot experiments were conducted under
controlled soil moisture regimes, establishing ve hydrological gradients: well-
watered control (CKO), mild drought (D7), moderate drought (D14), severe drought
(D21), and extreme drought (D35), following by rewatering 1 day after the end of each
stress period. Additionally, we implemented four inoculation treatments: a non-
inoculated control, Rh inoculation, To inoculation, and Rh+To co-inoculation. We
measured seedling growth, photosynthesis parameters, water, osmotic regulatory
substances, antioxidant enzyme activities, as well as drought resistance, drought
recovery ability and drought adaptation ability, along with their intercorrelations. The
results demonstrated that (1) drought stress signi cantly reduced seedling
photosynthetic, uorescence parameters, and water potential indicators (P < 0.05).
Speci cally, photosynthetic and uorescence parameters, leaf relative water content
(RWC), and plant water potential declined progressively with increasing stress
intensity increased. (2) After re-watering, physiological indicators under different
drought stress degrees exhibited varying degrees of recovery. Photosynthetic and

uorescence parameters exceeded those observed during drought stress treatments,
while water use ef ciency (WUE) and root water potential (y,) showed complex
recovery patterns, in some cases exceeding levels observed in the well-watered
control group (P < 0.05). (3) EMF inoculation, especially Rh+To, effectively alleviated
drought-induced physiological inhibition, enhancing seedling drought resistance,
recovery, and adaptation. (4) Drought recovery capability was closely linked to
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drought adaptation was critical for overall resistance. Maintaining relatively high RWC
during drought periods and preserving elevated the maximal photochemical
ef ciency of photosystem Il (Fv/Fm) values during re-watering emerged as key
factors for enhancing drought resistance in Mongolian pine seedlings.

KEYWORDS

drought, ectomycorrhizal fungi, Mongolian pine, physiological characteristics,

re-watering

1 Introduction

In the context of increasing global climate change and
ecosystem disruption, drought has become one of the most
common and damaging abiotic stressors impacting plant growth,
signi cantly disrupting their normal life processes and metabolic
functions (Bogati and Walczak, 2022; Zia et al., 2021). The
combination of low rainfall and extreme uctuations in
precipitation makes drought stress a continual challenge in arid
and semi-arid areas (Ploughe et al., 2019). In natural settings, the
increasing frequency of “drought-to-waterlogging transitions”
driven by periodic droughts and sudden heavy rainfall events
exposes plants to more complex and extreme uctuations in
water availability (Jia et al., 2024). Consequently, maintaining
internal water balance and physiological homeostasis under such
dynamic hydrological conditions is crucial for plant survival and
healthy growth.

In response to drought stress, plant engage in a range of
coordinated physiological reactions, molecular changes, and
defense strategies. These strategies enable them to maintain
growth, development, and homeostasis through morphological
modi cations as well as alterations in biochemical and metabolic
processes, ultimately enhancing their overall tness under water-
de cient conditions (Agurlaetal., 2018; Qi et al., 2021; Mittler et al.,
2022). Plant responses to water scarcity occur through coordinated
physiological regulation across multiple scales, including osmotic
adjustment and stomatal control to photosynthetic ef ciency and
metabolic homeostasis, which safeguard the plant during drought
conditions (Lu et al., 2019; Xiao et al., 2020; Gupta et al., 2020).
Plant adaptation to drought environments is re ected not only in
resilience during the stress period but also, and more critically, in
the capacity for recovery once the stress is alleviated (\Wang et al.,
2022; Anjum et al., 2017). Drought tolerance is a vital trait that
allows plants to survive in conditions with limited water (Liu et al.,
2023). The post-drought recovery capacity of plants, manifested
through rapid damage repair and physiological compensation
during rewatering, represents a crucial component of their
drought adaptation strategy in water-limited environments (Sun
et al., 2016). After rewatering, plants swiftly restore photosynthesis
and growth through various mechanisms such as turnover of
cellular components, reopening of stomata, and scavenging of
peroxides (Abid et al., 2018; Ruehr et al.,, 2019; Jia et al., 2021).
The recovery capacity is in uenced by the intensity and duration of
the drought, as well as species-speci ¢ adaptive traits (\Wang et al.,
2025). Consequently, systematically elucidating the mechanisms
underlying plant responses and recovery during drought-
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rewatering cycles is of signi cant scienti ¢ importance for
enhancing plant adaptive capacity to climate change and
safeguarding ecological security in arid regions.

Mongolian pine (Pinus sylvestris var. mongolica) is known for
its exceptional adaptability and resilience to stress, making it a
crucial species for building ecological barriers and restoring
degraded ecosystems in the wind-sand region of northern China
(Ren et al., 2023). Simultaneously, as a conifer that relies on
ectomycorrhizal fungi (EMF), its survival and performance are
signi cantly in uenced by these essential fungal partners (Zhao
et al.,, 2022). Mycorrhizal fungi are vital to terrestrial ecosystems,
playing a key role in important ecological processes such as
biogeochemical cycling and energy ow, while also enhancing
ecosystem stability and biodiversity (de Mesquita et al., 2023). It
has been demonstrated that EMF can effectively improve the ability
of host plants to withstand drought stress and play an irreplaceable
role in the process of forest and vegetation restoration and
reconstruction in arid and semi-arid regions of China (Tedersoo
et al., 2020; Castazo et al., 2023). The mechanisms by which EMF
confer drought resilience are multifaceted and may involve: (1)
morphological and hydraulic improvements, such as modifying
root system architecture to enhance water foraging and uptake
ef ciency, thereby helping to maintain higher plant water status
(Chen et al., 2025; Liu et al., 2021); (2) physiological and
biochemical enhancements, including the modulation of stomatal
behavior, accumulation of osmolytes for osmotic adjustment, and
bolstering of the antioxidant defense system to mitigate oxidative
damage (Madouh and Quoreshi, 2023); and (3) potential
molecular-level interactions, such as in uencing phytohormone
signaling pathways (e.g., ABA) or priming the expression of host
stress-responsive genes (Fang and Xiong, 2015). Additionally, EMF
contribute to seedling recovery after post-drought drought
rewatering, improving survival rate (Yin et al., 2018). Therefore,
elucidating the speci ¢ mechanisms by which EMF strengthen
drought stress resistance and recovery after rewatering is essential
for enhancing the drought tolerance of Mongolian pine seedlings.

Mongolian pine plantations consistently face challenges related to
water stress challenges, which greatly limits their physiological
processes and hinders population regeneration (Deng et al., 2021).
EMF play a crucial role in how plants respond to drought stress and
subsequent rewatering. In light of this, our study focused on
Mongolian pine seedlings that were inoculated with drought-
resistant fungi. Through controlled outdoor pot experiments with
regulated soil moisture levels, our study aims to examine the
physiological responses of ectomycorrhizal seedlings to different
lengths of drought stress, and evaluate their recovery ability after
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rewatering. Accordingly, we propose the following hypotheses: (1)
Drought stress will lead to a progressive decline in photosynthetic
performance, chlorophyll uorescence, and water status in
Mongolian pine seedlings, with the severity of inhibition increasing
alongside both the intensity and duration of the stress. (2) Inoculation
with EMF-particularly dual inoculation-will signi cantly mitigate the
drought-induced physiological impairments outlined in hypothesis 1.
(3) Following rewatering, EMF-inoculated seedlings will exhibit faster
and more complete recovery of physiological functions compared to
non-inoculated counterparts; furthermore, the degree of recovery will
be in uenced by the intensity of prior drought stress. We expect our
results to shed light on the mechanistic basis of drought resistance,
recovery capacity, and adaptation strategies of Mongolian pine
ectomycorrhizal seedlings, ultimately providing a deeper scienti ¢
understanding and practical approaches for improving the climate
resilience and sustainable management of Mongolian pine
plantations amid global climate change.

2 Materials and experimental methods
2.1 Experimental materials

The experimental materials included two-year-old Mongolian
pine seedlings procured from Jiahui Nursery (Zhanggutai Town,
Liaoning Province, China). The growth substrate was collected from
the 0—60 c¢m soail layer in the undisturbed understory of a Mongolian
pine plantation in the same area. The soil was carefully cleared of
large debris (rocks, visible roots) and sieved through a 2-mm mesh to
ensure homogeneity. It was then sterilized by autoclaving at 121 C
for 30 min to remove resident microorganisms. The physicochemical
properties of the soil were as follows: soil pH of 6.85, organic matter
content of 7.59 g/kg, total nitrogen content of 0.52 g/kg, total
phosphorus content of 0.47 g/kg, ammonium nitrogen content of
1.95 mg/kg, and available phosphorus content of 0.98 mg/kg. The
EMF strains Rhizopogon sp. (Rh, ATCC 46218) and Tomentella sp.
(To, ATCC 90471), obtained from the China Agricultural Microbial
Culture Collection Center (ACCC), were selected as inoculants for
this study based on their ecological and functional signi cance. Both
are commonly associated with conifer roots in northern forests and
are known to contribute to nutrient mobilization and host stress
tolerance (Tedersoo et al., 2020; Yin et al., 2018). Before inoculation,
the freeze-dried fungal cultures were transferred aseptically onto
potato dextrose (PD) agar medium in a laminar ow hood. The
cultures were then sealed with para Im and incubated in the dark at
25 C to allow for mycelial growth. Once the mycelium had
completely covered the surface of the medium, the cultures were
used as inoculum for seedling inoculation.

2.2 Experimental design

The controlled-environment experiment was conducted out
during the growing season (April to November) of 2023 at the
experimental nursery (Sangingyuan Station) of Beijing Forestry
University. Each plastic pot (24.5 ¢cm top diameter 25 cm
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height  18.5 cm base diameter) was lled with 6 kg sterilized
experimental soil. Three morphologically similar two-year-old
Mongolian pine seedlings (height: 30.2 — 1.5 cm; basal diameter:
4.3 — 0.3 mm) were transplanted into each pot. After a one-month
acclimatization period, the prepared fungal inoculum was applied.
The inoculum was prepared by homogenizing the fully colonized
PD agar medium (25 C, dark, 4 weeks) with sterile distilled water in
a blender. The resulting suspension was adjusted to a standard
concentration of approximately 1.0 g fresh mycelial mass per 10 mL
of sterile water. For each pot, a consistent volume of 50 mL of this
inoculum suspension was evenly sprayed onto the soil surface
around the seedling base. Control (CK) pots received the same
volume of a sterile PD medium suspension prepared identically but
without fungal biomass. To secure the inoculum and minimize
desiccation, the treated soil surface was immediately covered with
600 g of fresh, sterilized substrate. The inoculation treatments
included three experimental groups: (1) single inoculation with
Rhizopogon sp. (Rh), (2) single inoculation with Tomentella sp.
(To), and (3) dual inoculation with both fungal species (Rh+To).
The control group (CK) received the same volume of sterile culture
solution instead of ectomycorrhizal inoculum. Stringent spatial
isolation ( 100 cm between treatment groups) was implemented
to prevent airborne cross-contamination, seedlings exhibiting >80%
ectomycorrhizal colonization were selected for the drought stress
and re-watering experiments, with 20 biological replicates
established for each treatment group.

The experiment established ve progressive drought stress
durations: starting with a control group (0 d) and continuous
drought for 7 d, 14 d, 21 d, and 35 d of continuous drought.
These durations corresponded to soil water contents of 22.16%
(CKO, well-watered control), 11.50% (D7, mild drought), 4.85%
(D14, moderate drought), 2.67% (D21, severe drought), and 1.42%
(D35, extreme drought), which represent 80%, 46%, 19%, 11%, and
6% of the soil’s saturated water holding capacity (25%), respectively.
Concurrently, a re-watering treatment group (R0-R35) was created,
where the stressed seedlings were rewatered to initial well-watered
conditions (80% of saturated water content). Physiological
measurements were taken from ve randomly chosen Mongolian
pine seedlings for each treatment at two different times: right after
the drought ended and 24 hours after re-watering.

2.3 Mycorrhizal colonization assessment

For the analysis of mycorrhizal colonization, ve acclimatized
Mongolian pine seedlings were randomly chosen for each
treatment. The root systems were thoroughly washed, and ten 1-
cm segments of roots were randomly selected from each seedling.
The rates of colonization were measured using trypan blue staining
(Giovannetti and Mosse, 1980). The speci c calculation formula is
given in Equation (1). The results showed that the Mongolian pine
seedlings were effectively colonized by two species of EMF
(see Table 1).

Colonization rates

_ Number of mycorrhizal root segments

100%
Total number of root segments ’

)
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TABLE 1 Colonization rates of Mongolian pine ectomycorrhizal seedlings.

Treatment

Colonization rates (%) 0 85.19 —5.34 89.48 — 6.48 9153 - 6.14

CK, Uninoculated; Rh, Rhizopogon sp.; To, Tomentella sp.; Rh+To, Co-inoculation with Rhizopogon sp. and Tomentella sp.

2.4 Physiological measurements of The activities of leaf superoxide dismutase (SOD), catalase (CAT), and
seedlings antioxidant enzyme (Peroxidase, POD), along with the levels of

malondialdehyde (MDA) and proline (PRO) were measured using a
2.4.1 Photosynthetic uorescence measurements  spectrophotometer, Soluble sugar (SS) content was determined through
aziridinium blue tetrazolium photoreduction, UV spectrophotometry,
Leaf photosynthetic parameters were assessed using a Li-6800  guaiacol colorimetry, thiobarbituric acid, ninhydrin colorimetry and
portable photosynthesis system (Li-COR, Lincoln, USA) between  anthrone colorimetry, respectively (Gao, 2006).
09:00 and 11:00 on sunny days. The parameters measured included
net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular ~ 2.4.4 Drought resistance, drought recovery and
CO, concentration (Ci), and transpiration rate (Tr), with data drought adaptability analysis
gathered from three different leaf positions (upper, middle, and
lower canopy). After the measurements, the leaves were cut to According to Chen et al. (2016), the evaluation of plant drought
determine leaf area for normalizing the photosynthetic parameters. ~ resistance involved measuring relative growth during periods of
Chlorophyll uorescence parameters were measured using a Fluor ~ drought stress, while drought recovery capacity was assessed by
Cam open uorescence imaging system (Photon Systems  observing regrowth after re-watering. Drought adaptability was
Instruments, Drasov, Czech Republic) between 18:00 and 22:00 h.  determined by the overall growth performance during both stress
Prior to measurements, the plants were kept in the dark for 20 min. ~ and recovery stages.
The parameters recorded included minimal uorescence (Fo), oo .
maximum photochemical ef ciency of PSII (F,/Fy), non- 2.5 Statistical anaIyS|s
photochemical quenching (NPQ), and photochemical quenching
coef cient (gP). For each treatment, ve randomly chosen plants
were analyzed, with three replicate measurements taken for each leaf.

All data presented as means — standard error (SE). Statistical
analyses were performed using SPSS 22.0 (IBM Corp, Armonk, NY,
USA). A one-way ANOVA followed by Duncan’s multiple range test
2.4.2 Water status parameters measurements (p <0.05) was used to evaluate the effects of treatments on physiological

parameters. Two-way analysis of variance was employed to examine the

Leaf relative water content (RWC) and tissue density (TD) were €ffects of drought-rewatering, EMF inoculation, and their interaction on
assessed according to the methods by Barrs and Weatherley (1962).  physiological indicators of seedlings at 0.05 signi cance level. Linear
Leaf water use ef ciency (WUE) was determined by calculating the ~ regression analyses of drought resistance, drought recovery, and
ratio of the net photosynthetic rate (Pn) to the transpiration rate ~ drought adaptability indices were performed using OriginPro 8.0
(Tr). Leaf (y,) and root (y,) water potentials were measured usinga  (OriginLab, Northampton, MA, USA). Multivariate analyses in R
PSYPRO dew point potentiometer (Wescor, Logan, UT, USA). For ~ 4.3.0 (R Foundation, Vienna, Austria) included principal component
each treatment, ve randomly chosen seedlings were analyzed, with ~ analysis (PCA) of stress and re-watering responses, correlation-based

three replicate measurements taken for each leaf. The speci ¢  cluster analysis, and Pearson correlation matrices linking physiological
calculation formula is given in Equations (2)—(4). traits with drought performance indices, with results visualized as PCA

biplots and clustered heatmaps.
Leaf relative water content (RWC)

_ Fresh weight _Dry weight 100% (2)
Dry weight 3 Results

Dry weight 100% (3 3-1Droughtand re-watering alterations in
Full turgidity weight leaf gas exchange and uorescence
dynamics in ectomycorrhizal seedlings of
@ Mongolian pine

Leaf tissue Density (TD) =

- P
Leaf water use efficiency (WUE) = T_rr] 100%

Drought stress, re-watering, and ECM inoculation had exerted

2.4.3 Leaf antioxidant capacity and osmolyte highly signi cant impact on the photosynthetic and chlorophyll
accumulation measurements uorescence characteristics of seedlings (P < 0.01). The contribution of
drought-rewatering cycles to parameter variation exceeded that of ECM

Leaf relative electrical conductivity (REC) was assessed using a pH  inoculation. A signi cant interaction between drought-rewatering and
meter (PHS-3E, LEICI, China) via the immersion technique (Li, 2002).  ECM inoculation was observed only for Ci and gP (P < 0.01,
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Supplementary Table 1). Drought stress signi cantly impaired both
photosynthetic and photochemical ef ciency in Mongolian seedlings (P
<0.05). Tr, Pn, Ci, Gs, Fo, Fv/Fm, NPQ, and gP all progressively declined
with increasing stress intensity (Figures 1, 2), reaching the lowest levels
under D35 (P < 0.01, vs. CK). Following re-watering, all parameters
recovered to varying, stress dependent degrees, with rewatered seedlings
consistently outperforming those kept under continuous drought. ECM
inoculation signi cantly improved photosynthetic performance and
photochemical ef ciency during both drought and the following re-
watering (P < 0.05; Figures 1, 2). Co inoculation (Rh+To) yielded better

o

10.3389/fpls.2026.1744853

photosynthetic results than singly inoculations, with Rh>To for
photosynthetic parameters and To>Rh for uorescence traits.

3.2 Drought and re-watering alterations in
water physiological dynamics in
ectomycorrhizal seedlings of Mongolian
pine

Drought, re-watering, and ECM inoculation each exerted highly
signi cant effects on water relation traits of seedlings (P < 0.01).

25 25
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FIGURE 1

Effect of drought and re-watering on leaf photosynthetic parameters of Mongolian pine seedlings. [(A) transpiration rate, (B) net photosynthetic rate,
(C) intercellular CO, concentration, (D) stomatal conductance]. Different capital letters indicate signi cant difference among the different moisture
treatments in the same inoculation treatment; the different small letters indicate signi cant difference among the different inoculation treatments in

the moisture treatment, the same below.
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FIGURE 2

Effect of drought and re-watering on leaf uorescence parameters of Mongolian pine seedlings. [(A) minimal

uorescence, (B) maximal

photochemical ef ciency, (C) non-photochemical quenching, (D) steady-state uorescence quenching].

Changes in RWC, TD and WUE were in uenced more strongly by
fungal inoculation, whereas variations in y, and y, were driven mainly
by soil moisture cycles (P>0.05, Supplementary Table 2). Under
drought stress, y, and Yy, decreased signi cantly (P < 0.05,
Figures 3D, E), in RWC and TD also declined in uninoculated
seedlings as stress intensi ed (P < 0.05, Figures 3A, B). After re-
watering, seedling water relations were restored differently depending
on the intensity of drought stress. Both WUE and y, were signi cantly
higher in rewatered seedlings compared to well-watered controls
(P < 0.05) (Figures 3C, E). ECM inoculation signi cantly improved
most water-relation parameters after re watering under severe drought

Frontiers in Plant Science

(P < 0.05), expect for WUE and TD. Co-inoculated seedlings
consistently exhibited higher y; and y;, than singly inoculated group.

3.3 Drought and re-watering alterations in
osmotic adjustment and antioxidant ability
dynamics in ectomycorrhizal seedlings of
Mongolian pine

Drought, re-watering, and ECM inoculation each signi cantly

in uenced osmoregulatory substances, cell membrane stability, and
antioxidant enzyme activities (P < 0.01), with drought-rewatering
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FIGURE 3

Effect of drought and re-watering on water physiology parameters of Mongolian pine seedlings. [(A) relative water content, (B) tissue density, (C)

water use ef ciency, (D) leaf water potential, (E) root water potential].

cycles accounting for a greater share of the variation than ECM
inoculation. Their interaction was signi cant only for Pro, MAD,
and CAT (P < 0.01, Supplementary Table 2). Drought stress
markedly elevated REC, Pro, SS, and MDA content, as well as the
activities of SOD, CAT, and POD (P < 0.05, Figure 4). Pro and MDA
content, as well as REC, rose progressively with increasing drought
intensity (P <0.05). After re-watering, Pro and REC declined relative to
drought stressed seedlings but remained above well-watered control
levels. By contrast, SS content and antioxidant enzyme activities after re
watering were signi cantly higher compared to the well-watered
treatment (P < 0.05). ECM inoculation reduced Pro and MDA
contents and REC, while increasing SS accumulation. All three
antioxidant enzymes activities were signi cantly higher in
ectomycorrhizal seedlings than in non-inoculated controls (P < 0.05),
and co-inoculation further enhanced these activities compared with
single inoculation(P < 0.05) (Figure 5).

3.4 Drought resistance, drought recovery,
and drought adaptation of Mongolian pine
ectomycorrhizal seedlings

Drought and re-watering signi cantly in uenced the drought
resistance, drought recovery, and drought adaptation of seedlings
(P < 0.01) (Figure 6). ECM inoculation notably enhanced drought
recovery and adaptation capabilities (P < 0.01). Although drought
stress decreased seedling drought resistance, it improved their
drought recovery and drought adaptability (P < 0.05), with
resistance declining as stress intensity increased. ECM inoculation
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generally increased all three performance indices (except under
D7), with ef cacy typically followed: dual inoculation > single Rh
inoculation > single To inoculation, although drought resistance
under D14 varied from this order. Linear regression revealed weak
correlations between drought resistance and recovery capacity
(r =0.003) or drought adaptability (r =0.005, Figure 7), whereas
drought recovery capacity and drought adaptability were
signi cantly correlated (r = 0.272%).

3.5 Response of Mongolian pine
ectomycorrhizal seedlings to drought-
rewatering

PCA revealed that under drought conditions, PC1 and PC2
accounted for 59.04% and 20.3% of the total variance, respectively
(cumulative 79.34%). After re-watering, the explained variances were
53.09% (PC1) and 22.18% (PC2), respectively, totaling 75.27%. During
drought, samples from various stress-intensity showed scattered
distribution, whereas after re-watering, samples from D7 and D14
clustered more closely, while D21 and D35 treatments remained
separated (Supplementary Figure S1; Figure 7). Notably, seedlings
receiving the same EMF inoculation consistently grouped together.
Cluster analysis further revealed that seedling water potential, WUE,
osmotic regulating substances and cell membrane stability exhibited
similar trends, while photosynthetic characteristics, uorescence
parameters and RWC showed comparable patterns (Figure 8).
Correlations among physiological characteristics were generally
weaker under drought than after re-watering.
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