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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 five 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 significantly reduced seedling
photosynthetic, fluorescence parameters, and water potential indicators (P < 0.05).
Specifically, photosynthetic and fluorescence 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
fluorescence parameters exceeded those observed during drought stress treatments,
while water use efficiency (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
efficiency 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,
significantly disrupting their normal life processes and metabolic
functions (Bogati and Walczak, 2022; Zia et al., 2021). The
combination of low rainfall and extreme fluctuations 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 fluctuations 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
modifications as well as alterations in biochemical and metabolic
processes, ultimately enhancing their overall fitness under water-
deficient conditions (Agurla et al., 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 efficiency 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 reflected 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 influenced by the intensity and duration of
the drought, as well as species-specific 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 significant scientific 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
significantly influenced 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 flow, 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; Castafio 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
efficiency, 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 influencing 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 specific 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).
EMEF 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 fluorescence, 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 significantly 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 influenced 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 scientific
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 cm soil 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 significance. 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 flow hood. The
cultures were then sealed with parafilm 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 x 25 cm
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height x 18.5 cm base diameter) was filled 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 five 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 five 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, five 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 specific 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
= x 100% (1)

Total number of root segments
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TABLE 1 Colonization rates of Mongolian pine ectomycorrhizal seedlings.

Treatment

10.3389/fpls.2026.1744853

Colonization rates (%) 0

85.19 + 5.34

89.48 + 6.48 91.53 + 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
seedlings

2.4.1 Photosynthetic fluorescence measurements

Leaf photosynthetic parameters were assessed using a Li-6800
portable photosynthesis system (Li-COR, Lincoln, USA) between
09:00 and 11:00 on sunny days. The parameters measured included
net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular
CO, concentration (Ci), and transpiration rate (Tr), with data
gathered from three different leaf positions (upper, middle, and
lower canopy). After the measurements, the leaves were cut to
determine leaf area for normalizing the photosynthetic parameters.
Chlorophyll fluorescence parameters were measured using a Fluor
Cam open fluorescence imaging system (Photon Systems
Instruments, Drasov, Czech Republic) between 18:00 and 22:00 h.
Prior to measurements, the plants were kept in the dark for 20 min.
The parameters recorded included minimal fluorescence (F),
maximum photochemical efficiency of PSII (F,/F,), non-
photochemical quenching (NPQ), and photochemical quenching
coefficient (qP). For each treatment, five randomly chosen plants
were analyzed, with three replicate measurements taken for each leaf.

2.4.2 Water status parameters measurements

Leaf relative water content (RWC) and tissue density (TD) were
assessed according to the methods by Barrs and Weatherley (1962).
Leaf water use efficiency (WUE) was determined by calculating the
ratio of the net photosynthetic rate (Pn) to the transpiration rate
(Tr). Leaf (y) and root (y,) water potentials were measured using a
PSYPRO dew point potentiometer (Wescor, Logan, UT, USA). For
each treatment, five randomly chosen seedlings were analyzed, with
three replicate measurements taken for each leaf. The specific
calculation formula is given in Equations (2)-(4).

Leaf relative water content (RWC)

_ Fresh weight — Dry weight

X 100% 2
Dry weight ’ @
D ight
Leaf tissue Density (TD) = rylw.elg - x 100% (3)
Full turgidity weight
. Pn
Leaf water use efficiency (WUE) = Tr x 100% (4)

2.4.3 Leaf antioxidant capacity and osmolyte
accumulation measurements

Leaf relative electrical conductivity (REC) was assessed using a pH
meter (PHS-3E, LEICI, China) via the immersion technique (Li, 2002).
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The activities of leaf superoxide dismutase (SOD), catalase (CAT), and
antioxidant enzyme (Peroxidase, POD), along with the levels of
malondialdehyde (MDA) and proline (PRO) were measured using a
spectrophotometer, Soluble sugar (SS) content was determined through
aziridinium blue tetrazolium photoreduction, UV spectrophotometry,
guaiacol colorimetry, thiobarbituric acid, ninhydrin colorimetry and
anthrone colorimetry, respectively (Gao, 2006).

2.4.4 Drought resistance, drought recovery and
drought adaptability analysis

According to Chen et al. (2016), the evaluation of plant drought
resistance involved measuring relative growth during periods of
drought stress, while drought recovery capacity was assessed by
observing regrowth after re-watering. Drought adaptability was
determined by the overall growth performance during both stress
and recovery stages.

2.5 Statistical analysis

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
(p < 0.05) was used to evaluate the effects of treatments on physiological
parameters. Two-way analysis of variance was employed to examine the
effects of drought-rewatering, EMF inoculation, and their interaction on
physiological indicators of seedlings at 0.05 significance level. Linear
regression analyses of drought resistance, drought recovery, and
drought adaptability indices were performed using OriginPro 8.0
(OriginLab, Northampton, MA, USA). Multivariate analyses in R
4.3.0 (R Foundation, Vienna, Austria) included principal component
analysis (PCA) of stress and re-watering responses, correlation-based
cluster analysis, and Pearson correlation matrices linking physiological
traits with drought performance indices, with results visualized as PCA
biplots and clustered heatmaps.

3 Results

3.1 Drought and re-watering alterations in
leaf gas exchange and fluorescence
dynamics in ectomycorrhizal seedlings of
Mongolian pine

Drought stress, re-watering, and ECM inoculation had exerted
highly significant impact on the photosynthetic and chlorophyll
fluorescence characteristics of seedlings (P < 0.01). The contribution of
drought-rewatering cycles to parameter variation exceeded that of ECM
inoculation. A significant interaction between drought-rewatering and
ECM inoculation was observed only for Ci and qP (P < 0.01,
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Supplementary Table 1). Drought stress significantly impaired both
photosynthetic and photochemical efficiency in Mongolian seedlings (P
<0.05). Tr, Pn, Ci, Gs, F,,, Fv/Fm, NPQ, and qP 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 significantly improved photosynthetic performance and
photochemical efficiency during both drought and the following re-
watering (P < 0.05; Figures 1, 2). Co—inoculation (Rh+To) yielded better

10.3389/fpls.2026.1744853

photosynthetic results than singly inoculations, with Rh>To for
photosynthetic parameters and To>Rh for fluorescence 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
significant effects on water—relation traits of seedlings (P < 0.01).
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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 significant difference among the different moisture
treatments in the same inoculation treatment; the different small letters indicate significant 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 fluorescence parameters of Mongolian pine seedlings. [(A) minimal fluorescence, (B) maximal
photochemical efficiency, (C) non-photochemical quenching, (D) steady-state fluorescence quenching].

Changes in RWC, TD and WUE were influenced 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 y, decreased significantly (P < 0.05,
Figures 3D, E), in RWC and TD also declined in uninoculated
seedlings as stress intensified (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 , were significantly
higher in rewatered seedlings compared to well-watered controls
(P < 0.05) (Figures 3C, E). ECM inoculation significantly improved
most water-relation parameters after re—watering under severe drought
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(P < 0.05), expect for WUE and TD. Co-inoculated seedlings
consistently exhibited higher y; and W, 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 significantly

influenced osmoregulatory substances, cell membrane stability, and
antioxidant enzyme activities (P < 0.01), with drought-rewatering
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cycles accounting for a greater share of the variation than ECM
inoculation. Their interaction was significant 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 significantly 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 significantly 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 significantly influenced 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 efficacy 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 (*=0.005, Figure 7), whereas
drought recovery capacity and drought adaptability were
significantly correlated (> = 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, fluorescence
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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Re-watering

Effect of drought and re-watering on osmoregulation capacity of Mongolian pine seedlings. [(A) proline, (B) soluble sugar, (C) relative electrical

conductivity, (D) malondialdehyde].

Overall, physiological characteristics showed stronger
correlations with drought resistance than with drought recovery
or drought adaptability (Figure 8). During drought, drought
resistance had significant (P < 0.05) or highly significant (P <
0.01) correlations with most parameters, except TD, WUE, CAT,
and POD. Recover capacity correlated positively with Tr, RWC, TD,
CAT, and POD (P < 0.01), but negative with WUE and Pro (P <
0.01). Drought adaptability was positively correlated with
antioxidant enzyme activities (P < 0.01), and negatively to Pn, Ci,
Gs, and WUE (P < 0.05). After re-watering, drought tolerance
showed no significant correlation with NPQ, TD, SS, CAT or POD
(P>0.05), whereas drought resilience was highly positively with Fv/
Fm, NPQ, qP, and antioxidant enzyme activities (P < 0.01).
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Additionally, drought adaptation was positively associated with SS
and REC (P < 0.01).

4 Discussion

4.1 Drought-rewatering effects on
physiological responses in ectomycorrhizal
seedlings of Mongolian pine

Under drought stress, plant growth is regulated by a sophisticated
network of physiological, biochemical, and molecular processes, often
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Effect of drought and re-watering on antioxidant enzyme activities of Mongolian pine seedlings. [(A) superoxide dismutase, (B) catalase, (C) peroxidase].

initiated by morphological adjustments that trigger subsequent
metabolic responses (Martinez-Vilalta & Garcia-Forner, 2016;
Zhang et al., 2022). Consistent with our first hypothesis, the present
study demonstrates that drought stress led to a progressive decline in
photosynthetic performance, chlorophyll fluorescence, and water
status of Mongolian pine seedlings. We observed pronounced,
stress-intensity-dependent reductions in key parameters, including
Pn, Gs, Fy, Fv/Fm, NPQ, qP, y, y,, and RWC, consistent with known
drought response patterns in conifers, wherein photosynthesis is
particularly vulnerable to water deficit (Jia et al, 2021). As the
principal route for carbon assimilation and a central regulator of
drought responses, photosynthesis is highly sensitive to limited water
availability (Li et al., 2018). The reduction in Gs and Tr represents a
water-conserving strategy that lowers tissue water potential, albeit at
the cost of restricted CO, uptake and consequent depression of
photosynthetic efficiency (Bellasio, 2023). Chlorophyll fluorescence
provides critical insight into the photophysical processes occurring
within chloroplasts. Concurrently, the decline in NPQ and qP under
intensified drought indicates a substantial light-dependent
suppression of photosynthesis and a diminished capacity for
photoprotection and regulation of photosynthetic electron transport
(Brestic and Zivcak, 2013). Alongside these photophysical changes,
seedlings activated several acclimation mechanisms, including the
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accumulation of osmolytes (such as Pro and SS) for osmotic
adjustment, reduction in RWC and TD to enhance water
conservation, and elevation of antioxidant enzyme activities to
scavenge reactive oxygen species and preserve membrane integrity
(Gupta et al,, 2020). Collectively, these responses from a multi-layered
defense strategy that enhances seedling resilience under drought, yet
they were insufficient to prevent a progressive physiological
deterioration as stress intensity increased.

The second hypothesis, that EMF inoculation would significantly
mitigate the drought-induced physiological impairments, was strongly
supported by our data. Inoculated seedlings, particularly those with dual
inoculation (Rh+To), consistently maintained higher photosynthetic
parameters, chlorophyll fluorescence indices, and water-relation metrics
under drought stress compared to non-inoculated controls. This
protective effect can be attributed to several mechanisms mediated by
the fungal symbionts, which enhance drought tolerance through
improved photosynthesis, osmoregulation, and antioxidant capacity
(Ren et al,, 2023; Liu et al,, 2021). Specifically, EMF symbionts helped
sustain photosynthetic efficiency under drought by alleviating the
decline in gas exchange and chlorophyll fluorescence, thereby
supporting stable photosynthetic performance. This ensures that,
under drought conditions, ECM are critical for Mongolian pine
seedlings to sustain stable and efficient photosynthetic performance.
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Drought resistance, drought recovery and drought adaptability and their correlations of Mongolian pine seedlings under drought and re-watering

conditions.

In terms of water regulation, EMF enhanced water uptake efficiency
through modifications in root system architecture and improved
osmoregulatory function in root cells, which collectively contributed
to maintaining higher leaf relative water content (Lehto and Zwiazek,
2011; Castano et al., 2023). Furthermore, in antioxidant defense, ECM
effectively mitigate oxidative damage and protect cellular membrane
systems by increasing the MDA, POD, CAT and SOD activities in
seedlings (Madouh and Quoreshi, 2023). The observed resilience
underscores the multifaceted nature of the EMF-plant symbiosis in
stress adaptation. Beyond improving nutrient access, EMF enhance
drought resilience through integrated mechanisms that include: (i)
extending the functional root volume via extraradical mycelium,
thereby improving water foraging in drying soil; (ii) potentially
facilitating hydraulic redistribution or moderating water transport
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resistance; (iii) priming the host’s antioxidant and osmotic adjustment
systems; and (iv) modulating stress-related phytohormone signaling.
The superior performance of dual inoculation suggests potential
synergistic or complementary effects between Rhizopogon sp. and
Tomentella sp. in supporting the host plant under drought stress.
Following post-drought rewatering, plants activate intrinsic
self-regulatory and compensatory mechanisms that drive
physiological recovery, the extent of which is largely governed by
the severity of the preceding drought (Khoyerdi et al., 2016; Liao
et al,, 2018). Consistent with our third hypothesis, EMF-inoculated
seedlings displayed accelerated and more complete physiological
recovery compared to non-inoculated controls, with the extent of
recuperation closely tied to prior stress intensity. Under mild
drought (D7), chlorophyll fluorescence parameters (F,, Fv/Fm,
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NPQ, gP) and photosynthetic traits (Pn, Tr, Ci, Gs) in EMF-
inoculated seedlings rebounded to levels matching or even
exceeding those of well-watered controls, indicating reversible
PSII impairment and active compensatory responses. In contrast,
seedlings subjected to extreme drought (D35) exhibited incomplete
recovery, reflecting sustained photochemical and physiological
dysfunction induced by intense water deficit (Qi et al., 2021).
These results highlight that EMF enhance not only drought
tolerance but also the regenerative capacity of Mongolian pine
seedlings during rewatering, especially after moderate stress.
Optimal plant water status, reflected by RWC, plays a critical role
in maintaining physiological function and enhancing drought
resilience (Cai et al., 2020). Leaf dehydration is usually a reversible
process, and both RWC and TD of Mongolian pine seedlings
recovered significantly after rewatering. Plants restore growth and
photosynthetic functionality following re-watering via mechanisms
such as regenerative tissue proliferation, stomatal reopening, and
repair of oxidative damage. However, recovery efficiency depends on
stress intensity, duration, and species-specific drought tolerance
thresholds (Li et al., 2020). Furthermore, rewatering significantly
reduces of osmoregulatory substances (Pro, SS and MDA) and the
activities of oxidative enzymes (CAT, SOD and POD), thereby rapidly
restoring cell membrane permeability and improving the capacity of
the antioxidant system. These findings align with our study’s results,
demonstrating that rewatering markedly improves osmoregulatory
processes and cell membrane stability in Mongolian pine seedlings.

4.2 Response of Mongolian pine
ectomycorrhizal seedlings to drought-
rewatering stress

In ecologically fragile regions prone to frequent droughts and

sandstorms, Mongolian pine plantations are routinely exposed to
dynamic cycles of water stress and re-watering. These fluctuating
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moisture conditions significantly impair plant growth, photosynthetic
function, and essential metabolic processes, ultimately threatening
forest health and productivity. As a crucial dune-fixing afforestation
species in northern China’s sandstorm-prone areas, the drought
resistance, stress tolerance, and post-rewatering recovery capacity of
Mongolian pine directly determine its ecological benefits. Conventional
wisdom holds that plants can rapidly and fully recover to a healthy state
after the alleviation of drought stress (Anderegg et al,, 2015). However,
recovery of plant physiological functions exhibits a gradual progression,
and this process is critical for maintaining ecosystem stability. If
recurrent drought stress occurs before full recovery is achieved, it
may trigger irreversible regime shifts in ecosystems (Luo et al., 2015).
Over the past decade, research on the drought recovery capacity of
plants has received increasing scientific attention (Chen et al., 2016).
Consequently, understanding drought impacts on plants requires not
only examining physiological responses during stress, but also the
systematic characterizing recovery dynamics after re-watering.

Plant responses to drought and rewatering involve coordinated
physiological and biochemical mechanisms (Xu et al,, 2010), which
collectively shape plant drought tolerance, drought resilience, and
drought adaptation. Our study revealed distinct physiological
response patterns between drought resistance and drought
adaptation capacities in Mongolian pine seedlings during drought-
rewatering cycles. Critical physiological parameters showed contrasting
correlations between the drought stress and the post-rewatering
recovery. This finding confirms that the drought resistance and
recovery capacity of plants are governed by distinct physiological
mechanisms, with the stability of the photosynthetic fluorescence
system playing a crucial role in facilitating rapid recovery after
rewatering. PCA revealed that drought adaptation strategies varied
with stress intensity. Under mild to moderate drought and during
rehydration, photosynthetic parameters emerged as the primary
determinants of drought tolerance. Under severe to extreme drought,
however, osmolyte accumulation and antioxidant enzyme activities
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FIGURE 8

Correlations between the biochemical indicators and drought resistance, drought recovery, drought adaptability of Mongolian Pine seedlings under

drought (A) and re-watering (B) conditions.

became critical. This gradient response profile illustrates that plants
have constructed a multi-level regulatory mechanism to cope with
cyclic drought stress through the integrated coordination of drought
resistance, post-stress recovery capacity, and adaptive plasticity. Under
drought-induced stress conditions, drought resistance, drought
recovery, and drought adaptability serve as vital self-regulatory
mechanisms for plants to cope with drought stress (Fang and Xiong,
2015). Linear regression analysis revealed that drought recovery
capacity played a more dominant role than resistance in shaping
overall drought adaptation in Mongolian pine. This suggests that
under prolonged drought conditions, post-rewatering recovery
capacity potentially holds greater ecological importance than mere
drought resistance, providing new theoretical insights for
understanding plant adaptation strategies to periodic drought stress.
Plant water status constitutes a critical determinant of growth and
physiological performance, and maintaining a high RWC is strongly

Frontiers in Plant Science 12

correlation with plant drought resistance (Chen et al., 2016; Bartoli
etal, 1999). In this study, y;, y,, and RWC all exhibited significant to
highly significant positive correlations with plant drought resistance.
This confirms that water potential parameters and RWC serve as
effective indicators for assessing plant water status. It also confirms
that maintaining optimal hydration primarily improves drought
resistance capacity rather than post-drought recovery. In response
to drought stress, Mongolian pine seedlings employ a multifaceted
strategy to enhance their drought resilience: (1) morphological
adaptation, which involves root system proliferation, leaf area
reduction, and modulation of stomatal aperture to optimize water
uptake efficiency; (2) physiological regulation, which maintains cell
turgor pressure through the accumulation of osmoregulatory
substances such as Pro and SS; (3) cellular membrane system
protection, which strengthens the stability of cellular membranes
under drought stress; (4) antioxidant defense system, which enables
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efficient ROS scavenging through the dynamic modulation of
enzymatic activities, including SOD, POD, and CAT. Consistent
with this framework, drought stress significantly increased MDA
content and antioxidant enzyme activities, whereas rewatering
markedly decreased them. Correlation analysis further revealed that
antioxidant enzyme activities were significantly positively correlated
with drought adaptation capacity during drought stress (P < 0.05). In
contrast, these activities were more strongly associated with drought
recovery capability during the rewatering phase (P < 0.05). Based on
these findings, we propose that MDA content and antioxidant
enzyme activities serve as reliable physiological indicators for
assessing drought resistance in Mongolian pine seedlings. This
approach provides a crucial theoretical foundation for developing a
species-specific drought resistance evaluation system.

This study establishes a physiological foundation for improving
drought tolerance in Mongolian pine, a keystone species for
ecological restoration in arid and semi-arid regions. Our findings
point to two main directions for future research. First, the marked
resilience conferred by dual-fungal inoculation (Rh+To) underscores
the potential of optimized ectomycorrhizal partnerships; subsequent
work should employ transcriptomic and metabolomic approaches to
unravel the molecular dialogue and functional complementarity
underlying this synergistic effect. Second, to translate these
controlled-environment results into practical restoration strategies,
field trials are needed to evaluate the long-term survival and growth
of inoculated seedlings under natural, fluctuating drought regimes.

5 Conclusion

Drought stress has detrimental impacts on the physiological
performance of Mongolian pine seedlings. This study demonstrated
that EMF inoculation and rewatering treatments effectively
alleviated drought-induced damage through several synergistic
mechanisms. Firstly, by maintaining higher respiration rates and
enhancing photosynthetic efficiency (Tr increased by 40.72% to
298.02%), this approach mitigated the drought-induced inhibition
of photosystem II functionality (NPQ elevated by 18.03% to
211.11%). Secondly, it significantly improved leaf water status, as
evidenced by an increase in relative water content (RWC
upregulation of 2.05% to 45.57%) and enhanced water retention
capacity (TD improvement from 1.12% to 16.63%), thereby
promoting hydraulic transport efficiency (yr enhancement of
14.29% to 76.52%). Furthermore, through the coordinated
regulation of osmotic adjustment substances (soluble sugar
accumulation ranging from 5.00% to 47.22%) and modulation of
antioxidant enzyme activities (SOD and POD activities reduced by
0.31% to 7.21% and 9.07% to 20.76%, respectively), cellular
membrane stability was preserved (MDA reduction ranging from
16.75% to 62.73%), culminating in significantly enhanced
physiological adaptability to drought stress.

Following re-watering, Mongolian pine seedlings exposed to
varying intensities of drought exhibited distinct physiological
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compensatory responses. Overall, seedlings under mild drought
stress demonstrated enhanced compensatory effects, while those
subjected to extremely severe drought stress showed a significantly
reduced capacity for recovery. Under drought-rewatering conditions,
Mongolian pine ectomycorrhizal seedlings exhibited improved
drought resistance, superior post-stress recovery capacity, and
increased adaptive resilience. The mechanisms underlying their
responses to drought-rewatering can be summarized as follows:
EMF synergistically enhanced seedling drought tolerance through
coordinated physiological improvements, including (1) promoting
photosynthetic performance, (2) optimizing foliar water status, (3)
regulating osmotic homeostasis in mesophyll cells, and (4)
scavenging ROS damage, thereby establishing a multi-layered
drought defense system.
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