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Leaf endospheres harbor diverse bacterial communities, comprising generalists and specialists, that
profoundly affect ecosystem functions. However, the ecological dynamics of generalist and specialist
leaf-endophytic bacteria and their responses to climate change remain poorly understood. We
investigated the diversity and environmental responses of generalist and specialist bacteria within the
leaf endosphere of mangroves across China. Our findings show a predominance of specialists in the
mangrove leaf endosphere. Temperature is the key factor driving community dissimilarity in both
groups, yet it negatively influences the alpha diversity. Soil nutritional factors, particularly phosphate
for generalists and total organic carbon for specialists are critical in shaping the functional profiles.
Interestingly, temperature has a limited impact on functional profiles. Stochastic processes govern
community assembly in both bacterial groups, altering the β-nearest taxon indices as temperatures
increase. Our findings indicate that the halophytic leaf endosphere favors microbial niche
specialization, due to its uniquemicroenvironment and discrete niches, showing thermal sensitivity in
terms of the microbial community profile. This study provides insights into niche differentiation and
environmental adaptation mechanisms of leaf endophytic microbes in woody halophytes in response
to environmental perturbations.

Plant-microbial symbioses are essential for plant health and environmental
adaptation. These partnerships can occur either on the plant surface (epi-
phytes) or within plant tissues (endophytes)1. Recent studies have high-
lighted that leaves, the primary interface between plants and the
atmosphere, harbor a vast and diverse bacterial assemblage within their
endosphere2. The leaf endosphere represents the internal tissues and
intercellular spaces within leaves that are colonized by endophytic
microorganisms3. These bacterial communities substantially impact eco-
system functions, including phytoremediation, pest management, stress
tolerance, nitrogen cycling, and growth enhancement2. We hypothesized
that (i) the leaf endosphere provides a stable niche for bacterial communities
characterized by unique diversity patterns and functional profiles.

Mangrove ecosystems are indispensable for coastal protection and
primary productivity and are highly valued for their unique ability to sustain
harsh conditions, such as high salinity and anaerobic soils4. However, the
mangrove ecosystems, are increasingly challenged by the impacts of global
climate change5, which influences their growth, reproduction, and survival6,
despite the relative resilience of mangroves compared to subtropical or
temperate ecosystems. Additionally, it alters intra- and interspecies com-
petition among mangroves and their associated microbiota, with profound
implications for ecosystem functions and biological processes5. Bacterial
diversity strongly influences the composition and function of mangrove
ecosystems7. Mangrove leaves harbor substantial endophytic bacterial
communities that promote plant development, stress tolerance, and nutri-
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ent cycling1. Moreover, research indicates that climatic and environmental
factors may considerably alter bacterial communities in coastal woody
halophytes8. For example, increasing temperatures can change themicrobial
species richness and biodiversity of diazotrophic communities in the
mangrove rhizosphere9, thereby affecting photosynthesis and ecosystem
productivity. Given the importance of bacterial communities in mangrove
ecosystems and the potential impacts of climate change, we hypothesized
that (ii) temperature would substantially affect the composition, diversity,
assembly, and functionalprofile of leaf-endophytic bacterial communities in
mangroves on a large-scale ecosystem.

Ecosystem functioning is profoundly influenced by the diverse
dynamic interactionswithinmicrobial communities, comprising generalists
and specialists10. Studies have shown that generalist and specialist bacteria
exhibit distinct niche plasticity, which is the capacity to change and thrive in
various environments11. Microbial communities can adapt to diverse
environments using specialist and generalist dynamics2,12. Generalists are
microbial taxa characterized by broad ecological niches, defined as having a
niche breadth of ≥5, capable of thriving in diverse environmental condi-
tions, and exhibiting functionalflexibility, allowing themto adapt to varying
ecological contexts13. Conversely, specialists possess narrow ecological
niches, with a niche breadth of <1.2, and are sensitive to specific environ-
mental factors, performing key ecological functions13. The balance between
generalists and specialists and their respective ecological roles offers key
insights into the adaptive capacity of mangrove ecosystems. Moreover, the
dynamics of generalist and specialist microbial communities can inform
more targeted and effective conservation and restoration strategies, crucial
for maintaining the balance of microbial communities and preserve niche-
specific bacteria14. Additionally, community assembly is a critical process in
bacterial communities that enables them to disseminate and persist across
variousniches through environmental selection (deterministic processes) or
dispersal (stochastic processes)11. Studies have demonstrated that the
community assembly mechanisms of generalists, who exhibit broad habitat
preferences,may differ from those of specialists, whohave a limited range of
habitats15. For instance, studies have reported that assemblages of generalists
and specialists in alfalfafield soil16 and farmland soil2 are primarily driven by
dispersal processes and environmental filtering, respectively. Studies have
shown that the distinct ecological roles, tolerances, and niche plasticity of
generalists and specialists allow microbial communities to adapt to diverse
environments. However, global warming exacerbates environmental dis-
turbances, disrupting microbial community assembly by altering the bal-
ancebetweendeterministic and stochastic processes17. These environmental
perturbations may differentially impact the community assembly of gen-
eralists and specialists, potentially leading to a shift in the stability and
functional resilience of microbial communities18. Hence, we hypothesized
that (iii) generalist versus specialist bacterial communities in the leaf
endosphere may exhibit distinct responses to environmental perturbations,
particularly in large biogeographic coastal habitats.

In response to environmental perturbation, nations worldwide have
intensified efforts to conserve and restore mangrove ecosystems. For
instance, in August 2020, China’sMinistry ofNatural Resources, alongwith
the Forestry and Grassland Administration, introduced the Special Action
Plan for the Protection and Restoration of Mangrove Forests (2020–2025),
aiming to establish mangrove forests in regions suitable for restoration.
Specially, Kandelia obovata, notable for its exceptional cold tolerance,
emerges as a key species in these restoration efforts, enabling the expansion
of mangrove forests in subtropical regions and facilitating poleward
migration in response to climate change19. Hence, to test these hypotheses,
we employed high-throughput 16S rRNA gene sequencing to evaluate 250
leaf samples of K. obovata from ten coastal mangrove wetlands in China,
spanning latitudes from18.44 °N to 28.35 °N and longitudes from108.24 °E
to 121.18 °E. The present study aimed to elucidate the intricate dynamics
and adaptivemechanisms of generalist and specialist bacterial communities
in the mangrove leaf endosphere and to provide critical insights into their
cascading ecological implications, providing valuable insights formangrove
conservation and restoration efforts in the context of climate change.

Results
Composition of generalists and specialists in leaf endosphere
From the 16,461,975 sequences identified, 1662 operational taxonomic
units (OTUs) were identified. The leaf endosphere was dominated by
Cyanobacteria, Proteobacteria, andActinobacteria (Supplementary Fig. S1).
Among the total OTUs, 1301 (78.28%) were classified as specialists, exhi-
biting high richness and relative abundance within narrow niches. In con-
trast, a total of 177OTUs (10.65%) were classified as generalists, distributed
across a wide range of niches (Fig. 1).

Proteobacteria and Cyanobacteria emerged as the dominant phyla in
generalists (50%-Proteobacteria, 27%-Cyanobacteria) (Supplementary
Fig. S2a) and specialists (34% Proteobacteria, 26% Cyanobacteria) (Sup-
plementary Fig. S2b). Additionally, Proteobacteria in the mangrove leaf
endosphere primarily consisted of Gammaproteobacteria (87%-generalists,
59%-specialists) and Alphaproteobacteria (13% generalists, 41%-specia-
lists), with Gammaproteobacteria predominating in both generalist and
specialist groups. At the species level, Vibrio xiamenensis and V. tritonius
were more prevalent among generalists (Supplementary Fig. S2c), whereas
Escherichia coli and Alphaproteobacterium CPCC100088 were more abun-
dant in specialists (Supplementary Fig. S2d). Notably, at the species level,
82%of the leaf-endophytic bacterial taxa inK.obovata remainedunclassified
(Supplementary Fig. S2c, d). The classification success was substantially
higher at the genus level (62% classified), family level (100% classified), and
other broader taxonomic levels.

Bacterial diversity of generalists and specialists
The alpha diversity of generalists and specialists exhibitedmarkeddifferences
across the sampling sites.According to theShannon index, sites SK-21.57 and
YD-28.35 harbored the most diverse groups of generalists (Fig. 2a) and
specialists (Fig. 2b), respectively. In contrast, site ZZ-21.62 displayed the
lowest alpha diversity for both groups (Fig. 2). Generalists exhibited higher
alpha diversity indices and showed wider ranges of diversity values across
samples compared to specialists. Interestingly, the alpha diversity indices of
generalists and specialists exhibited distinct trends at different latitudes.
Linear regression analysis indicated a positive significant correlation

0

50

100

−12.5 −10.0 −7.5 −5.0 −2.5

Log ( Mean Relative Abundance)

N
ic

he
 V

al
ue Generalists

Others

Specialists

10.65%

11.07%

78.28%

Fig. 1 | Composition and distribution of generalist and specialist groups in
mangrove leaf endosphere. This figure illustrates the composition and distribution
of generalist and specialist bacterial groups within the mangrove leaf endosphere.
The niche value, indicative of species frequency, along with the abundance of spe-
cialist and generalist groups, is depicted. The x axis represents relative abundance on
a logarithmic (log) scale. The percentage values denote the richness of operational
taxonomic units (OTUs) within the generalist and specialist groups.
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(p < 0.001) between specialists’ alpha diversity and spatial distance (Supple-
mentary Fig. S3a). No significant changes were observed for the generalists
(R2 = 0.0021, p > 0.05) (Supplementary Fig. S3b).

The Bray–Curtis distance-based principal coordinate analysis (PCoA)
revealed distinct structures of generalist communities among various
sampling sites on the PCo1 and PCo2 axes, accounting for 27.81% and
25.39% of the variance, respectively (Fig. 2c, d). The analysis of similarities
(ANOSIM) test results (p < 0.001) supported this pattern. The communities
of generalists and specialists displayed geographical clustering within the
mangrove ecosystems (ANOSIM, p < 0.001). Furthermore, specialists
exhibited a significant increase in community dissimilarity with geo-
graphical distance (R2 < 0.01, p < 0.001) (Supplementary Fig. S3a), whereas
generalists showed no significant changes (R2 < 0.01, p > 0.05) (Supple-
mentary Fig. S3b).

Community assembly of bacterial generalists and specialists
Stochastic processes had a more pronounced impact on the community
assembly of generalists (60.7%) and specialists (70.7%), compared to
deterministic processes. Specialists exhibited a higher prevalence of drift
processes, accounting for 42% compared to 27.9% for generalists (Fig. 3).
Among generalists, heterogeneous selection was the primary driver of the
deterministic processes, explaining 39.3% of the variation in their assembly.
Stochastic processes for generalists included homogeneous dispersal (4.5%),
dispersal limitation (28.3%), and drift processes (27.9%) (Fig. 3a).

Deterministic processes of specialists (29.3%) were attributed to het-
erogeneous (12.3%) andhomogeneous selection (17%). Stochastic processes
among specialists were influenced by homogenizing dispersal (1.9%), with
minimal impact on dispersion and dispersal limitation (26.8%). Notably,
drift (42%) played a significant role in shaping the community structure of
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Fig. 2 | Diversity analysis of leaf-endophytic bacterial communities across ten
sites, comparing generalist and specialist taxa. The alpha diversity is represented
by the Shannon index for generalist (a) and specialist taxa (b). Boxplots show the
distribution of diversity values for each site. Different letters above the boxes indicate
statistically significant differences between sites (p < 0.05). Community dissimilarity

analysis using principal coordinate analysis (PCoA) based on Bray–Curtis dissim-
ilarity for generalist (c) and specialist taxa (d). Each point represents a sample
colored according to the site. The polygons encompass all samples from the same
site. The percentage variation explained by each principal coordinate is indicated on
the axes.
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specialists (Fig. 3b). Overall, homogenizing dispersal had negligible effects
on the assembly processes of generalists (Fig. 3a) and specialists (Fig. 3b).

Influence of temperature on the alpha diversity and community
dissimilarity
Mantel and partial mantel tests were conducted to assess the impact of
environmental and biochemical factors on the dissimilarity of bacterial
communities among generalists and specialists. Temperature showed a
significant and positive correlation with community dissimilarity (Table 1),
being the most significant factor (R = 0.1905, p < 0.001) in generalists.
Among specialists, soil nutrient factor NO3

−-N (R = 0.2276, p < 0.001)
exerted the highest influence, followed by temperature (R = 0.1397,
p < 0.001). The Bray–Curtis dissimilarity indices of generalists and specia-
lists exhibited different trends across the temperature gradient. Community
dissimilarity of generalists significantly increased along the temperature
gradient (R2 < 0.01, p < 0.001) (Fig. 4b), whereas specialists demonstrated a
significant decrease (R2 = 0.01, p < 0.001) (Fig. 4b).

The alpha diversity showed a negative relationship with temperature
based on Spearman’s correlation analysis for generalists (R =−0.05,
p > 0.05) and specialists (R =−0.18, p < 0.01) (Table 1). Specialists exhibited
a significant negative relationship (p < 0.01), whereas generalists showed no
significant shift (p > 0.05). As the temperature increased, the alpha diversity
declined for both groups. However, specialists showed a significant rela-
tionship with the alpha diversity with increasing temperature (R2 = 0.03,
p < 0.01) (Fig. 4a), contrasting with generalists (R2 < 0.01, p > 0.05) (Fig. 4a).
The proportions of specialists and generalists exhibited contrasting patterns
along the temperature gradient. With increasing temperature, specialists
demonstrated a positive relationship with their proportional representation
in the community (R2 < 0.01, p > 0.05) (Supplementary Fig. S4a), whereas
generalists displayed a significant negative association between their pro-
portional abundance and elevated temperatures (R2 < 0.01, p < 0.001)
(Supplementary Fig. S4b).

Influence of temperature on the assembly and function profile
The correlation between pairwise comparisons of the β-nearest taxon index
(βNTI) and temperaturewas employed toassess assembly changes along the
temperature gradient. βNTI of generalists showed a significant positive
correlation with temperature (R = 0.05, p < 0.001) (Fig. 4c), indicating that
an increase in temperature promotes heterogeneous selection (βNTI > 2).

Conversely, specialists exhibited a non-significant negative correlation with
temperature (R < 0.01,p > 0.05), suggesting that the assemblyprocesses shift
from heterogeneous selection (βNTI > 2) to stochastic processes
(−2 < βNTI < 2) with increasing temperature (Fig. 4c).

Correlations between environmental factors and the functions of
generalists and specialists were analyzed (Fig. 5). Specialists exhibited
greater sensitivity to environmental changes than generalists. Phosphate
(PO4

3−) emerged as the most significant factor influencing generalists’
functions (Fig. 5a), while total organic carbon (TOC) and total carbon (TC)
were pivotal for specialists (Fig. 5b). Interestingly, temperature had a limited
direct impact on the functional profiles of generalists and specialists (Fig. 5).
However, certain functions, such as cell motility, signaling molecules and
interactions, sensory system (p < 0.001), circulatory system and excretory
system (p < 0.05), showed significant correlations with temperature among
specialists (Fig. 5b). In generalists, signaling molecules, degradation
(p < 0.001) and cellular community (p < 0.01) were significantly correlated
with temperature (Fig. 5a).

Discussion
Global warming has the potential to substantially alter microbial commu-
nity composition, including generalists with broad environmental toler-
ances and specialists adapted to specific niches20. However, our
understanding of the niche plasticity of generalist and specialist leaf-
endophytic bacteria in woody halophytes and their responses to climate
change remains limited. In the present study, we investigated the compo-
sition, diversity, assembly, and functional processes of generalists and spe-
cialists inhabiting the leaf endosphere ofK. obovata across various regions in
China. Our findings revealed that specialists were the predominant mem-
bers of the bacterial community in the K. obovata leaf endosphere. Our
study showed that temperature significantly influenced community dis-
similarity and the assembly of generalist and specialist bacteria. However,
the functional profiles of generalists and specialists were influenced by soil
nutrient factors,with temperature exerting a reduced impact.Thesefindings
underscore the profound effects of global warming on leaf endosphere
microbial communities, potentially leading to cascading implications on the
health and functioning of mangrove ecosystems.

Our study revealed that the bacterial composition, diversity, and
distribution patterns within the leaf endosphere of K. obovata followed
distinct biogeographical patterns. The bacterial population was primarily

Fig. 3 | Comparative analysis of community
assembly processes for generalist and specialist
species.Group assembly analysis using a framework
based on a null model. This figure illustrates the
relative contributions of deterministic and stochas-
tic processes in shaping the community assembly for
generalist (a) and specialist (b) groups. Pie charts
depict the percentage allocation of various ecological
processes. The lower panel presents a conceptual
framework for interpreting community assembly
processes based on standardized effect sizes of the β-
nearest taxon index (βNTI) and Raup–Crick
metrics (RC).
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Table 1 | Mantel and Spearman test analysis of environmental factors

Environmental factors Mantel Spearman

Generalists Specialists Generalists Specialists

Soil properties pH 0.1662*** 0.0612 0.17** 0.46***

Temperature 0.1905*** 0.1397*** −0.05 −0.18**

Salinity 0.1812*** 0.0974*** −0.12 0.11

Clay 0.1361*** 0.1324*** 0.16* 0.15*

Silt 0.1729*** 0.168*** 0.15* 0.18**

Sand 0.1699*** 0.1631*** −0.14* −0.18**

Nutrients TS 0.1258*** 0.0906* 0.23*** −0.07

SO4
2− 0.0103 −0.0881 −0.26*** −0.4***

TP 0.1032*** 0.0659* 0.2** −0.07

PO4
3− 0.1632*** 0.0374 0.26*** 0.18**

TN 0.0355* −0.0239 −0.19** −0.37***

TC 0.0084 −0.0571 −0.29*** −0.43***

TOC 0.0175 −0.0424 −0.27*** −0.53***

TIC 0.0526** −0.0141 −0.03 0.17**

NO2
−-N 0.1044*** −0.076 0.05 0.14*

NO3
−-N 0.138*** 0.2276*** 0.02 0.33***

NH4
+-N 0.0265 −0.0275 −0.22*** −0.32***

Climate MAT 0.0734*** 0.0446 −0.27*** 0.12

MAP 0.1121*** −0.0656 0.03 0.3***

MAE 0.1628*** 0.1028** −0.13* −0.13*

MAR 0.1059*** 0.1421*** −0.3*** −0.06

*p < 0.05; **p < 0.01; ***p < 0.001.
Mantel andSpearman test analysis of environmental factors associatedwith community diversity. TheMantel testwasused for betadiversity, assessing the relationshipbetweenenvironmental factors and
community dissimilarity across sites, while the Spearman correlation was applied to alpha diversity, examining rank-based associations between environmental factors and diversity within individual
samples. Environmental factors include soil biochemical properties, such as temperature, salinity, pH, and soil texture (sand, silt, and clay fractions). Nutrient factors included total organic carbon (TOC),
total inorganic carbon (TIC), total carbon (TC), total sulfur (TS), total phosphorus (TP), total nitrogen (TN), andconcentrationsof sulfate (SO4

2−), phosphate (PO4
3−). Additionally, nitrite (NO2

−-N), nitrate (NO3
−-

N), ammonium (NH4
+-N). Climate variables included themeanannual precipitation (MAP),mean annual temperature (MAT),mean annual relative humidity (MAR),meanannual sunshineduration (MAS), and

mean annual evaporation (MAE). *p < 0.05; **p < 0.01; ***p < 0.001.
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composed of Cyanobacteria, Proteobacteria, and Actinobacteria (Sup-
plementary Fig. S1). Previous studies have reported that Proteobacteria,
Cyanobacteria, and Actinobacteria are the primary endophytes in man-
grove leaves such as those of K. candle and Bruguiera gymnorrhiza4.
Mangrove leaf endosphere provides a stable niche for photosynthetic
Cyanobacteria, allowing them to act as primary producers21. Cyano-
bacteria may dominate other microorganisms due to their ability to
resilience against high salinity, oxidative stress, and desiccation and
become dominant members of the mangrove ecosystem21. Previous stu-
dies have also found Proteobacteria to be the dominant phylum in the leaf
endosphere of K. obovata22. These findings underscore the ecological
significance of Proteobacteria due to their ability to tolerate high salinity,
resist desiccation, and adapt to anaerobic conditions23. Generalists and
specialists predominantly featured Proteobacteria and Cyanobacteria
(Supplementary Fig. S2a, b), highlighting their adaptability to diverse
niches within the leaf endosphere. Proteobacteria in the K. obovata leaf
endosphere consist of Gammaproteobacteria (87%-generalists, 59%-
specialists) and Alphaproteobacteria (13%-generalists, 41%-specialists),
with Gammaproteobacteria predominating in both generalist and spe-
cialist groups. Gammaproteobacteria are known for their contributions to
plant growth promotion via nitrogen fixation, phosphate solubilization,
and their adaptations to salt tolerance, which are vital for survival in the
fluctuating mangrove environment24. Alphaproteobacteria play key roles
in nitrogen cycling and stress tolerance25. The predominance of Gam-
maproteobacteria suggests their greater adaptability to environmental
stressors, while Alphaproteobacteria may thrive under more stable con-
ditions. Recentmetagenomic studies have shown that both classes possess
genes involved in osmotic stress response, nutrient acquisition, and sec-
ondary metabolite production26, underscoring their adaptation to the
unique physicochemical conditions of mangrove leaves. These class-level
functional capacities are critical for understanding the complexmicrobial
interactions in mangroves and informing conservation and restoration
efforts. These phyla play crucial roles in supporting fundamental leaf

endosphere functions for generalists and specialized functions and
adaptations to distinct microenvironments for specialists.

Among the generalist OTUs, V. xiamenensis and V. tritoniuswere the
most prevalent species (Supplementary Fig. S2a). Studies have shown that
Vibrio species are highly adapted tomarine and aquatic environments27 and
V. xiamenensis and V. tritonius dominate mangrove soils28. Vibrio species
exhibit a broad environmental tolerance and enhanced niche adaptation29,
thriving under various environmental stresses, including temperature
fluctuations, salinity changes, and nutrient variability. This adaptability
further contributes to their success as generalists within K. obovata leaf
endosphere. Despite representing different taxonomic levels and ecological
strategies, more specialists were identified among E. coli and Alphaproteo-
bacterium CPCC100088 (Supplementary Fig. S3b). Although E.coli is pri-
marily associatedwith humans and animals30, it has also been identified as a
plant endophyte31.Metabolic versatility and genetic adaptability allowE. coli
to exploit unique nutritional resources within specific ecological niches,
categorizing it as a specialist. The predominance of Alphaproteobacteria in
the leaf endosphere is attributed to their ecological niche traits, including
specific metabolic capacities, microaerobic adaptation, resistance to man-
grove ecological stress, and symbiotic relationships with plant-associated
bacteria32. Moreover, species-level classification is inherently challenging in
16S rRNA high-throughput sequencing due to the limited resolving power
ofmarker genes formany bacterial groups33. This is evidenced by ourmuch
higher classification success at the genus level (62% classified), family level
(100% classified), and broader taxonomic levels. The classification success is
constrained by reference database coverage, which often underrepresents
environmental and host-associated bacteria, particularly from marine and
mangrove ecosystems34. The marked drop in classification success from
genus (62%) to species level (18%), suggests that while niche specialization
patterns aredetectable at the genus level,finer taxonomic resolution remains
challenging. Future studies incorporating culture-based methods or
employing genome-resolved approaches might help better resolve the
taxonomic identity of these unclassified mangrove endophytic bacteria.

Fig. 5 | Correlation of predictive functional profiles and environmental factors.
Spearman correlations between predictive functional profiles and environmental
factors in generalists (a) and specialists (b). The functional profiles were categorized
into fivemajor functional categories. Cellular Processes: includes pathways involved
in fundamental cellular activities, contributing to structural integrity, communica-
tion, and adaptability of microbial cells (e.g., cell growth, motility, and signaling).
Environmental Information Processing: represents pathways related to the trans-
port and signaling processes that mediate environmental sensing and interaction
(e.g., transport and signaling pathways). Genetic Information Processing: encom-
passes pathways essential for the storage, transmission, and expression of genetic
information, vital for maintaining genetic stability and microbial functionality
under diverse conditions (e.g., DNA replication and protein translation). Metabo-
lism: covers a broad range of metabolic pathways (e.g., energy, carbohydrate, and

lipid metabolism) crucial for microbial survival and adaptation in nutrient-variable
environments. Organismal Systems: Includes functional pathways related to
environmental adaptation, immune responses, and other systemic-level functions
(e.g., environmental adaptation and immune responses), reflecting advanced bio-
logical adaptations and interactions within the ecosystem. Environmental factors
analyzed include temperature, salinity, pH, soil texture (sand, silt, and clay frac-
tions), total organic carbon (TOC), total inorganic carbon (TIC), total carbon (TC),
total sulfur (TS), total phosphorus (TP), and total nitrogen (TN), the concentrations
of sulfate (SO4

2−), phosphate (PO4
3−). Additionally, nitrite (NO2

−-N), nitrate
(NO3

−-N), ammonium (NH4
+-N), mean annual precipitation (MAP), mean annual

temperature (MAT), mean annual relative humidity (MAR), mean annual sunshine
duration (MAS) and mean annual evaporation (MAE) were measured. *p < 0.05;
**p < 0.01; ***p < 0.001.
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Our findings revealed that in the leaf endosphere of K. obovata, bac-
terial communities were predominantly composed of specialists, with
generalists exhibiting a low relative abundance but a more pronounced
niche width (Fig. 1). Specialists, characterized by their narrower niche
breadth, are highly adapted to specific environmental conditions, enabling
them to thrive in resource-limited environments35. Several studies have
provided evidence that leaf microbial communities are often dominated by
specialists rather than generalists36,37. For instance, one study reported that
the leaf endosphere provides a discrete and stable niche that facilitates
specialists to adapt to specific circumstances and utilize resources
efficiently38. The harsh environmental conditions of the mangrove ecosys-
tem, including high salinity and regular tidal inundation, impose selective
pressures on favor microorganisms with specialized adaptations4. The
unique metabolic environment of mangrove leaves, characterized by spe-
cialized osmolytes such as glycine betaine, alongside limited nutrient
availability in intertidal zones, intensifies the specializationobserved in these
microbial communities39. The dominance of specialists explained by theory
of environmental filtering15, which suggests that strong selective pressures
shape plant-associated microbiomes in challenging environments.
Specialist-dominated bacterial communities have been observed in many
environments, including subtropical marine bays13, plateau lakes11, coastal
lakes40, and the soils of Mount Wutai41. Our findings suggest that the leaf
endosphere acts as a selective niche, permitting colonization and survival
only for bacteria with specific traits3. Furthermore, generalists are capable of
utilizing a diverse range of resources, which can provide them with fitness
advantages across varying environmental conditions. This metabolic ver-
satility allows them to adapt to different niches and potentially outcompete
specialists when resources fluctuate42. However, our results showed that the
specialized and limited resources (plant-derived metabolites, abiotic stress)
in the leaf endosphere of halophytic K. obovata43, may contribute to the
dominance of specialists. These specialists may have co-evolved with the
host plant, equipping them with the necessary adaptations to outcompete
generalists41. These co-evolved symbiotic relationships between specialists
and the mangrove host likely play a pivotal role in enhancing the resilience
of mangrove ecosystems to environmental stressors.

Our study revealed distinct geographical patterns in themangrove leaf
endosphere for generalist and specialist bacterial species. The alphadiversity
of specialists showeda strongpositive correlationwith geographical distance
(Supplementary Fig. S3a), indicating that as the geographic distance
between sampling sites increases, the alpha diversity of specialist species
within each site correspondingly increases. Studies have shown that spe-
cialists are able to adapt to a variety ofmicrohabitats promoting higher local
diversity in more geographically isolated sites44. Conversely, the alpha
diversity of generalists did not exhibit a significant correlation with spatial
distance (Supplementary Fig. S3b), indicating that generalist bacteria are
able to maintain similar levels of local diversity across a wider range of
environmental conditions and geographic locations. Furthermore, we
observed a strongpositive correlation between community dissimilarity and
geographical distance for specialist bacterial species within the mangrove
leaf endosphere. This suggests that the composition and structure of spe-
cialist bacterial communities become increasingly distinct as the geographic
separation between sites increases44,45. In contrast, generalist bacterial spe-
cies did not exhibit a significant correlation between community dissim-
ilarity and spatial distance. This indicates that the composition and structure
of generalist bacterial communities remain more homogeneous across the
range of geographic locations. Moreover, the PCoA and ANOSIM results
revealed significant clustering of both generalists (r = 0.7189, p < 0.001) and
specialists (r = 0.4298,p < 0.001) across different sites, indicating that spatial
factors significantly influence the distribution of both groups. The distinct
clustering of generalists showed their capacity to exploit a wide range of
environmental conditions and resources, facilitating stable populations
across diverse habitats. The higherANOSIM r-value for generalists suggests
their adaptability and resilience to geographical influences, such as climate
variability and resource heterogeneity, enhancing their dispersal and colo-
nization success in new environments12.

Conversely, the clustering of specialists is less pronounced (r = 0.4298)
suggesting that their distribution is more constrained by specific environ-
mental conditions and resource availability46. Studies found that specialists
are more vulnerable to geographical barriers and environmental changes
that limit their habitat range15,35. The geographical separation of specialist
assemblages highlights the influence of localized ecological factors, such as
soil composition, temperature, and specific host plants, on their survival.
These findings imply that while generalists thrive across diverse environ-
mental gradients, specialists exhibit more restricted distributions shaped by
unique site-specific conditions. This distinction in dispersal patterns
underscores the critical role of spatial dynamics in structuring microbial
communities, with broader implications for understanding how environ-
mental changes, including climate shifts, may differentially impact gen-
eralists and specialists.

The assembly patterns of specialists and generalists differ, due to their
distinct ecological strategies and niche differentiation2. Our findings
demonstrate that the assembly of generalists and specialists in the leaf
endosphere of K. obovata was driven by stochastic mechanisms, mainly
influenced by dispersion limitations and drift processes (Fig. 3). Generalists
are less affected by environmentalfilteringdue to their broad environmental
tolerance, allowing stochastic dispersal16. Specialists in the leaf endosphere
being assembled predominantly by stochastic processes suggests that even
niche-specific organisms are subject to random variations in their envir-
onment. Despite their specialized niche requirements, high environmental
variability and unpredictable biotic interactions in halophytic leaf endo-
spheres contribute to the randomness of assembly, affecting the establish-
ment and persistence of specialists47. However, some researchers have
argued thatdeterministic processes exert an increased influenceon specialist
assembly processes, whereas stochastic processes dominate generalist
community assemblies12,16. Studies found that the spatial heterogeneity of
the leaf endosphere creates various microenvironments, allowing a wide
range of microbes to persist without strong deterministic filtering and
leading to stochastic processes18. Furthermore, the leaf endosphere, with its
physical barriers, may limit bacterial transmission and enhance stochastic
events48, suggesting that distinct tolerance to physical and chemical altera-
tions at the plant leaf-air interface leads to less deterministic processes14.

Deterministic processes also influenced the assembly of generalists
(39.7%) and specialists (29.3%) (Fig. 3). The deterministic processes of
specialists were driven by heterogeneous and homogeneous selection to
adapt to niches and increase environmental tolerance. However, among the
generalists, heterogeneous selection was the driving force, emphasizing that
environmental instability was the primary factor affecting deterministic
processes. Interestingly, homogenizing dispersal had minimal impact on
generalists and specialists (Fig. 3). The development of adaptations by
generalist and specialist bacteria to unique circumstances in their leaf
endosphere microhabitats prevents homogeneous dispersal11,15.

We examined the effect of environmental conditions on thediversity of
generalists and specialistswithin theK. obovata leaf endosphere.Our results
showed that community dissimilarity among generalists was most influ-
enced by temperature (R = 0.1905, p < 0.001). Among specialists, the soil
nutrient factor NO3

−-N (R = 0.2276, p < 0.001) had the strongest influence,
followed by temperature (R = 0.1397, p < 0.001) (Table 1). Previous studies
have confirmed that temperature significantly affects the diversity and
composition of leaf-endophytic bacteria37,49. For instance, the flue-curing
procedure, which involves changes in temperature, affects the diversity of
endophytic bacteria in tobacco leaves15. Similarly, in a study in Antarctica, a
simulation of global warming effects on Colobathus quitensis affected the
composition of endophytic bacterial communities in the plant’s leaves50.
Our results also revealed that bacterial communities in the leaf endosphere
of halophytic mangrove plants were highly affected by temperature. Gen-
eralists and specialists exhibited different patterns of community dissim-
ilarity as the temperature increased. Higher temperatures led to more
diverse communities among generalists, as evidenced by the positive cor-
relation between temperature and their community dissimilarity (Fig. 4b).
Conversely, there was a significant decrease in the community dissimilarity

https://doi.org/10.1038/s42003-024-07446-1 Article

Communications Biology |             (2025) 8:5 7

www.nature.com/commsbio


of specialists across the temperature gradient (Fig. 4b), indicating high
temperatures may have homogenized the environment, reducing niche
differentiation. A previous study also found a strong negative correlation
between temperature and relative abundance of rare taxa51. Thus, our results
revealed that specialists are more sensitive to variations in temperature
because they are adapted to certain environmental conditions, whereas
generalists exhibit a diverse range ofmetabolic capabilities, enabling them to
endure a broad range of temperatures.

We also observed that the proportions of specialists and generalists
exhibited contrasting patterns along the temperature gradient. As tempera-
tures increased, specialists showed a positive relationship with their pro-
portional representation in the community (R2 < 0.01, p > 0.05)
(Supplementary Fig. S4b). Previous research also suggested that specialist
species are often better adapted to specific environmental conditions,
allowing them to thrive in warmer climates where their niches are favored52.
Conversely, the significant negative association observed for generalists
(R2 < 0.01, p < 0.001) (Supplementary Fig. S4a) implies that their abundance
may decline under rising temperatures. Although generalists are typically
more adaptable to varying conditions, their ecological flexibility can become
a disadvantage in highly specialized environments. For example, one study
found that generalist species can experience reduced fitness under extreme
temperature conditions, leading to a potential decline in their relative
abundance due to competition with more specialized species that are better
suited to these conditions53. In addition, we found that the alpha diversity of
specialists had a significant negative relationship (R =−0.22, p < 0.001) with
temperature. A negative relationship was also observed among the gen-
eralists, but the correlation was not statistically significant (R =−0.07,
p > 0.05) (Table 1). This inverse relationship between increased temperature
and decreased microbial diversity was further substantiated by linear
regression analysis (Fig. 4a). Numerous studies have quantified the strength
and direction of the association between temperature gradient and alpha
diversity. For example, a study found that rising temperatures led to a decline
in microbial diversity in terrestrial soil ecosystems across Scotland54. Our
study revealed that the negative effects of increased temperature onmicrobial
diversity extended to leaf endosphere-associatedmicrobiomes, particularly in
mangrove wetlands. Moreover, studies have indicated that thermal stress can
reduce species richness and alpha diversity in specialist populations by
decreasing their survival, metabolic activity, and reproduction at high
temperatures12. In contrast, generalists, with their broad niche plasticity, can
tolerate a wide range of temperatures, enabling them to survive shifting
temperatures14. Our study underscores that specialists, due to their niche
specialization and sensitivity to environmental conditions, may struggle to
survive and compete when temperatures rise, resulting in reduced diversity
compared to generalist communities. The observed differential responses of
the alpha diversity and community dissimilarity to temperature can be
interpreted through the lens of niche theory55 and the concept of environ-
mental filtering56, which posit that the inherent characteristics and tolerances
of taxa shape the diversity and composition of ecological communities. These
theories also illustrate the distinct ecological strategies employed by gen-
eralists and specialists to adapt to changing environmental conditions. The
diverse niche plasticity and adaptability of generalists, compared to specia-
lists, explain their resilience to temperature gradients, allowing them to
maintain stability amidst environmental shifts. Consequently, our results
confirm that temperature exerts a significant influence onmicrobial diversity
and composition, with unique mangrove temperature regimes imposing a
more pronounced selective pressure on endophytic leaf communities. Fur-
thermore, mangrove ecosystems are naturally resilient to moderate tem-
perature fluctuations57. However, our results reveal that global warming
could have profound effects on their associated microbial communities. The
reduction in microbial diversity, particularly among specialist microbes, may
impact crucial ecological processes and the overall health and resilience of
mangrove plants. Specialist microbes often play key roles in plant-microbe
interactions, facilitating nutrient exchange and protecting plants from
pathogens15. The loss of these specialists due to rising temperatures could
compromise the resilience of mangroves to environmental stressors. In

contrast, while generalist microbes may provide some buffering capacity,
their broader metabolic flexibility may not fully compensate for the specific
functions lost with specialist taxa20.

Our findings demonstrated that the assembly mechanisms of gen-
eralists and specialists responded distinctly to increasing temperatures
(Fig. 4c). The community assembly exhibited a significant positive corre-
lation with temperature among generalists as shown by the βNTI indices,
indicating that generalists experienced higher heterogeneous selection as
temperatures increased than specialists (Fig. 4c). This suggests that rising
temperatures foster diverse ecosystems, promoting adaptable inhabitants
that can thrive under varying conditions and that environmental filtration
increasingly shapes the community composition of generalists at higher
temperatures15. The community assembly was negatively correlated with
temperature among specialists (Fig. 4c), revealing that assembly processes
shift from heterogeneous selection to stochastic processes as temperatures
rise. This implies that specialists are less capable of responding to the
growing environmental heterogeneity induced by global warming due to
their narrow environmental tolerances. In contrast, generalists can exploit
the increasedniche availability createdbyheterogeneous conditions, leading
to high community turnover (high βNTI) as temperatures rise, due to their
ability to adapt to a wide range of conditions. Consequently, stochastic
colonization, ecological drift, or dispersion limitation establishes specialist
communities rather than environmental filtration at elevated
temperatures58. These differences suggest that generalists and specialists
employ different strategies and exhibit distinct temperature tolerances.
Generalists can adapt to a wide range of habitats and temperatures, which is
advantageous for resource utilization in high-temperature environments59.
In contrast, the limited adaptability of specialists makes them more sus-
ceptible to stochastic processes41. Thus, our results reveal that specialists are
more vulnerable to stochastic processes in warm environments, whereas
generalists exhibit more resilient heterogeneous selection.

In our study, we explored the effects of environmental factors on the
functional profiles of the generalists and specialists in K. obovata leaf
endosphere (Fig. 5).We found that the functional profiles of specialists were
more sensitive to environmental perturbations, whereas generalists exhib-
ited a borderline functional resilience. The findings demonstrate that soil
nutrient factors play a crucial role in influencing these functional profiles,
with PO4

3− being crucial for the functions of generalists (Fig. 5a), TOC and
TC being pivotal for specialists (Fig. 5b). Interestingly, despite temperature
being a key driver of changes in diversity, our results revealed that it had less
influence on the functional profiles of generalist and specialist communities
(Fig. 5). This phenomenon may be explained by functional redundancy,
where multiple taxa can perform similar roles or by functional plasticity,
suggesting that generalists and specialists can adapt their activities to
changes in nutrient availability60. Studies also found that generalists and
specialists exhibit a range of physiological adaptations and regulatory sys-
tems that allow them to maintain their vital functions at various
temperatures20. However, our findings revealed that several distinct pro-
cesses significantly correlated with temperature in specialists, including cell
motility, signaling molecules and interactions, sensation, circulation, and
excretion (Fig. 5b). Previous studies have reported that temperature influ-
ences microbial metabolic rates, enzymatic activities, and overall commu-
nity composition, which may explain the specific functional relationships
with environmental interactions. Notably, generalists in our study exhibited
less sensitivity to temperature in their functional response, as evidenced by
significant correlations primarily observed in signaling molecules and
degradation processes (Fig. 5a). Studies have shown that although species
diversity is affected by temperature, generalists can exhibit metabolic flex-
ibility based on nutritional availability, thus preserving functional stability61.
Niche theory argues that resource availability and environmental circum-
stances affect species ranges and features55. This was supported by the dif-
ferential responses of specialists and generalists to environmental
influences. The functional resilience observed in mangrove microbial
communities, despite reduced diversity, suggests that mangroves have
inherentmechanisms to buffer environmental stress62. This resilience, likely

https://doi.org/10.1038/s42003-024-07446-1 Article

Communications Biology |             (2025) 8:5 8

www.nature.com/commsbio


driven by functional redundancy and plasticity, aligns with findings from
other ecosystems. For example, in alpine regions, warming influences plant-
microbe interactions without drastically altering ecosystem functions63.
Similarly, grassland ecosystems show thatmicrobial communitiesmaintain
functional stability despite compositional shifts due to drought64. These
parallels indicate that microbial communities across ecosystems possess
mechanisms to buffer environmental stress and sustain key functions.

The differential responses of specialists and generalists to environ-
mental factors reflect broader ecological principles. In marine ecosystems,
generalists exhibit greater resilience to ocean acidification65, mirroring our
findings where generalists showed more functional stability across envir-
onmental gradients. In contrast, the sensitivity of specialists to factors such
as TOCandTC is consistentwithfindings from tropical rainforests66, where
specialist species aremorevulnerable tohabitat changes.These comparisons
highlight the role of functional redundancy and plasticity in maintaining
ecosystem stability under environmental stress, underscoring the impor-
tance of studying both generalist and specialist microbial communities to
better understand ecosystem responses. Our findings in mangrove ecosys-
tems contribute to this broader understanding, emphasizing microbial
communities’ roles in sustaining ecosystem resilience across diverse biomes.

Given China’s ongoing mangrove restoration efforts, our findings are
particularly timely. Understanding about key species such as K. obovata,
which is pivotal in the poleward expansion of mangroves due to its cold
tolerance respond to climate change is critical for guiding conservation and
restoration strategies. The thermal sensitivity of microbial communities
associated with K. obovata offers valuable insights into the potential
responses of mangrove ecosystems to future environmental shifts, helping
to sustain overall mangrove health. As remote sensing and advanced
technologies are increasingly used to monitor and manage mangrove eco-
systems, our study contributes to the scientific foundation needed to guide
adaptive management strategies in the face of climate change.

Conclusion
In this study, we investigated the ecological dynamics of specialist and
generalist bacteria in the leaf endosphere ofK. obovata plants in China. The
leaf endosphere offers a unique and stable niche for specialized bacteria to
adapt to specific conditions. Stochastic processes determined the commu-
nity assembly of both groups compared to deterministic processes. Tem-
perature exerted as a significant factor, influencing community dissimilarity
and promoting the expansion of generalists over specialists. Notably, high
temperatures led to decreased alpha diversity in both taxa. The functional
capabilities of generalists and specialists were strongly influenced by soil
nutritional factors,maintaining stability despite temperature changes.These
findings improve our understanding of microbial ecology within the K.
obovata leaf endosphere, highlighting the importance of niche differentia-
tion employed by generalist and specialist bacteria for environmental
adaptation mechanisms, maintaining resilience and plant health against
global warming in coastal woody halophytes. Given the high risk of
homogenization due to rising temperatures, future studies should focus on
simulating IPCC-predicted temperature scenarios to assess long-term
impacts on microbial assemblages, particularly in mangrove ecosystems.

Material and methods
Sampling sites
The present study was conducted in coastal mangrove wetlands spanning the
geographical coordinates of 18.44 to 28.35 °N and 108.24 to 121.18 °E across
China (Supplementary Fig. S5). The latitudinal transect spans nearly 10
degrees, enabling the study of thermal sensitivity across a diverse range of
climatic conditions, from tropical to subtropical zones. The southernmost
point (18.44 °N) represents the tropical mangrove ecosystems of Hainan
Island, while the northernmost boundary (28.35 °N) in Fujian Province
marks the species’ upper latitudinal limit, approaching its thermal tolerance
threshold. A total of 250 individual leaf samples ofK. obovatawere collected.
The sampling process involved creating five 5 × 5m2 plots in each region.
Subsequently, K. obovata leaf specimens were individually packed in sterile

polyethylene bags and stored in ice-packed coolers. To eliminate surface
microbes, all leaves were subjected to surface sterilization within 48 h of
sampling. The surface sterilization procedure included immersing each leaf
for 30 s in sterile water, followed by 1min immersion in a solution of 75%
ethanol (v/v), then 3min in a solution of 3.25% sodium hypochlorite, and
finally another 30 s immersion in a solution of 75% ethanol (v/v). The
sterilization process was completed after three consecutive 2min rinses in
sterile water. The effectiveness of surface sterilization was assessed by placing
leaf samples on 90mm Petri dishes containing malt extract agar (2%) and
incubating at 25 °C for 48 h to detect any microbial colonies. Leaf samples
were subsequently pulverized into a fine powder using liquid nitrogen67.

DNA extraction and polymerase chain reaction (PCR)
amplification
Leaf samples weighing ~0.25 g were subjected to DNA extraction using the
GeneJET Genomic DNA Purification Kit (Thermo Scientific, Waltham,
USA)68. The extracted DNA was pooled and stored at −80 °C for sub-
sequent analyses. The bacterial 16S rRNA gene from the leaf endosphere
was amplified using 169F and 680R primer pairs. PCR was performed in a
20 μL reaction mixture comprising 10 μL of 2× Taq PCR Mastermix
(TIANGEN, China), 1 μL of each primer (10mM concentration), 1 μL of
template DNA (~50 ng), and 7 μL of nuclease-free water. The amplification
protocol included an initial denaturation at 94 °C for 3min, followed by 35
cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 45 s, with a final extension step at 72 °C for 5min.
After confirming the PCR product integrity through 1% agarose gel elec-
trophoresis and quantifying them with a Nanodrop 2000 Spectro-
photometer (Thermo Scientific), DNA samples were prepared for
sequencing. The preparation was performed according to the guidelines
specified by the TruSeq DNA Kit manufacturer (Illumina, USA).

Bioinformatics analysis
High-throughput sequencing was performed using a NovaSeq 6000 PE150
platform (Shanghai Majorbio Bio-Pharm Technology Co., Ltd., Shanghai,
China). Raw sequence processing initially involved filtering out sequences
with primer mismatches (lengths <275 bp), low-quality reads (quality
scores < 30), and barcode sequences. Subsequently, chimera filtering and
quality control were performed using the Trimmomatic tool and the
DADA2 denoising method within the QIIME2 framework69.

Processed reads underwent further analyses, including de-replication,
removal of chimeric sequences, and clustering of OTUs using de novo
methods in QIIME2 at a 97% similarity threshold70. OTUs were chosen for
their ability to capture ecological patterns without over-segmenting
microbial populations, which is essential for understanding broad niche
differentiation and for broad ecological pattern detection71. OTUs also allow
consistency across datasets, supporting meaningful comparisons in studies
focused on functional traits and habitat specialization across environmental
gradients. Representative sequences were annotated, and species-level
classifications were assigned only to sequences that satisfied stringent cri-
teria, including a sequence similarity threshold of ≥97% and a minimum
alignment length of 275 base pairs and verification through local Blastn
searches against theRDPdatabase (Release 14). Taxonomic assignments for
sequences that did not achieve these confidence thresholdsweremade at the
highest hierarchical level that satisfied our classification criteria. Organelle-
derived sequences (chloroplast and mitochondria) were identified and
removed from the dataset. Sequence data generated in this study have been
deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) database under Bio-Project Accession
number PRJNA1130664.

Environmental factor analyses
Environmental factors in coastal mangrove wetlands were quantitatively
assessed. Climate variables were obtained from the China Meteorological
Data Sharing Service System (https://data.cma.cn), including the mean
annual precipitation (MAP), mean annual temperature (MAT), mean
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annual relative humidity (MAR), mean annual sunshine duration (MAS),
andmean annual evaporation (MAE). Soil biochemical properties, including
temperature, salinity, pH, and soil texture (sand, silt, and clay fractions), were
determined using a Malvern Mastersizer 2000 (Malvern, United Kingdom),
as described by ref. 72. Nutrient factors assessed in this study included total
organic carbon (TOC), total inorganic carbon (TIC), total carbon (TC), total
sulfur (TS), total phosphorus (TP), total nitrogen (TN), and concentrations
of sulfate (SO4

2−) and, phosphate (PO4
3−). Additionally, concentrations of

nitrite (NO2
−-N), nitrate (NO3

−-N), and ammonium (NH4
+-N) were

determined as inorganic nitrogen in the laboratory.

Identification of specialists and generalists
Generalist and specialist specieswere classifiedbased onfindings outlined in
recent studies11,13 at the OTU level. Classification thresholds were deter-
mined using observed distributions with random distribution patterns. To
assess the adaptability of OTUs to their respective environmental groups
while maintaining the observed OTU richness within each sample, 10,000
random shuffles of the OTU dataset were performed. The OTUs that
dominated in various environmental groups, likely evolved to adapt to their
specific environments, compared to the random distribution considered as
the widely distributed generalists. Conversely, OTUs found in a narrower
rangeofhabitats than expectedbasedon randomdistributionwere classified
as specialists. The ‘niche width’ function from the ‘spaa’ package in R was
employed to analyze the niche breadth of species.

Data analysis
Statistical analyses were conducted using R. The composition of the leaf
endosphere bacterial community, species richness, and Shannon index
(indicating alpha diversity at genus level) were calculated using the ‘vegan’
package. PCoA, ANOSIM, and permutation multivariate analysis of var-
iance (PERMANOVA) were used to evaluate differences in community
structure based on Bray–Curtis dissimilarity. Mantel and partial Mantel
tests, implemented in the ‘vegan’ package, were used to identify metabolic
parameters distinguishing generalists and specialists. Data correlationswere
evaluated using Spearman and Pearson rank algorithms with the ‘psych’
software. Linear regression analysis, visualized with the ‘ggplot2’R package,
examined the relationship between different factors. Statistical significance
was determined set at p < 0.05.

The community assembly of the generalist and specialist communities
was assessed following the methodology outlined by a recent study73. Pre-
dicted functional profiles of bacterial communities were generated using the
PICRUSt (Phylogenetic Investigation ofCommunities byReconstruction of
Unobserved States based on 16S rDNA high-throughput sequencing data).
Through metagenomic function predictions, predictive functional gene
clusters were identified and categorized into Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways. Further comprehensive analyses were
performed on specific KEGG pathways representing candidate predictive
functional categories in the level 2 KEGG classification.

Statistics and reproducibility
All statistical analyseswere conductedusingRand relevant packages such as
‘vegan,’ ‘psych,’ and ‘ggplot2.’ The 250 leaf samples represented indepen-
dent biological samples collected from different individual trees across
diverse geographical locations, ensuring genetic and environmental het-
erogeneity. Unless otherwise stated, the data presented were derived from
five independent biological replicates, with each replicate representing a
unique sample collected from different sites across the study region. In
addition, five technical replicates were performed for each biological sample
during DNA extraction and PCR amplification to ensure reproducibility.
The replicate samples were treated as independent biological entities, and
statistical analyses were performed on the aggregated data from each bio-
logical replicate. Alpha diversity (Shannon index and species richness) was
calculated using the ‘vegan’ package. For multivariate analyses, PCoA,
ANOSIM, and PERMANOVAwere applied to assess community structure
differences based on Bray–Curtis dissimilarity. The Mantel and partial

Mantel tests, implemented in the ‘vegan’ package, were used to identify
environmental factors associated with generalist and specialist OTUs.
Correlations between different environmental variables and bacterial
community composition were analyzed using Spearman or Pearson rank
correlation, depending on data distribution. Statistical significance was
defined as p < 0.05, with additional levels of significance denoted as
*p < 0.01, **p < 0.01, ***p < 0.0001.

The data were reproducible across multiple biological and technical
replicates, ensuring reliability in our findings. The details of statistical tests
employed for each analysis are provided in the respective figure legends and
methods descriptions. Reproducibility of the experimental protocols was
ensured by conducting all sample collection, DNA extraction, PCR ampli-
fication, and bioinformatics analysis according to standardized, previously
validated procedures.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The sequence data were deposited in SRA at BioProject Accession:
PRJNA1130664. The source data for plotting figures and tables (Supple-
mentaryData 1.xlsx) and the processeddata from the 16S rRNAsequencing
canbe archived in the supplementarymaterial (SupplementaryData 2.xlsx).
Climate variables can be obtained from the China Meteorological Data
Sharing Service System (https://data.cma.cn).

Code availability
The R (R-4.1.2) codes used in this study for data analysis and graphs
drawing are available at the repository Zenodo (https://doi.org/10.5281/
zenodo.14259420).
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