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Abstract
Background

In saline ecosystems, halophytes reshape their phyllosphere microenvironment through unique salt-
tolerance strategies, driving microbial community differentiation and functional adaptation. But under
extreme conditions, a comprehensive understanding of how these microbes respond to environmental
cues and subsequently influence their hosts remains elusive.

Methods

we collected and analyzed leaf physiological-biochemical traits and high-throughput amplicon
sequencing data of phyllosphere microbiota from three representative halophytes—Suaeda salsa (SS),
Nitraria sibirica (NS), and Salicornia europaea (SE)—along gradients of soil salinity and water content.

Results

soil water stress, induced by the combined effects of soil salinity and moisture, is a pivotal factor driving
differences in plant physiological-biochemical traits. Under the influence of these trait variations,
deterministic processes jointly governed the assembly of phyllosphere bacterial and fungal
communities, yet their composition, diversity, and metabolic functions exhibited marked differences.
Specifically, the key bacterial genus Planococcus, fungal taxa within Ascomycota, and metabolic
functions associated with antioxidant stress responses were significantly enhanced in SS; the bacterial
genus Vibrio and metabolic functions linked to microbial competition-defense mechanisms and
oligotrophic traits were enhanced in SE. Varying degrees of increase in key fungal and bacterial taxa
across the phyllosphere of all three species further influenced community diversity, but stochastic
processes also contributed to fungal community assembly.

Conclusions

Findings reveal that soil water stress indirectly impacts phyllosphere microbial communities, with
differences in the stress-tolerant physiological-biochemical traits of halophytes under varying water
stress conditions significantly shaping microbial community composition. Moreover, the stress-
resistance traits exhibited by phyllosphere microbiota may enhance plant adaptation to extreme
environments.

Introduction

Amid the global trend of intensive land resource utilization, soil salinization and drought have emerged
as primary abiotic stressors limiting crop productivity and quality (Zhang et al. 2012; Behera et al. 2022)
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In China, saline soils span approximately 99 million hectares, with nearly 70% located in arid and semi-
arid regions. Plants in these areas suffer from ion toxicity, osmotic stress, and oxidative damage,
severely restricting the growth and development of economically important crops (Kefu et al. 2002; Yang
and Guo 2018). Extensive evidence suggests that plant physiological responses to salinity and drought
share certain similarities, as both induce osmotic stress: drought exacerbates the water potential
gradient between roots and soil (AW < 0), while salinity reduces soil water availability, thereby
constraining water uptake and triggering oxidative stress (Al-Yasi et al. 2020; Rosca et al. 2023). These
stressors further disrupt plant metabolic processes, resulting in growth suppression, reduced
photosynthesis, and impaired uptake of essential nutrients from the soil. Halophytes are defined as
plants capable of completing their life cycles in naturally saline soils with NaCl concentrations exceeding
200 mM (Yuan et al. 2019). They are renowned for their efficient salt tolerance mechanisms and
remarkable adaptability to saline-alkaline environments. According to the niche theory, a species’
suitability is primarily determined by environmental conditions that define its fundamental niche, which
encompasses the suite of biotic and abiotic factors enabling its persistence (Richards and Lavorel
2023). Consequently, the types of halophytes and their physiological-biochemical traits vary across
gradients of salinity and water availability, equipping them to acquire resources, evade adversaries, and
thrive under diverse adverse conditions.

The phyllosphere is one of the most ubiquitous microbial habitats on Earth. Its microbiota harbor a rich
reservoir of functional genes (Vorholt 2012; Bashir et al. 2022) and maintain a close synergistic
relationship with rhizosphere microbes, collectively influencing plant health and ecosystem functionality.
Nutrient accumulation and microbial colonization in the phyllosphere are not static processes; rather,
they exhibit dynamic and discontinuous variations driven by environmental factors, rendering the
determinants of microbial community composition highly complex. Consequently, integrating multi-
omics data to elucidate the assembly mechanisms and driving factors of phyllosphere microbial
communities has emerged as a research frontier. Phyllosphere microbes are subject to fluctuations in
physical environmental conditions, such as temperature, relative humidity, wind speed, and radiation
(Hirano and Upper 2000), with atmospheric conditions and host plant type widely recognized as the
primary drivers of phyllosphere microbial community composition. Studies have shown that under
extreme environmental conditions, plant leaves tend to stimulate beneficial and stress-tolerant bacterial
taxa, which may enhance plant survival and adaptation (Li et al. 2022b). Concurrently, plants exert a
significant selective influence on phyllosphere microbial community composition. For instance, in
temperate grasslands, the composition of bacterial and fungal communities in the phyllosphere varies
with plant species (Guo et al. 2024), and differences in plant traits further determine microbial
community structure and the abundance of genes involved in nutrient cycling (Li et al. 2023). Moreover,
phyllosphere microbial communities directly impact plants by secreting organic compounds, such as
hormones or nitrogen-fixing enzymes, to regulate nutrient cycling (Abadi et al. 2020), or by producing
surfactant-like compounds to enhance leaf wettability (Bunster et al. 1989), thereby supporting plant
health and growth. A tight interplay exists between plant traits and phyllosphere microbiota: plant traits,
shaped by responses to environmental stress, regulate the types of organic compounds secreted by
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leaves; these traits, in turn, are constrained by the plant’s carbon (C) and nitrogen (N) nutrient demands,
with microbes involved in C and N cycling significantly influencing nutrient fluxes and, consequently,
plant trait expression (Kembel et al. 2014; Legay et al. 2014).

However, beyond the filtering effects of the environment, biotic interactions and stochastic events such
as birth, death, and dispersal of organisms also influence the assembly of phyllosphere microbial
communities. In community ecology, community assembly is widely recognized as being co-regulated by
deterministic processes based on niche theory and stochastic processes based on neutral theory (Li et
al. 2019). Niche theory posits that each species occupies a distinct ecological niche, with deterministic
processes—such as environmental filtering and biotic interactions (non-random ecological processes)—
largely shaping the compositional patterns of community structure. In contrast, neutral theory assumes
that all individuals are ecologically equivalent, and community composition is primarily governed by
stochastic processes (e.g., birth, death, and dispersal) rather than differences in competitive ability
(Rosindell et al., 2011; MacArthur and Wilson, 1967). In reality, these two theories are not contradictory
but complementary, as deterministic and stochastic processes often operate simultaneously during
community assembly. The integration of deterministic and stochastic frameworks provides a robust
approach to elucidating the principles and mechanisms underlying community assembly, offering
powerful tools for understanding the construction of phyllosphere microbial communities.

Previous studies have predominantly focused on the influence of plants on their phyllosphere microbial
communities, while largely overlooking the effects of plant traits—shaped by distinct ecological niches
within the same ecosystem—on these microbial communities. In this study, we analyzed the
physiological and biochemical traits of three halophytic species along gradients of soil salinity and
moisture in a saline ecosystem, coupled with sequencing data of their phyllosphere microbial
communities. We aimed to investigate how soil water stress under different levels of salinity interact in
influencing plant physiological and biochemical characteristics, how these stresses affect the
phyllosphere microbiome and what the associations are between leaf traits and the composition of
microbial communities. Accordingly, we propose the following hypotheses: (1) the adaptative responses
of halophytes to soil water stress under different levels of salinity are key drivers of differences in
phyllosphere microbial communities. (2) the physiological and biochemical traits of different halophytes
regulate the composition, diversity, and functional differentiation of their phyllosphere microbial
communities, and certain key taxa within these communities may further contribute to the host plants'
adaptation to environmental stresses; (3) in microbial community assembly, deterministic processes
predominantly govern the construction of both bacterial and fungal communities, although deterministic
processes play a more pronounced role in shaping bacterial communities compared to fungal
communities.

Materials and Methods

Site description
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This study was conducted in a salt lake located near Baoligen Sumu, Xilinhot City, Xilingol League, Inner
Mongolia Autonomous Region, China (43°57'34"N, 115°36'53"E). The region has an annual mean
temperature ranging from 1.9°C to 6.8°C and an average annual precipitation of 236.5 mm. The soil is a
predominantly grayish-white saline-alkaline soil, characterized by high salinity or alkalinity, poor structure,
susceptibility to soil compaction, low organic matter content, and weak nutrient retention capacity. As
soil salinity and water content increase progressively from the lake’s periphery to its center, the types of
halophytes growing in the area vary accordingly under natural conditions. Consequently, we selected
sampling areas based on the habitats of three representative halophytes from the lake’s edge to its
center, classifying these zones into low, medium, and high salinity levels.

Experimental design

In three sampling regions characterized by a progressive increase in soil salinity, we selected one
representative halophytic plant species from each region based on the salinity gradient: Suaeda salsa
(SS), Nitraria sibirica (NS), and Salicornia europaea (SE). For each species, samples were collected from
three distinct plots located at least 500 m apart within each sampling region. In each plot, four healthy
individuals of the target species(four replicates), spaced at least 50 m, were randomly selected. Leaf
samples were collected using sterile gardening scissors, which were disinfected with 75% ethanol and
air-dried before use. Rhizosphere soil samples were simultaneously collected from the area surrounding
the roots of each plant. All plant materials were placed in sterile paper bags, and both plant and soil
samples were immediately transported to the laboratory under cooled conditions and stored at - 20°C
for subsequent analysis

Determination of Soil Physicochemical Properties and Plant Leaf Physiological-Biochemical Traits

Soil and plant leaf organic carbon contents were determined using the potassium dichromate oxidation
method (Nelson and Sommers 2018). Soil nitrate-N and ammonium-N levels were determined using a
continuous flow analyzer. Total phosphorus in both soil and plant leaf samples was measured following
acid digestion, employing the molybdenum blue spectrophotometric technique. Soil electrical
conductivity (EC) was evaluated using a conductivity meter, with a 1:5 (w/v) soil-to-deionized water
suspension. Soil pH was measured with a pH meter using a 1:2.5 (w/v) soil-to-water suspension. Water-
soluble sodium (Na*) content was assessed using the ammonium acetate-ammonium hydroxide
extraction method combined with flame photometry. Soil chloride (CI-) concentration was determined
through titration with standard silver nitrate solution, using potassium chromate as an indicator.
Gravimetric analysis was employed to quantify soil moisture content.Total nitrogen (TN) content in plant
samples was measured by the Kjeldahl method, with digested samples analyzed using a Kjeldahl
nitrogen analyzer. Total potassium (TK) concentration was determined via atomic absorption
spectrophotometry at 766.5 nm. Leaf malondialdehyde (MDA) content was evaluated using the
thiobarbituric acid (TBA) reaction method, following the protocol by Heath and Packer (2022).
Superoxide dismutase (SOD) activity was quantified based on the inhibition of nitroblue tetrazolium
(NBT) photoreduction, while peroxidase (POD) activity was assessed via the guaiacol oxidation
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method(Zieslin and Ben-Zaken 1991). Proline(Pro) content in plant tissues was analyzed using the
ninhydrin-based colorimetric assay(Carillo and Gibon, 2011.). Soluble sugar(SUG) and soluble
protein(SP) concentrations were determined using the anthrone colorimetric method and the Coomassie
Brilliant Blue assay, respectively (Kong et al., 2011; Bradford, 1976.).Catalase (CAT) activity in leaves was
determined by homogenizing plant tissue in precooled trichloroacetic acid (TCA), followed by
centrifugation. One milliliter of the supernatant was mixed with 1 mL of 100 mmol-L-" phosphate-
buffered saline (PBS, pH 7.0) and 2 mL of 1 mol-L-" potassium iodide (KI). After thorough mixing and a
10-minute incubation, absorbance was recorded at 390 nm. And in this study, EC was used to evaluate
soil salinity.(McGeorge 1954)

DNA Extraction and Sequencing of Phyllosphere Microorganisms

To collect phyllosphere microorganisms, 1 g of fresh leaves from each of four samples of a specific
plant species from the same plot was aseptically placed into four sterile 50 mL centrifuge tubes. Each
tube was filled with 50 mL of 0.1 M potassium phosphate buffer (pH 8.0). The samples were then
subjected to ultrasonication for 60 s followed by vortexing for 10 s, with this process repeated twice.
After washing, the leaf material was transferred to new sterile centrifuge tubes, and the washing
procedure was repeated. The suspensions from both washes were combined and centrifuged at 13,000
g for 10 min to pellet the precipitate. The resulting pellet was stored at -80°C for subsequent DNA
extraction(Bodenhausen et al. 2013).

Sequencing for this study was performed by Personalbio Co., Ltd. using the Illumina MiSeq high-
throughput sequencing platform. Bacterial 16S rRNA gene sequences (V3-V4 region) and fungal 18S
rRNA and ITS rDNA sequences (ITS2 region) from the plant microbiome samples were targeted. After
demultiplexing the paired-end (PE) reads obtained from Illumina sequencing, quality control and filtering
of the PE reads were conducted based on sequencing quality. Reads were then assembled using the
overlap between PE sequences to generate optimized data post-quality control. The optimized data were
processed using sequence denoising methods (e.g., DADA2 or Deblur) to obtain amplicon sequence
variants (ASVs) along with their representative sequences and abundance information(Benjamini and
Hochberg 1995; Rognes et al. 2016). Based on ASV representative sequences and abundance data, a
series of analyses were performed, including taxonomic classification, community diversity assessment,
differential species analysis, correlation analysis, phylogenetic analysis, and functional prediction. These
analyses were supported by statistical and visualization techniques tailored to the dataset.

Statistical Analysis

All statistical analyses were performed using R software (version 4.4.0). Linear regression analysis of
the plant MDA content with soil physicochemical properties and other physiological and biochemical
indicators of the plant was conducted using the “geom_smooth()” function from the “ggplot2” package
to fit the data model. The multivariate regression tree (MRT) analysis was performed using the “mvpart”
package to identify the soil factors that drive differences in plant physiological and biochemical traits.
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The “vegan” package in R was employed to analyze the abundance and composition of microbial
communities, while the “ggplot2” package was used to generate stacked bar plots at the phylum and
genus levels. To assess differences in evaluation metrics, one-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) test was applied to detect significant differences. Prior
to these analyses, the Shapiro-Wilk test confirmed that the data conformed to a normal distribution, and
the Bartlett test was used to verify the homogeneity of variances (Zhang et al. 2023). The Mantel test
was employed to evaluate the correlations between plant leaf physiological and biochemical traits and
both phyllosphere microbial community composition and a-diversity, with significance determined via
randomization tests to calculate P-values (Dixon 2003). Spearman correlation analysis was conducted to
compute Spearman’s rank correlation coefficients, assessing the monotonic relationships between
phyllosphere microbial genera, microbial community network topology, and the physiological and
biochemical traits of plant leaves (Pan et al. 2017). For the microbial co-occurrence network, the total
abundance of ASVs was calculated, and ASVs were ranked by abundance to select the top 1000 most
abundant ASVs. Using the “WGCNA" and “igraph” packages, a correlation network among ASVs was
constructed. Spearman’'s method was used for correlation analysis, and ASVs with a Spearman
correlation coefficient less than 0.8 and a P-value less than 0.0001 were excluded to ensure significant
and reliable relationships between ASVs. The igraph package's cluster_fast_greedy algorithm was
utilized for module partitioning to identify potential functional modules within the community (Newman
2006; Blondel et al. 2008). The "microeco" package was used to calculate within-module connectivity (ZI)
and among-module connectivity (Pi) of microbial networks, determining key species within the microbial
community (Deng et al. 2012). The B-nearest taxon index (BNTI) and Bray-Curtis-based Raup-Crick
metric (RCbray) were calculated using the “iCAMP” package. BNTI values less than - 2 indicate
homogeneous selection, while values greater than 2 suggest heterogeneous selection(Zhou and Ning
2017). For BNTI values between - 2 and 2, RCbray values less than - 0.95 indicate homogeneous
dispersal, values greater than 0.95 suggest dispersal limitation, and all other values reflect stochastic
drift (Stegen et al. 2015). Random forest analysis, implemented with the “randomForest” package, was
used to identify key drivers of community structure, followed by the construction of a structural equation
model (SEM) using the “plspm” package to further explore these relationships.

Results

Soil Environment and Physiological-Biochemical Traits of Halophytes

Linear regression analyses revealed significant negative correlations between plant MDA content,
antioxidant enzyme activities (POD, CAT, and SOD), and soil EC, soil water content (SWC), and Na* and
Cl- concentrations.(Fig. 1a-d) To identify the key factors influencing plant physiological and biochemical
traits, we conducted multivariate regression analyses, employing cross-validation and pruning of
regression tree nodes. The results indicated that at high salinity (EC > 2565 pS/cm), SWC was a
secondary determinant of these traits, whereas at low salinity (EC < 2565 pS/cm), EC was the primary
driver.(Fig. S1) Furthermore, SS exhibited significantly higher CAT and POD activities, as well as elevated
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MDA, SP, TN, Pro contents, compared toNS and SE. In contrast, SE showed significantly lower CAT, POD,
SOD, TN, total phosphorus (TP), total carbon (TC), and Pro contents compared to SS and NS.(Fig. 2)

Phyllosphere Bacterial and Fungal Communities of Halophytes

Having established that soil salinity and soil moisture are decisive factors influencing the physiological-
biochemical traits of halophytes, we further investigated their indirect effects on microbial communities
by analyzing differences in the composition, diversity, and functional metabolism of phyllosphere
microbiota from the three halophytic species. Pearson and Mantel analyses were employed to correlate
these microbial attributes with plant physiological-biochemical traits.

Regarding community composition, our results revealed distinct structural differences among the
phyllosphere microbial communities of the three halophytes. At the phylum level, Proteobacteria were
predominantly enhanced in SE plants, while Firmicutes and the fungal phylum Ascomycota were
primarily enhanced in SS plants. The fungal phylum Basidiomycota was also dominant in SS plants
(Fig. 3a,c; Fig. S2a,c). At the genus level, Planococcus and the fungal genus Acremonium were enhanced
in SS plants, Vibrio was enhanced in SE plants, and fungal genus Pleospora was predominantly found in
SS plants, Kocuria was enhanced in SS and NS plants(Fig. 3b,d;Fig. S1b,d). To further elucidate the
relationships between phyllosphere bacterial and fungal communities and plant physiological-
biochemical traits, we conducted Mantel and Pearson correlation analyses. The results indicated
significant or highly significant correlations between bacteria and fungi community composition and
nutrient elements (TN, total phosphorus [TP], total carbon [TC]), reactive oxygen species (ROS) system
indicators (MDA, CAT, POD), and osmotic adjustment substances (Pro, SP). (Fig. 3e) Further correlation
analysis of the top 30 most abundant bacterial genera with plant traits revealed that Vibrio exhibited
significant negative correlations with TN, TC, CAT, and SOD, whereas Planococcus and Kocuria showed
significant positive correlations with TN, TC, CAT, and SOD. Key fungal genera, Acremonium and
Pleospora, displayed significant positive correlations with TN, MDA, POD, CAT, SP, and Pro. (Fig. 3g,h)

Mantel analysis of the alpha diversity of bacterial and fungal communities showed that TC, TP, SOD, and
Pro were significantly or highly significantly correlated with microbial a-diversity indices. (Fig. 3f)
Spearman analysis further confirmed these associations. Specifically, TC, TP, SOD, and Pro were
significantly positively correlated with bacterial Shannon, Simpson, Pielou, and Goods_coverage indices,
while in fungal communities, these traits were positively correlated with the Obs index and negatively
correlated with the Pielou index. (Fig. S3) Moreover, we found that the Shannon, Simpson, and
Goods_coverage indices of phyllosphere bacterial communities in SE plants were significantly lower
than those in SS and NS plants. In contrast, the Obs and Chao indices of phyllosphere fungal
communities in SS plants were significantly lower than those in SE and NS plants, while the Pielou index
of fungal communities in SE plants was significantly higher than in SS and NS plants. (Fig. 4)

Functional Prediction of Phyllosphere Microbial Communities in Halophytes
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Given that the differences in soil physicochemical properties and plant physiological and biochemical
characteristics are more pronounced in SE plants at the center of the saline-alkaline lake and SS plants
at the lake edge compared to NS plants, we performed a differential metabolic pathway analysis of the
phyllosphere microbial communities under high water stress (SS) and low water stress (SE) using
PICRUSt2 to investigate the potential functional variations in bacterial and fungal communities. The
results revealed pronounced functional differentiation between bacterial and fungal communities:
metabolic functions associated with antioxidant stress responses were predominantly enhanced in SS
phyllosphere microbial community, whereas functions related to competitive defense mechanisms or
efficient resource utilization were more abundant in SE phyllosphere microbial community.

(Fig. 5)Specifically, in the SS phyllosphere bacterial community, secondary metabolic pathways including
isoflavonoid biosynthesis, flavonoid biosynthesis, arachidonic acid metabolism, sesquiterpenoid
biosynthesis, photosynthesis - antenna proteins, steroid hormone biosynthesis, carotenoid biosynthesis,
and lipoic acid metabolism were significantly enhanced (Table S1). Similarly, in the fungal community,
pathways such as phospholipid remodeling, NAD/NADP-NADH/NADPH metabolism, sulfate reduction |
(assimilatory), palmitate biosynthesis | (animals and fungi), and phospholipases were enhanced, all of
which are linked to antioxidant stress responses (Table S2).

In contrast, in the SE phyllosphere bacterial community, pathways such as biosynthesis of ansamycins,
Vibrio cholerae pathogenic cycle, and plant-pathogen interaction exhibited significant expression,
primarily associated with immune defense mechanisms (Table S1). Additionally, the superpathway of
purine nucleotide salvage and the superpathway of pyrimidine ribonucleosides salvage were markedly
enhanced in the SE phyllosphere fungal community, indicating efficient utilization of pre-existing
environmental nutrient resources by fungi (Table S2).

Co-occurrence Network Patterns and Community Assembly of Phyllosphere Microbiota in Halophytes

Using co-occurrence network analysis, we constructed microbial networks for the phyllosphere of the
three halophytes and further examined the correlations between the topological indices of bacterial and
fungal networks and plant physiological-biochemical traits. The results revealed that TP, TC, SOD, and
POD exhibited significant positive correlations with the degree, graph density, and clustering coefficient
of bacterial networks (Fig. 6c). This suggests that as TP, TC, SOD, and POD levels increase, the co-
occurrence network structure of bacteria becomes more tightly interconnected. In contrast, TP, TC, and
SOD showed a significant positive correlation with the modularity of the fungal network, indicating that
under high water and salinity stress, the modular organization of the SS fungal network becomes more
distinct. However, these parameters were significantly negatively correlated with graph density and
degree, suggesting that despite increased modularity, the fungal network structure remains relatively
loose, with lower interdependence among community members (Fig. 6d). Furthermore, we employed Zi-
Pi analysis to identify key network nodes, pinpointing core microbial taxa and screening genera that play
pivotal roles in the microbial communities. The results indicated that bacterial communities were
predominantly distributed within the dominant phyla Proteobacteria and Firmicutes. Specifically, the key
genera in SS were Planococcus and Kocuria, in NS they were Planococcus and Planomicrobium, and in
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SE it was Vibrio. For fungal networks, key nodes primarily belonged to the phylum Ascomycota, with the
core genera identified as Alternaria and Acremonium (Fig. S4).

To further elucidate the influence of plants on the assembly of phyllosphere bacterial and fungal
communities, we employed null model analyses based on BNTI and RCbray to assess the contributions
of stochastic and deterministic processes. The results showed that BNTI values for phyllosphere
bacterial communities were consistently less than - 2, indicating that deterministic processes
dominated bacterial community assembly.(Fig. 6€) In contrast, fungal community assembly varied: the
BNTI value for NS plants was less than - 2, suggesting a dominance of deterministic processes, whereas
BNTI values for SE and SS plants fell within |2|, indicating that fungal community assembly was
influenced by both deterministic and stochastic processes. (Fig. 6f) Combined with RCbray analysis, we
found that homogeneous selection was the primary process governing the assembly of bacterial
communities and the fungal community in NS plants. Ecological drift and dispersal limitation dominated
fungal community assembly in SE plants, while homogeneous selection (50%) and ecological drift (50%)
jointly drove fungal community assembly in SS plants. (Fig. S5a,b) To identify the intrinsic factors driving
community assembly, we conducted Mantel tests to explore correlations between BNTI and
environmental variables. The results demonstrated significant correlations between plant nutrient
content(TN, TC, TP), antioxidant enzyme activity (SOD, POD, CAT), Pro, SUG content and the BNTI values
of both bacterial and fungal communities (Table S3,4).

Responses of Phyllosphere Bacterial and Fungal Communities to Physiological-Biochemical Traits of
Halophytes

Random forest analysis was employed to identify the key factors influencing microbial community
characteristics by constructing multiple decision trees and integrating them into a robust classifier for
classification and regression. (Fig. S6) Based on the results of the random forest analysis, the most
important factors were subsequently used to construct a SEM. The SEM results revealed that MDA
content in halophytes exerted an indirect positive effect on both the composition and a-diversity of
phyllosphere microbial communities. Specifically, at the initial stage, MDA directly modulated the ROS
system of halophytes, and activation of the ROS system facilitated the accumulation of plant elements.
This accumulation, in turn, positively influenced microbial community composition and a-diversity.
Additionally, osmotic adjustment substances exhibited a negative effect on the a-diversity of
phyllosphere fungal communitie.(Fig. 7)

Discussion

Halophyte Responses to Soil Water Stress

In our study, soil water stress emerged as a key determinant of the physiological and biochemical traits
of halophytes, significantly shaping the characteristics of phyllosphere microbial communities.
Specifically, water stress-induced osmotic imbalance triggers excessive ROS production, leading to MDA
accumulation, which in turn activates ROS signaling and detoxification pathways. Concurrently,
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compensatory osmotic adjustment mechanisms are initiated, promoting the reallocation of nutrients
such as C and N, which indirectly modulates bacterial and fungal community structures and drives
differences in community composition. Linear regression analyses revealed that soil water stress
significantly influences MDA content and the activities of antioxidant enzymes (POD, CAT, and SOD).
Notably, under low salinity (EC < 2565 pS/cm) and water-limited conditions, SS exhibited elevated MDA
and Pro contents, as well as increased POD, CAT, and SOD activities. These responses are attributed to
low soil water content, which maintains a low soil matric potential, coupled with an imbalance between
soil salinity and plant cell osmotic potential. This imbalance exacerbates the water potential gradient
between plants and soil, further restricting water availability, leading to cellular dehydration, structural
changes in leaves, and heightened ROS production. Consequently, plants activate antioxidant defense
systems, resulting in enhanced antioxidant enzyme activities (Munns and Tester 2008; Miller et al. 2010;
Flowers and Colmer 2015; Acosta-Motos et al. 2017). These findings also explain our multivariate
regression results, which identified EC as the primary driver of physiological and biochemical traits under
low salinity (EC < 2565 pS/cm). Surprisingly, soil salinity did not cause severe ion toxicity in halophytes,
owing to their unique salt-tolerance mechanisms. Extensive research indicates that halophytes mitigate
ion toxicity through ion compartmentalization, utilizing Na*/H* antiporters (NHX) to sequester Na* in
vacuoles, thus reducing cytosolic Na* concentrations (Apse et al. 1999; Blumwald 2000). Additionally,
the succulent leaves and stems of halophytes store water and salts, diluting salt concentrations and
minimizing ion toxicity (Kefu et al. 2003).

On the other hand, substantial evidence suggests that water stress inhibits photosynthesis, impairing the
primary pathway for carbon acquisition (Zahra et al. 2022; Zhou et al. 2024). MDA, a marker of
membrane damage, reflects oxidative injury caused by excessive ROS. Under normal conditions,
elevated MDA content serves as a protective mechanism against water stress by regulating defense and
developmental genes, providing cellular protection under oxidative stress (Morales and Munné-Bosch
2019). The significant positive correlation between MDA content and ROS-scavenging enzyme activities
in our study confirms the proper functioning of ROS detoxification pathways. Under ROS signaling,
antioxidant enzymes likely play dual roles in mitigating ROS damage and regulating ROS-mediated signal
transduction. Notably, ROS, particularly H,0,, act as signaling molecules by oxidizing cysteine residues in
regulatory proteins, with SOD being a critical enzyme in H,0, production. Loss of SOD activity can
disrupt ROS signaling by reducing H,0, levels, indirectly affecting protein and amino acid metabolism
(Wang et al. 2018). We hypothesize that the activation of detoxification pathways may coincide with the
induction of osmotic compensation mechanisms. Current studies indicate that under drought
conditions, plants prioritize the transport of C and N to leaves to maintain Rubisco levels and
photosynthetic efficiency, enhancing adaptation to environmental stress (Bota et al. 2004; Sala et al.
2010). The positive correlation between antioxidant enzyme activities and leaf nutrient (C, N, P) contents
in our study further supports that water stress facilitates nutrient reallocation. (Fig. S9a,b)This nutrient
accumulation may trigger compensatory amino acid and protein synthesis (Gagneul et al. 2007; Wang et
al. 2009; Liu et al. 2011; Fan et al. 2011), as amino acids and proteins regulate osmotic imbalances
caused by water stress. Certain amino acids also protect macromolecular subcellular structures,
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mitigating oxidative damage from free radicals (Wang et al. 2016; Arbelet-Bonnin et al. 2020). Moreover,
amino acids such as proline, tyrosine, alanine, amides, and non-protein amino acids accumulate under
salt stress (Kumari et al. 2015; Behr et al. 2017). Additionally, nutrient accumulation may influence
phyllosphere microbial communities by providing diverse secretory metabolites, recruiting beneficial
microbes or suppressing pathogens, thereby shaping community diversity and functional differentiation.

Influence of Halophytes on Community Composition, a-Diversity, and Metabolic Functions of
Phyllosphere Bacterial and Fungal Communities

Our study demonstrates that, under soil water stress, the nutrient content, antioxidant enzyme activity,
MDA, and Pro levels in different halophytes regulate the structure of their phyllosphere bacterial and
fungal communities to varying degrees. When facing environmental constraints, halophytes may emit
distinct “distress signals” to the phyllosphere through diverse physiological-biochemical traits, secreting
various amino acids, sugars, hormones, and phenolic compounds (Weibull et al., 1990; Nonomura et al.,
2009;L6épez-Guerrero et al., 2013; Chang et al., 2021). These secretions may facilitate the colonization of
specific microbial strains or act as broad-spectrum inhibitors to restrict the proliferation of certain taxa,
thereby influencing host preferences of key bacterial genera. Concurrently, bacterial genera with distinct
ecological functions may become enhanced in specific phyllosphere environments under the selective
pressure of halophytes, leading to functional differentiation in microbial metabolism. Notably, the
differential distribution of key genera Planococcus, Kocuria, and Vibrio along soil salinity and moisture
gradients provides strong evidence supporting our findings. We observed that as soil moisture and
salinity increased, the abundance of Vibrio in the phyllosphere significantly rose, while bacterial a-
diversity markedly declined. (Table S9c-e) This may be attributed to low water stress conditions, where
halophytes exhibit reduced nutrient content and higher soil moisture creates a humid microenvironment
conducive to pathogens, resulting in lower organic secretions or the release of antibacterial compounds.
The antibacterial activity and broad-spectrum properties of compounds secreted by Vibrio ruber enable
it to outcompete other taxa, reducing their niche space and resources, thus lowering overall diversity.
Conversely, the distribution of Planococcus and Kocuria in the phyllosphere positively correlates with a-
diversity. (Table S9c-e) Under high water stress, elevated MDA and nutrient levels in halophytes may
enhance anabolic metabolism, increasing organic secretions and recruiting beneficial genera such as
Planococcus and Kocuria to mitigate stress. (Satpute et al. 2010; Waghmode et al. 2020) Our functional
prediction of phyllosphere microbiota further corroborates this observation: under low-stress conditions,
functions associated with competitive defense mechanisms are significantly enhanced in the bacterial
communities of the plant phyllosphere, whereas under high-stress conditions, metabolic functions linked
to antioxidant stress responses predominate. For instance, photosynthesis - antenna proteins,
carotenoids, lipoic acid, isoflavonoids, and flavonoids have been demonstrated to directly scavenge or
reduce the production of reactive oxygen species (ROS) (Pospisil, 2016; Vetoshkina et al., 2023; Suzuki
et al., 1991; Ou et al., 1995; Kumar and Pandey, 2013; Platzer et al., 2022). In contrast, the significant
expression of pathways such as naphthalene degradation, other glycan degradation, geraniol
degradation, nitrotoluene degradation, and caprolactam degradation in the phyllosphere bacterial
community of SE was associated with the degradation of complex organic compounds, indicating that
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these bacteria efficiently utilize otherwise inaccessible carbon, nitrogen, and phosphorus resources in
the phyllosphere environment. The functional differentiation of phyllosphere bacterial communities
between the two halophytes not only highlights their adaptive strategies to distinct host environments
but also underscores the flexible mechanisms employed by halophytes in response to diverse
environmental stresses.

In contrast to bacterial communities, we found that compositional differences in fungal communities
predominantly stem from the phylum Ascomycota (Fig. S7), which dominates the key fungal taxa in the
phyllosphere of all three halophytes. Consequently, we infer that the regulatory influence of halophytes
on phyllosphere fungal communities primarily targets the genera and abundance variations within
Ascomycota. This phylum is currently recognized as an eutrophic group in microbial ecological
strategies, playing a pivotal role in litter decomposition (Zheng et al. 2021; Liu et al. 2023). This
ecological trait provides a plausible explanation for the increase of certain key genera (e.g., Acremonium
and Pleospora) in the phyllosphere of halophytes with elevated TN content. Concurrently, the increase of
Acremonium and Pleospora in SS under high water stress is a primary driver of functional differentiation
in fungal communities (Fig. S8). Phospholipid remodeling, phospholipases, and palmitate biosynthesis
protect microbial cell membranes from ROS damage by repairing compromised lipids, adjusting
membrane composition (increasing the proportion of saturated fatty acids), and preventing lipid
peroxidation (Leamy et al. 2014; Wang and Tontonoz 2019; Astudillo et al. 2019). Assimilatory sulfate
reduction aids microfungi in synthesizing antioxidant molecules (e.g., glutathione, GSH), enhancing their
survival in oxidative stress environments such as sulfide-rich or high-oxygen conditions (Traynor et al.
2019). Genera within the phylum Ascomycota not only positively contribute to nitrogen accumulation in
plants but also actively participate in the stress-tolerance selection process of phyllosphere fungal
communities by halophytes. Furthermore, in the phyllosphere fungal community of SE, the superpathway
of purine nucleotide salvage and the superpathway of pyrimidine ribonucleosides salvage are
significantly enhanced, indicating that fungal taxa utilize pre-existing pyrimidine and purine compounds
in the environment rather than relying on energy-intensive de novo synthesis. This adaptation is
particularly crucial in nutrient-limited settings and provides reasonable support for the hypothesis that
the phyllosphere of SE plants under low water stress experiences a scarcity of nutritional resources. In
terms of community diversity, the lower evenness and higher richness of the SS phyllosphere fungal
community further confirm the enhancing effect of key Ascomycota genera in SS. As an eutrophic group,
Ascomycota may enhance the colonization of other fungal genera by supplying nutrients, thereby
increasing species richness to some extent. This phenomenon suggests that halophytes can modulate
nutrient cycling and ecological functions of phyllosphere fungal communities by regulating specific
Ascomycota genera. Our study provides preliminary insights into how interactions between halophytes
and phyllosphere fungi drive community differentiation under water stress. However, the specific
exudates through which halophytes mediate information transfer and material exchange with fungal
communities remain to be elucidated.

Influence of Halophytes on Phyllosphere Microbial Community Assembly

Page 13/32



Within phyllosphere microbial communities, microorganisms do not exist in isolation; the metabolic
activities and behaviors of each individual species influence neighboring taxa, while colonization and
dispersal of all species are continuously shaped by the microenvironment provided by the host.
Consequently, the assembly of phyllosphere microbial communities is often accompanied by the
formation and expansion of microbial interaction networks. In this dynamic ecological process,
environmental factors, inter-community relationships, and individual activities collectively play pivotal
roles. Theoretically, the microbial community assembly is governed by three dominant mechanisms:
host-mediated selection, biotic interactions, and dispersal limitation (Barner et al. 2018; D’Amen et al.
2018; Liao et al. 2022). In this study, the null model analysis revealed that the assembly of phyllosphere
bacterial communities was entirely dominated by deterministic processes (BNTI < -2), with
homogeneous selection as the core mechanism, consistent with previous findings (Liao et al. 2016; Xu
et al. 2022). As plant nutrient content and antioxidant enzyme activity increase, bacterial co-occurrence
networks exhibit enhanced connectivity and cohesiveness, potentially reflecting higher efficiency in intra-
community information transfer. This also suggests that bacterial communities may be more responsive
to host selection. Through the secretion of secondary metabolites (e.g., phenolics, terpenoids) or
immune-regulating compounds (e.g., ROS) (Farré-Armengol et al. 2016; Pang et al. 2021), plants may
significantly enhance the recruitment of bacterial taxa with specific functions (e.g., stress resistance,
nutrient metabolism) (Li et al. 2022a). The community convergence driven by homogeneous selection
and the efficient information transfer within bacterial co-occurrence networks indicate that hosts may
employ a “distress” strategy to bolster their resilience against soil water stress.

In contrast to bacteria, while deterministic processes influence fungal community assembly, the
proportion of stochasticity is significantly higher in fungal communities. This may partly stem from the
more complex cellular structures of fungi, which confer greater stability under extreme conditions,
thereby reducing the selective influence of halophytes, aligning with prior studies (De Vries et al. 2018).
On the other hand, topological analysis of fungal networks revealed that under higher soil water stress,
interactions and connectivity among fungal community members in the phyllosphere of halophytes were
significantly reduced. The high modularity of these networks suggests that weak interactions among
members within modules are confined to specific regions, limiting the propagation of environmental
disturbances across the broader network. We hypothesize that the loose structure and weak interactions
of fungal networks under strong environmental selective pressure may enhance the role of stochastic
processes in community assembly. Conversely, under lower soil water stress, the networks exhibited
high modularity, indicating relatively uniform interactions among community members. Moreover,
elevated graph density and node degree pointed to a marked increase in direct microbial interactions,
resulting in a more densely interconnected network. Environmental homogenization likely drives this
highly interconnected, “integrated” network structure. Previous studies have suggested that in
homogeneous habitats with weaker environmental selection pressure, ecological drift plays a more
prominent role in shaping community structure, possibly because the absence of strong selective forces
amplifies drift effects. In niche-poor, homogeneous habitats, stochastic processes such as drift may
overshadow niche-based dynamics (Purves and Pacala 2005; Remmer et al. 2019; Milke et al. 2022).
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Earlier research has also noted that fungal communities often exhibit pronounced stochasticity (Huang
et al. 2022; Ye et al. 2023; Sheng et al. 2024). However, the theoretical underpinnings of this
phenomenon warrant further exploration. By leveraging the perspective of co-occurrence network
analysis, this study offers new insights into the underlying mechanisms of community assembly.

Mantel tests further demonstrated that the physiological responses of halophytes to water stress
significantly shape the assembly of phyllosphere microbial communities. The significant correlations
between plant nutrient content, antioxidant enzyme activity, Pro levels, and the BNTI values of bacterial
and fungal communities suggest shared response strategies to environmental stress across these
microbial groups. As a marker of membrane lipid peroxidation, MDA accumulation, alongside POD
activity, reflects the extent of oxidative damage to plant cell membranes and the efficacy of antioxidant
defenses (Morales and Munné-Bosch 2019). Meanwhile, Pro, as an osmoprotectant, indicates the host’s
physiological adaptation to water stress (Hasanuzzaman and Fujita 2022; Singh et al. 2022). Although
the assembly patterns of bacterial and fungal communities differ, both form a coupled relationship with
the host's stress-tolerant physiological traits through functional synergy. Bacteria enhance the
dominance of core functional taxa via host-mediated selective filtering, whereas fungi reduce
interspecies associations and simplify network topology. This dual mechanism enables SS to maintain
the stability of community structure and function under high water stress to a certain extent. The
synergistic interplay between the host-directed selection strategy of bacteria and the network
simplification strategy of fungi suggests that microbial community assembly and co-occurrence
networks are not isolated processes, but rather an integrated manifestation of host-microbe interaction
networks adapting to saline environments.

Conclusion

Soil water stress is a critical determinant of the physiological-biochemical traits of different halophytes.
Soil moisture and salinity exhibit a significant negative correlation with MDA, antioxidant enzyme
activities in halophytes. Concurrently, the stress-tolerant physiological-biochemical characteristics of
halophytes markedly drive the composition, diversity, and functional differentiation of phyllosphere
microbial communities. Our findings demonstrate significant correlations between MDA, antioxidant
enzymes, nutrient elements, and osmoregulatory substances in halophytes and the composition and
diversity of their phyllosphere bacterial and fungal communities. Specifically, metabolic pathways
associated with microbial antioxidant stress responses are predominantly enhanced in SS under high
water stress, whereas functions related to microbial competition-defense mechanisms and oligotrophic
traits are more abundant in SE under low water stress. This study reveals that water stress indirectly
influences phyllosphere microbial communities: osmotic imbalance induced by water stress triggers
excessive ROS production (leading to MDA accumulation), which activates ROS signaling and
detoxification pathways. This signaling cascade concurrently affects the accumulation of nutrient
elements such as C and N. The accumulation of these nutrients, potentially via synthetic metabolism
and the secretion of diverse organic compounds, exerts functional selection on microbial communities.
However, fungal communities exhibit lower dependence on the host compared to bacterial communities.
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This study underscores that differential stress-tolerance strategies among halophytes under varying
water stress conditions serve as a key driver in shaping the composition of their phyllosphere microbial
communities.
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Figure 1

Correlation analysis of soil and plant physiological indicators ; Regression equations of plant MDA, CAT,
POD, SOD with soil Na*, Cl-, EC, and SWC; The coefficient of determination (R?) and statistical
significance (P) are also shown. MDA plant malondialdehyde content, CAT plant catalase, POD plant
peroxidase, SOD Plant superoxide dismutase, EC soil electrical conductivity, SWC soil water content.
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Figure 2

one-way analysis of variance (ANOVA) of physiological and biochemical parameters among three
halophyte species; Results are reported as the mean + sd (n = 4). Different letters indicate significant
differences (P < 0.05), based on LSD tests. MDA plant malondialdehyde content, CAT plant catalase, POD
plant peroxidase, SOD Plant superoxide dismutase, TN plant total Nitrogen, TC plant total carbon TP
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plant total phosphorus TK plant total potassium SUG plant soluble sugar SP plant soluble protein Pro

plant proline.
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Mantel analyses of plant physicochemical characteristics with the composition and a-diversity of
phyllosphere bacterial and fungal communities. Bacteria_com: phyllosphere bacterial community
composition; Bacteria_div: a-diversity of phyllosphere bacteria; Fungi_com: phyllosphere fungal
community composition; Fungi_div: a-diversity of phyllosphere fungi. (g) and (h) represent Spearman
correlation analyses between plant physicochemical characteristics and the abundance of the top 15
genera in phyllosphere bacterial (g) and fungal (h) communities. *p< 0.05, **p < 0.01, ***p < 0.001 For
meanings of acronyms, see the description in the fig 2.
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Figure 4

Comparative analysis of alpha diversity in phyllosphere bacteria (a) and fungi (b) among three distinct
plant species. Results reported as the mean + standard error (n = 4). For each parameter, a different
letter indicates a significant difference at the 0.05 probability level (P < 0.05) based on Tukey’s honest
test. Alpha diversity indices include Observed_species, Chao, Shannon, Simpson, Pielou, and
Good_coverage. SS, NS, and SE mean the phyllosphere bacterial or fungal communities of this halophyte

species.
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Figure 5

Differential analysis of secondary metabolic pathways in phyllosphere bacterial and fungal communities.
(a) and (b) represent the metabolic pathway differential analysis of phyllosphere bacterial and fungal
communities, respectively. In the figures, the horizontal axis logFC (log,(fold change)) indicates
differential expression, where positive values represent upregulation in the SS group relative to the SE
control group, and negative values indicate downregulation. SS_vs_SE mean the differential analysis of
predicted secondary metabolic pathways for phyllosphere bacterial or fungal communities between SS
and SE halophyte plants.
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Figure 6

Co-occurrence networks of phyllosphere bacterial (a) and fungal (b) communities of three different
halophytic plants, with the figures displaying the co-occurrence networks of phyllosphere bacteria and
fungi for SS, NS, and SE plants. (c) and (d) represent Spearman correlation analyses between bacterial
network topological indices and fungal network topological indices, respectively, and plant physiological
and biochemical characteristics, with significance marked as *p < 0.05. The network topological indices
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include degree, average_path_length, betweenness_centralization, graph_density, modularity, and
clustering_coefficient. For meanings of acronyms, see the description in the materials and methodsand
result section. (e) BNTI differential analysis of phyllosphere bacterial communities across three different
halophytic plants; (f) BNTI differential analysis of phyllosphere fungal communities across three different
halophytic plants. ***, p< 0.001; **, p< 0.01; *, p< 0.05. SS, NS, and SE mean the BNTI values (left panel)
or ecological processes (right panel) of phyllosphere bacterial or fungal communities for this plant
species.
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Figure 7

The PLS-PM analysis results reveal the direct and indirect effects of plant physiological and biochemical
characteristics on the composition and diversity of phyllosphere bacterial (a) and fungal (b)
communities. Large path coefficients are shown as thicker arrows, and red and blue colors represent
positive and negative effects, respectively. The numbers adjacent to the arrows are the standardized
path coefficients, R? represents the proportion of variance explained for each dependent variable in SEM.
Nutrient Elements: TC, TN, TP; Antioxidant Enzymes: SOD, POD, CAT; Osmoregulatory Substances: Pro,
SP. For meanings of acronyms, see the description in the result section. For meanings of acronyms, see
the description in the fig 2.
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