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Mycorrhizal colonization of dryland tree
establishment depends on soil microbial
cooperation

Haiyun Zi 1,2, Zhe Hua1, Yun Wang1, Yangwenke Liao1, Shuikuan Bei1,
Fuliang Cao1, Manuel Delgado-Baquerizo 3 & Xiaogang Li 1

Mycorrhizal fungi serve as fundamental agents in forest establishment and
progression, underpinning critical ecosystem functions through symbiotic
root associations. Drylands, which cover nearly half of Earth’s land, have lim-
ited forest establishment, and factors influencing mycorrhization in these
stressful environments remain unclear. Here, we integrate large-scale field
surveys along aridity gradients with greenhouse experiments and over 33,000
microscopic mycorrhizal observations, revealing that aridity significantly
enhances mycorrhization. Mycorrhizal fungi undergo niche modification,
whereby facilitative microbial interactions promote mycorrhization under
aridity stress. We identify a core synthetic microbial community linked to
mycorrhization and provide mechanistic evidence that this community facil-
itates mycorrhization through physical attachment to fungal hyphae and by
alleviating soilmetabolite inhibition that otherwise suppressesmycorrhization
under arid conditions. In this work, our findings highlight the role of microbial
interkingdom interactions in driving tree mycorrhizal colonization in arid
regions, offering critical insights for guiding tree planting and restoration
efforts in drylands.

Forest plantations provide significant ecological and economic bene-
fits, including soil conservation, carbon sequestration, and timber
production1–3. As a core strategy for landscape restoration, they are
integral to the implementation of the United Nations Decade on Eco-
system Restoration (2021–2030)3. Similarly, forest plantations are
fundamental for food production in agroecosystems. Unfortunately,
the establishment and success of forest plantations is constrained by
water scarcity across 41 percent of the global land area; i.e., in
drylands4. This challenge is particularly significant in arid and hyper-
arid zones, where aridity thresholds critically limit forest ecosystem
functions and have led to widespread plantations failures5. Global cli-
mate change further intensifies aridification processes, further threa-
tening plantations viability4,6,7. Ectomycorrhizal (ECM) fungi are a key
functional microbial community that enhances tree adaptability to

aridity by optimizing root water absorption and physiological
responses8,9. However, the mechanisms behind the ectomycorrhiza-
tion of trees in drylands remain virtually unknown10–13, hampering our
ability to design adaptive forest management strategies to mitigate
aridity threats. Here, we considered two contrasting scenarios. (1) The
prevalent harsh conditions in drylands, such as water scarcity, nutrient
depletion, and carbon limitation in host trees, directly inhibit mycor-
rhizal symbiosis establishment14,15. (2) Tree establishment is likelymore
dependent on mycorrhizal fungi under highly arid and environmen-
tally challenging conditions. In such settings, the soil microbiome can
supportively maintain mycorrhizal colonization within these extreme
ecosystems.

Advancing our understanding of how to support the establish-
ment and success of forest plantations in drylands is urgently needed.
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The current lack of knowledge about the mechanisms behind the
colonization of roots by mycorrhizal fungi in drylands exists for three
main reasons. First, we donot know ifmycorrhizal colonization follows
an aridity-threshold driven distribution similar to that previously
reported for biodiversity and soil function14. Revealing these aridity-
shaped patterns and their mechanistic impacts requires comprehen-
sive, cross-scale studies combining field surveys with microcosm
experiments. Second, the contribution of the soil microbiome to
support mycorrhizal establishment is poorly understood, yet soil
microbes are known toundergo critical changes as aridity increases16,17.
Mutualistic interactions within the microbiome represent a key eco-
logical process mitigating aridity-induced suppression of
mycorrhization18,19 (Fig. 1). Specifically, ECM fungal hyphae provide
ecological niches for the soil microbiome, which in turn enhances
ECMF hyphal growth and mycorrhization, thereby expanding tree
resource acquisition capacity in drylands20,21. Nevertheless, the com-
plexity of microbial interactions and their dynamic interplay with
environmental factors constrain our mechanistic understanding of
ectomycorrhization in drylands and pose significant challenges for
constructing predictivemodels ofmycorrhization22. Finally, we lack an
ecological theory capable of explaining the role of the soilmicrobiome
to support mycorrhizal establishment. Notably, the stress gradient
hypothesis posits that facilitative microbial associations increase in
frequency under stressful conditions23–26. We therefore hypothesize
that aridity-shaped facilitative microbial interactions critically deter-
mine ectomycorrhization success.

In this work, we combined large-scale field surveys with green-
house experiments and microscopic observations to evaluate mycor-
rhizal tree colonization across a wide aridity gradient. To evaluate the
changes in ECM colonization with aridity, we conducted a regional
survey across 11 poplar cultivation regions in China spanning 1400 km.

This transect encompassed a natural aridity gradient (1-Aridity Index),
ranging from 0.41 (dry subhumid) to 0.88 (arid; Supplementary
Table 1, Fig. S1b). We performed over 33,000 microscopic examina-
tions on 110 root samples, conducting at least 300 examinations per
sample until no new ECM morphotypes were observed. We used
Populus as our tree model. This tree species is fundamental in natural
ecosystems, providing a niche for biodiversity while supporting mul-
tiple ecosystem services such as carbon sequestration. Populus is also
one of the most commonly planted trees worldwide in restoration
processes and in agrosystems to support timber production, playing a
fundamental role in local and regional economies. Our sampling
encompassed three planted Populus sections in China (Tacamahaca,
Leuce, and Aigeiros) to evaluate species-independent aridity effect on
ECM colonization. Subsequently, along the soil-ectomycorrhiza con-
tinuum, we profiled ECM fungal and bacterial community
composition across the aridity gradient, revealing that cross-kingdom
associations between ECM fungal and bacterial communities are pri-
mary drivers of ectomycorrhization along aridity gradients. We
focused on three compartments: (i) bulk soil (reservoir of microbial
diversity), (ii) ectomycorrhizosphere (hotspot for fungal-bacterial
interactions), and (iii) ectomycorrhiza (functional interface for nutri-
ent exchange), to dissect how aridity shapes microbial interaction
driving ECM colonization. We further generated a synthetic microbial
community (SynM) comprising nine key bacteria isolated from the
ectomycorrhizosphere as promoters of ectomycorrhization. Finally,
using integratedmulti-omics and cultivation-dependent approaches27,
we elucidated a dual mechanism for SynM-enhanced ectomycor-
rhization: (i) upregulation of genes involved in butyrate metabolism
and DNA replication within ECM fungus, (ii) mitigation of the inhibi-
tory effects of soil metabolites, specifically L-tyrosine and L-phenyla-
lanine, on ECM fungus.

Fig. 1 | Conceptual diagram illustrating microbial interactions enhancing tree adaptability to aridity by promoting mycorrhization in drylands. Created in
BioRender. Zi, H. (2025) https://BioRender.com/ehgollh.
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Results and discussion
Aridity enhances ectomycorrhizal fungal colonization and
diversity
Our analyses revealed that aridity significantly increased ECM coloni-
zation. ECM colonization in arid zones (57.01%) was more than double
those observed in dry subhumid zones (27.88%) (P < 0.05; Tukey-
Kramer test; Fig. 2a). This strong aridity response supports the sce-
nario that tree establishment in highly arid environments is more
dependent on mycorrhizal fungi and underscores the importance of
ECM symbiosis as a key functional trait for tree adaptation to water
stress8. Further analysis indicated a nonlinear relationship between
colonization and increasing aridity: colonization increased linearly
across habitats with aridity values from 0.41 to 0.78 (P <0.01) but
plateaued under more severe aridity (P > 0.05; Fig. 2b). This aridity
threshold (~0.78) aligns closely with previously reported thresholds
(~0.8) associated with ecosystem breakdown and minimal plant
photosynthesis14,28. Therefore, the stability of ECM colonization
beyond this threshold suggests compensatory ecological processes
(e.g., microbial interactions) may sustain mycorrhization within the
observed aridity range.

Aridity also significantly elevated ECM fungal alpha diversity,
measured both within the ectomycorrhizosphere and on the ECM root
tips themselves (ectomycorrhiza) (P < 0.01; Fig. 2c). In the ectomy-
corrhizosphere, diversity increased by 242.12% in arid zones and
40.43% in semi-arid zones relative to dry subhumid zones (Tukey-
Kramer, P <0.05; Fig. S3a). A similar aridity-driven diversity increase
was observed in the ectomycorrhiza (P <0.01; Fig. S3a). These findings
are consistent with our microscopic examinations, which found more

ectomycorrhiza and greater diversity in arid zones. Furthermore, ECM
fungal alpha diversity in bulk soil also increased significantly with
aridity (P <0.01), indicating their synergistic adaptation across the soil-
ectomycorrhiza continuum to environmental stress gradients25. Bulk
soil likely acts as a persistent reservoir of ECM fungal propagules (e.g.,
spores, hyphal fragments)29,30, potentially hosting a greater diversity of
aridity-adaptive fungal strategies available for symbiosis.

Mycorrhizosphere microbiome determines mycorrhization
under intensified aridity
We further demonstrated that the soil microbiome critically regulated
mycorrhization in drylands. Our results showed that aridity sig-
nificantly restructured ECM fungal and bacterial communities, though
compartment-specific variation characterized these shifts (bulk soil,
ectomycorrhizosphere, ectomycorrhiza; Fig. S4a, c). Notably, the
bacterial community in the ectomycorrhizosphere displayed pro-
nounced sensitivity to aridity, evidenced by its strongest correlation
with aridity for alpha diversity (R² = 0.40, P <0.01; Fig. 2c, d) and
community similarity (Mantel r = −0.39, P < 0.01; Fig. 2e, f) relative to
other compartments. This aridity-driven differentiation further
amplified dissimilarity between ectomycorrhizosphere and bulk soil
bacterial communities, peaking above an aridity value of 0.7 (Fig. S5).
Collectively, our findings demonstrate progressive niche contraction
for bacteria under increasing aridity, wherein the ectomycorrhizo-
sphere constitutes a critical interfaceof available plant habitat, thereby
fostering a bacterial community distinct from bulk soil31.

Next, to characterize the driving force of microbiome along the
aridity gradient, we employed cohesion metrics to quantify potentially

Fig. 2 | Ectomycorrhizal colonization and microbial community dynamics of
poplar along an aridity gradient. a the ectomycorrhizal colonization rates of
poplar in three aridity zones. b ectomycorrhizal colonization pattern of poplar
along the aridity gradient. Black curve represents optimal cubic regression selected
by lowerAkaike informationcriterion (ΔAIC > 2), with error bands representing95%
confidence interval. Blue line represents segmented regression to identify aridity
threshold (0.78). Statistical data are colored corresponding to their curves. Scatter
colors match groupings in (a). c–f the Shannon diversity and community similarity

of bacterial and ectomycorrhizal fungal communities along the aridity gradient. In
all above panel: ECMF, ectomycorrhizal fungi; Arid (n = 38): aridity (1-aridity index)
>0.8; Semi-arid (n = 52): 0.8 > aridity (1-aridity index) >0.55; Dry subhumid (n = 19):
0.55 > aridity (1-aridity index) >0.35; Soil: bulk soil; Rhiz: ectomycorrhizosphere;
Root: ectomycorrhiza; Bar charts represent mean± SD. Different lowercase letters
indicate significant differences (one-way ANOVA followed by Tukey-Kramer test,
P <0.05); *P <0.05; **P <0.01; ***P <0.001); nonsignificant differences presented as
“ns”; The “Aridity” represents “1-aridity index”.
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cooperative and competitive interactions between ECM fungi and
bacteria. We found that in the ectomycorrhizosphere, aridity specifi-
cally enhanced cooperative interactions while suppressing competitive
ones (Figs. 3a and S6). In contrast, in bulk soil and ectomycorrhiza,
aridity exertedonlyminoreffectsonmicrobial interactions. Specifically,
in the ectomycorrhizosphere, positive cohesion in arid zones was 1.37-
fold and 2.42-fold higher than in semi-arid and dry subhumid zones,
respectively (Fig. 3a). In this compartment, ECM fungal hyphal meta-
bolites provide carbon sources supporting certain microorganisms,
mitigating the lethal effect of water limitation under increasing

aridity20,21. This aligns with the Stress Gradient Hypothesis, indicating
that microbial cooperation is an important strategy for mycorrhizal
adaptation to aridity24,32,33. Critically, the ectomycorrhizosphere exhib-
ited the strongest association between positive cohesion and aridity
(R² =0.54, P< 0.001) compared with bulk soil (R² =0.08, P < 0.01) and
ectomycorrhiza (R² =0.01, P > 0.05; Fig. 3a), confirming its status as the
primary interface for aridity-driven microbial cooperation.

We further evaluated the contributions of ECM fungal and bac-
terial community characteristics and their cross-kingdom interactions
to ECM colonization using random forest (RFM) and generalized

Fig. 3 | Microbial community regulation of ectomycorrhizal colonization and
identification of key promoting bacteria. a the positive cohesion in soil, ecto-
mycorrhizosphere and ectomycorrhiza, and their relationships with aridity. Soil:
bulk soil; Rhiz: ectomycorrhizosphere; Root: ectomycorrhiza. Bar charts represent
mean ± SD. Different lowercase letters indicate significant differences (two-way
ANOVA followed by Tukey-Kramer test, P <0.05); “ns” denotes nonsignificant dif-
ferences. The “Aridity” represents “1-aridity index”. Arid (n = 38); Semi-arid (n = 52);
Dry subhumid (n = 19). b the importance of community characteristics of ecto-
mycorrhizal fungi (ECMF) and bacteria, and their cohesion for ectomycorrhizal
colonization (random forests). %IncMSE refers to the Percentage Increase in Mean

Squared Error. A thousand iterations of the permutation test were conducted, and
Q-values were corrected using FDRmethods (*P <0.05). c bacterial ASVs positively
associated with ECMF and ECMF colonization. The y-axis represents the mean of
the significant positive connectedness between each bacterial ASV and the ECMF
ASV; the x-axis indicates the correlation between bacterial ASVs and ECMF colo-
nization. d analysis of key bacterial ASVs in extremely arid environments (aridity
>0.7). e the VennDiagram shows the number of ASVs shared betweenMethod I and
Method II. f the best matching strain for key ASVs. The relative abundance of
corresponding ASVs in the ectomycorrhizosphere is included in the bar plots on
the right.
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additive model (GAM). The bacterial community in the ectomycor-
rhizosphere dominated ECM colonization, with positive ECMF-
bacterial cohesion emerging as the most influential factor (%
IncMSE = 13.55, P < 0.05), followed by bacterial community composi-
tion (PCoA1) and alpha diversity (P < 0.05; Fig. 3b). Partial least squares
regression confirmed a significant positive correlation between posi-
tive ECMF-bacterial cohesion and colonization in the ectomycor-
rhizosphere (R² = 0.22; Fig. S7a). This direct evidence supports our
hypothesis that prolonged aridity drives ECM fungal niche optimiza-
tion, promoting bacteria-ECMF cooperative assemblies to underpin
mycorrhization. This represents a coevolutionary outcome of tri-
partite (bacteria-ECMF-host tree) systems responding to environ-
mental stress. GAM analysis incorporating the six RFM-significant
variables (total R2 = 0.65) strengthened these findings, with ectomy-
corrhizosphere bacteria explaining 34% of colonization variance
(Fig. S7b). Although the identities of ECMF exhibit variable root colo-
nization capacity34,35, RFM detected no direct contribution from ECM
fungal community characteristics (Fig. 3b). This limited explanatory
power of ECM fungi underscores the primacy of niche adjustment in
driving ECM colonization under intensified aridity. Collectively, these
findings suggest that under increasing aridity, tree mycorrhization
depends on ectomycorrhizosphere microbiome, specifically on facil-
itative cross-kingdom interactions as pivotal drivers31. This under-
scores the necessity of prioritizing the dynamics of microbial
interactions in predictive models of plant mycorrhization under con-
ditions of global aridification.

The bacteriome of ectomycorrhizal colonization
We hypothesized that bacteria enriched specifically under high aridity
contribute to ECM colonization. We then aimed to further understand
the bacterial communities associated with mycorrhizal colonization.
To such an end, we identified key ectomycorrhizosphere bacteria taxa
for ECMcolonization.We first detected 619 bacterial ASVs significantly
enriched in the ectomycorrhizosphere compared to bulk soil
(Fig. S8a). Subsequently, we employed two complementary analytical
methods to identify key bacterial taxa. The first method utilized
microbial interactionpatterns. Given the importanceofpositive ECMF-
bacterial interactions for ECM colonization (Fig. 3a), we calculated the
positive connectedness (defined as the mean of significant positive
correlations between each bacterial ASV and the ECMF ASV based on
SparCC networks) and assessed the correlation of bacterial ASVs with
ECM colonization. This approach identified 145 ASVs (Fig. 3c), indi-
cating their potential to promote ectomycorrhization through positive
interactions with ECM fungi. To further validate these candidates
under high aridity, we quantified two key ecological metrics—occu-
pancy and specificity (see “method section” for details)—in ectomy-
corrhizosphere samples with aridity >0.7. This additional screening
step identified 36 candidate ASVs (Fig. 3d). Among these, 34 ASVs
showed significant positive correlations with both ECMF ASVs and
colonization (Fig. 3e), defining them as key bacteria that potentially
facilitate ECM colonization. This key group represents four bacterial
phyla and 19 genera, including Mesorhizobium (4 ASVs), Leifsonia (2
ASVs), and Flavobacterium (2 ASVs; Fig. S9a), demonstrating taxo-
nomic diversity in bacteria supporting ECM colonization.

To obtain these key bacterial isolates, we first confirmed their
predominant enrichment in the BJT, LZ, and GL regions through
enrichment analysis (Fig. S8b). Subsequently, we isolated and purified
bacteria from the ectomycorrhizosphere soil in these regions. A total
of 417 bacterial strains were obtained, and after sequence alignment,
172 strains with sequence similarity of less than 98.65% (thismeasure is
now widely used for species demarcation) were retained. Since pro-
moting ECMF hyphae growth is a primary trait of ectomycorrhiza
helper bacteria36, all 172 strains were co-cultured with the dominant
ECM fungus Tuber from poplar plantations to assess hyphal growth
promotion (Fig. S2c, S9a). Twelve bacterial strains (ASVs) that

exhibited a negative association with ECM colonization significantly
inhibited Tuber growth in vitro. Among these, seven strains were
identified as Pseudomonas, and two strains were classified within the
Bacillus (Fig. S10). Notably, these ASVs (e.g., Pseudomonas ASV9, B18)
were found to be enriched in dry subhumid regions (Fig. S10). This
finding corroborates our results (Fig. 3b), suggesting that competitive
interactions inhibit ECM colonization in dry subhumid regions. Most
importantly, nine key bacterial strains were identified based on
sequence matching (≥98.65% similarity) to enriched ASVs and
demonstrable growth-promoting abilities (Fig. 3f). Functionally, six of
these nine strains significantly enhanced Tuber hyphal growth. Speci-
fically, strain B1 (Flavobacterium, ASV196) showed the strongest pro-
motion (12.34% increase versus control), while B188 (Sphingopyxis,
ASV354) and B127 (Chryseobacterium, ASV727) ranked third (9.79%)
and eighth (7.11%), respectively, among all isolates (Fig. S9a). These
findings validate the rationality and scientific rigor of ourmethodology
for selecting key bacterial taxa.

Experimental evidence on the contribution of bacteria to ECM
colonization
We then seek to provide further experimental evidence that bacteria
shape mycorrhizal tree colonization in drylands. To test whether key
bacteria promote mycorrhization, we constructed a SynM comprising
the nine key bacterial strains through bacterial co-culture. Subse-
quently, we established a pot experiment with four treatments: sterile
control, SynM inoculation alone, Tuber inoculation alone (one of the
dominant ECM fungi identified in field surveys), and SynM-Tuber co-
inoculation. We observed that SynM significantly enhanced ECM
colonization. Specifically, although Tuber inoculation alone achieved
18.83% ECM colonization, SynM-Tuber co-inoculation significantly
increased colonization to 33.74% (Fig. 4a). This enhancement corre-
sponded with 12.4% and 18.2% increases in poplar height and above-
ground biomass, respectively, relative to the control (Fig. 4b–d). This
result demonstrates that key bacterial taxa enriched in the ectomy-
corrhizosphere of trees under aridity conditions effectively promote
mycorrhization. Furthermore, SynM inoculation alone showed no
effect on tree growth, indicating that SynM facilitates primarily
through direct interactions with ECM fungi rather than indirect tree-
mediated pathways in this system.

Previous studies have shown that soils contain ECMF-antagonistic
metabolites (e.g., phenolics), which inhibit the growth and extension
of ECMF hyphae37–39. Here, we tested whether arid soil extracts (SE)
suppressmycorrhization andwhether key bacteriamitigate this effect.
We separately inoculated Tuber alone and co-inoculated SynM with
Tuber in poplar pots amended with SE from arid regions (DX and LW,
aridity: 0.74–0.87). Indeed, we found that arid SE inhibited ECM for-
mation. SE addition reduced ECM colonization by 27% (P <0.05;
Fig. 4a), and decreased poplar height, shoot biomass, and total bio-
mass by 5.44%, 9.78%, and 7.29% respectively, inTuber-only treatments
(Fig. 4b–d). Notably, SynM co-inoculation alleviated this suppression,
maintaining ECM colonization and plant growth at non-extract level
(P < 0.05; Fig. 4a). Several SynM constituents, such as Sphingomonas,
Sphingopyxis, and Flavobacterium, are reported to degrade inhibitory
organic acids and aromatic compounds40–42. Collectively, these results
demonstrate that key bacteria promote ECMcolonization and alleviate
environmental suppression43.

Bacteria promote ECM growth via butanoate metabolism and
DNA replication
We then aimed to understand the contribution of SynM to in vitro ECM
fungal growth, and further investigate the mechanisms behind such
relationship. To elucidate the mechanism by which key bacteria
enhance ECM colonization, we assessed the effect of SynM on Tuber
growth using three in vitro co-culture systems: contact coculture,
bacterial supernatant, and non-contact coculture (methods detailed in
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“Methods”; Figs. 5a and S2c, S9a). These methods enable us to clarify
the main interaction modes between bacteria and ECM fungi. We also
constructed multiple SynMs in parallel as controls, which contained:
SynM1 (three non-promoting strains from original SynM), SynM2 (six
growth-promoting strains from original SynM), and SynM3 (nine ran-
domly selected strains; Fig. S9a). Our in vitro co-culture systems
revealed that direct physical contact (contact coculture) is important
for SynM-mediated Tuber growth promotion. SynM showed the high-
est growth promotion (18.15%) when it contacts with Tuber hyphae
(contact co-culture; Fig. 5b), surpassing other co-culture systems.
Scanning electron microscopy confirmed bacterial colonization on
Tuber hyphae (Fig. 5c), indicating a structural symbiosis. This contact-
dependent interactionmode aligns with documented mechanisms for
ECM fungal development facilitated by hyphal-colonizing bacteria27,36.
Moreover, the rationally designed SynM outperformed all control
communities (SynM1/2/3) and individual strains in Tuber growth pro-
motion (Figs. 5a and S9b), confirming its rational design efficacy.
Strikingly, removal of non-promoting strains from original SynM
(SynM2) reduced the growth promotion by >50% relative to complete
SynM (Fig. 5a), revealing functional synergy essential for SynMactivity.

Tuber transcriptomics after contact coculture elucidated under-
lying mechanisms. SynM significantly altered Tuber gene expression,
upregulating 937 genes compared to the control (Fig. S11a). KEGG
enrichment analysis identified butanoate metabolism as the most
enriched pathway, followed by DNA replication (Fig. 5d). The meta-
bolic pathway and heatmap analysis revealed induced expression of

genes encoding acetoacetyl-CoA synthetase (AACS), hydroxy
methylglutaryl-CoA lyase (HMGCL), 4-aminobutyrate aminotransfer-
ase (puuE) and 3-hydroxybutyryl-CoA dehydrogenase (paaH)
(Figs. 5e and S11c, d). These genes collectively enhance acetyl-CoA
biosynthesis. AACS converts acetoacetate to acetoacetyl-CoA, HMGCL
cleaves hydroxymethylglutaryl-CoA to generate acetoacetate, and
paaH facilitates the conversion of 3-hydroxybutyryl-CoA to
acetoacetyl-CoA. The accumulated acetoacetyl-CoA is further meta-
bolized to acetyl-CoA, a central intermediate that enters the tri-
carboxylic acid cycle to produce ATP. This energy supply directly
supports fungal hyphal growth and biomass accumulation44,45. Con-
comitantly, upregulation of DNA replication pathways indicates
increased cellular proliferation, which is tightly coupled to enhanced
energy availability from butanoate metabolism. Collectively, these
results introduce a perspective on bacterial-ECM fungal interactions
wherein SynM modulates butanoate metabolism and DNA replication
pathways to stimulate ECM fungal growth46.

Bacteria facilitate mycorrhization by eliminating soil metabolic
constraints
To better understand the mechanism by which key bacteria facilitate
ECM colonization through the elimination of soil constraints, we first
assessed the impact of SE from arid zones on Tuber growth. SE sig-
nificantly inhibited Tuber growth, reducing colony diameter by 23.73%
versus the control (Fig. 6a). Crucially, pre-cultivating the SE with SynM
(SE+SynM) eliminated this suppression, demonstrating bacteria-
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Fig. 4 | Bacteria promote poplar growth by increasing ectomycorrhization of
poplar. a ectomycorrhizal fungi (ECMF) colonization. b plant height. c plant bio-
mass based dry weight (dw). d shoot dry weight. e root dry weight. CK: sterile
control; SynM: a synthetic microbial community comprising of the nine key bac-
terial strains) inoculation alone; ECMF: Tuber inoculation alone (one of the domi-
nant ECM fungus identified in field surveys); SynM +ECMF: SynM-Tuber co-
inoculation; ECMF + SE: individual inoculation with Tuber after adding soil extract

to the substrate; SynM+ECMF+ SE: co-inoculation with SynM and Tuber after
adding soil extract to the substrate. Different lowercase letters indicate significant
differences (one-way ANOVA followed by Tukey test, P <0.05; n = 4 replicates with
3 poplars per replicate); Error bars indicate ± SD. Horizontal bars within boxes
representmean values. The tops and bottoms of boxes represent the 75th and 25th
quartiles, respectively.
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mediated microenvironmental improvement supporting ECM fungi
(Fig. 6a). Metabolic profiling revealed that SynM specifically reduced
two aromatic amino acids in SE: L-tyrosine (20.05-fold reduction) and
L-phenylalanine (14.01-fold reduction) (Fig. 6b–f). These metabolites
involved in various metabolic pathways (Fig. 6d, e), and their

accumulation disrupts metabolic homeostasis of fungi43. We propose
that SynM members, notably Sphingomonas and Sphingopyxis, likely
eliminate the inhibitory by utilizing these aromatic amino acids as
carbon and nitrogen sources, thereby optimizing the microenviron-
ment for ECM fungal growth41,47.
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Transcriptomic analysis of Tuber in control, SE, and SE+SynM
offered further mechanistic insight. 507 genes exhibiting sequential
downregulation in SE and recovery in SE+SynM (Fig. 6g). KEGG
enrichment of these genes showed their significant roles for glu-
tathione metabolism and arachidonic acid metabolism pathways
(Figs. 6h and S12). This transcriptional response indicates that soil

extract compromises antioxidant defenses and disrupts membrane
integrity through dysregulated arachidonic acidmetabolism48,49. SynM
effectively counteracted these detrimental effects at the transcrip-
tional level. Collectively, these findings establish that SynM facilitates
ECMF colonization by eliminating inhibitory soil metabolites, specifi-
cally removing inhibitory aromatic amino acids, thereby alleviating
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metabolic stress and restoring essential cellular functions for oxidative
defense and membrane integrity in the ECM fungus. This bacteria-
mediated soil metabolic change establishes a conducive micro-
environment for successful mycorrhization.

Taken together, ECM colonization represents a key adaptive
strategy of tree plantation for addressing the intensified aridity stress,
characterized by a distinct threshold effect. ECM fungi undergo niche
adjustment as aridity intensifies, wherein facilitation of the micro-
biome supports ECM colonization under aridity stress. Given the ECM
fungal diversity, this ecological regulatory strategy exhibits broader
applicability for mitigating the negative impacts of global aridity on
mycorrhizal systems.Through the construction of a targeted SynM,we
mechanistically demonstrated that bacteria facilitate ECM coloniza-
tion by direct physical attachment to fungal hyphae and by eliminating
soil inhibitory metabolites. Our findings elucidate an ecological
mechanism sustaining mycorrhization under severe aridity and pro-
vide a microbiome-based strategy to enhance plantation resilience
against climate change stressors.

Methods
Site description and sampling
To investigate how ECM colonization in poplar roots responds to an
aridity gradient, we conducted a regional-scale survey spanning 11
poplar cultivation regions (Table S1). These regions were located
across a climate gradient fromwest to east in China, spanning dry sub-
humid to arid zones, and were distributed along gradients of climatic
aridity (ranging from 0.41 [dry subhumid] to 0.88 [arid]; Fig. S1a).
Regions were selected based on the five poplar cultivation areas in
China, with the westernmost and easternmost sites separated by
1400 km. Geographic coordinates were recorded in the field using
handheld GPS receivers (Fig. S1a). Corresponding mean annual tem-
perature (MAT) and mean annual precipitation values (MAP) for each
region were obtained from the WorldClim2 Global Climate Data at a
spatial resolution of 30 arc-seconds based on the sampling coordi-
nates. Aridity (1-aridity index) was estimated using the Global Aridity
Index dataset (http://www.cgiar-csi.org/data/global-aridity-and-pet-
database), higher values denote drier conditions. Further details
regarding the 11 regions are provided in Supplementary Table S1.

Sampling was conducted in September 2021 across 11 regions. In
each region, 7–13 poplar plantations withminimal recent disturbance
were selected as sampling sites, spaced at least 100m apart to pre-
vent cross-interference between poplar root systems (Table S1). At
each sampling site, the sample comprised two to three individual
poplar trees, which were pooled to form a single composite sample
per site. From each poplar tree, we collected the following com-
partments in the field: roots and bulk soil. Roots were collected and
gently shaken to remove loosely adhering soil. In total, 110 root
samples and 110 bulk soil samples were collected from 11 regions. All
these samples were placed on ice for transport and processed within
48 h. The 110 bulk soil samples were divided into two subsamples:
one was air-dried at room temperature for the determination of soil
physicochemical properties; the other was stored at −80 °C for
subsequent DNA extraction.

Morphotyping and colonization rate measurement
Fine roots (<2mmdiameter)were cut to approximately 2 cmsegments
(Fig. S2). After carefully removing adhering soil particles that obscured
observation using sterile tweezers (flame-sterilized with an alcohol
lamp), root tips were examined under a dissecting microscope
(10–50× magnification; Nikon SMZ18, Kanagawa, Japan) for the pre-
sence of amantle. Root tipswith amantlewere identified as ECMroots.
Subsequently, based on morphological distinctions in branching pat-
tern, tipmorphology, emanating hyphae, ECM root tips were classified
into distinct morphotypes50,51. Per sample, at least ten root tips per
ECM morphotype were preserved for molecular analysis; all

morphotypes from the same sample were pooled into a single com-
posite sample52, yielding a total of 110 ECM root samples. For rare
morphotypes with low abundance, a minimum of two root tips per
morphotype was collected in per sample53. No minimum number of
root tips per sample was predefined: observations continued until no
new morphotypes were detected. Approximately 300 ~ 400 root tips
were examinedper sample, totalingover 33,000 root tips. The number
of ECM root tips and total root tips observed per samplewas recorded.
ECM colonization rate was calculated as: (Number of ECM root tips/
Total root tips observed) × 100%. For clarity, the root samples refer-
enced in this manuscript are understood to pertain to ECM samples,
unless stated otherwise.

Collection of ectomycorrhizosphere soil samples
Mycorrhizosphere soil was defined as the soil layer adhering to ECM
roots with an approximate thickness of ~1 mm54. For its collection, the
protocol of He et al55. was followed: ECM roots were transferred to
sterile 50-mL centrifuge tubes containing 20mL of sterile 10mM
phosphate-buffered saline (PBS) and shaken at 120 rpm for 20min at
4 °C56. During shaking, mantle integrity was monitored in real-time,
with parameters adjusted if necessary to prevent dislodgement. Sub-
sequently, using sterile tweezers, the ECM root tips were picked out
and taken as ectomycorrhiza samples. The remaining suspension was
centrifuged (6000 × g, 4 °C, 20min) to pellet ectomycorrhizosphere
soil. These stepswere repeated as needed until sufficient sampleswere
obtained. 110 ectomycorrhizosphere soil samples and 110 ectomy-
corrhiza samples were collected and stored at −80 °C for DNA
extraction.

Soil properties
Sieved (<2mm) soil samples were analyzed for soil properties. Soil
pH was measured potentiometrically in a 1:2.5 (w/v) soil-water sus-
pension. Total carbon (TC) and total nitrogen (TN) were quantified
by combustion using a vario MICRO cube elemental analyzer (Ele-
mentar, Germany). According to China’s Soil Standard protocols for
forest regions (LY/T 1232-2015, LY/T 1234-2015, in Chinese), total
phosphorus (TP) was determined via alkali fusion-Mo-Sb anti spec-
trophotometric method, and Available phosphorus (AP) was extrac-
ted with 0.05mol·L–1 HCl − 0.025mol·L–1 1/2 H2SO4; Total potassium
(K) was determined by flame photometry on a NaOH melt, and
available K was measured using 1mol·L–1 ammonium acetate extrac-
tion flame photometry. Nitrate nitrogen (NO₃⁻-N) and ammonium
nitrogen (NH₄⁺-N) were measured following the procedures outlined
by DeForest (Ohio University, Athens 2009), specific protocol for
each assay can be found at https://www.ohio.edu/cas/plant-biology/
research/facilities-laboratories/forest-soil-ecology-lab/optimized-
lab-protocols. The soil properties for each region are presented in
Table S2 (Supplementary material).

DNA extraction, PCR amplification and sequencing
DNA from bulk soil, rhizosphere and ECM root samples was isolated
using the Fast DNA spin kit for soil (MP Biomedicals, Santa Ana, CA,
USA) according to the manufacturer’s instructions. Quality and quan-
tity of the DNA were checked by NanoDrop5000 spectrophotometer
(Thermo Scientific, Wilmington, USA) and gel electrophoresis (BG-
gdsAUTO 130). The extracted DNA was amplified using primers tar-
geted to the V5-V7 region of the bacterial 16S rRNA gene (799F-
AACMGGATTAGATACCCKG57, 1193R-ACGTCATCCCCACCTTCC58).
The fungal internal transcribed spacer region 1 (ITS1 region) of ribo-
somal RNA was amplified using ITS1F (CTTGGTCATTTAGAGG
AAGTAA)59 and ITS2 (GCTGCGTTCTTCATCGATGC) primers60. All PCR
reactions were carried out in 25 µL reactions: 5 × reaction buffer (5 µL),
5 × GCbuffer (5 µL), dNTP (2.5mM, 2 µL), Forward primer (10μM, 1 µL),
Reverse primer (10μM, 1μL), DNA Template (2 µL), ddH2O (8.75 µL),
DNA Polymerase (Q5, 0.25μL). The PCR amplification program was as
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follows: 94 °C for 2min; 30 cycles of 98 °C for 15 s, 55 °C for 30 s, 72 °C
for 30 s; and 72 °C for 5min. Following purification with Vazyme
VAHTSTM DNA clean beads (Vazyme, Nanjing, China), the PCR pro-
ducts were sequenced on an Illumina MiSeq platform at Shanghai
Personal Biotechnology Co., Ltd (Shanghai, China).

Bioinformatic analysis
After sequencing, QIIME2 (open-source, http://qiime2.org) was
used to trim (16S rRNA sequences were trimmed to 300 bp length
(240 bp for fungi)) and denoise raw data into amplicon sequen-
cing variants (ASVs) via the DADA2 plugin (q2-dada2). ITSx 1.0.11
was used to remove the flanking small ribosomal subunit (SSU)
and 5.8 S genes, leaving the ITS1 region for further analyses.
Taxonomy was assigned using the SILVA database (v138.1) for 16S
rRNA gene amplicons and the UNITE database (v9-16.10.2022
release) for ITS amplicons. To reduce bias from variation in
sample read numbers, samples were rarefied (the " rrarefy func-
tion in the R “vegan” package v2.6-4) to the sample with the
lowest read count (15,637 counts for the 16S rRNA gene dataset
and 30,712 counts for the ITS dataset). Then, in order to reduce
the influence of sparse features and eliminate possible error
ASVs, ASVs that exist in only a single sample and have fewer than
10 sequences have been removed.

FungalTraits database61, which includes ECM fungal groups iden-
tified later than the publication of FUNGuild, was used to extract the
ECM fungal ASVs (EASVs) from fungal ASVs according to “primary
lifestyle”, based on genus-level identification, with > 90% sequence
similarity. Subsequent analyses of alpha and beta diversities of ECM
fungal community were based on the EASVs.

Isolation and identification of ectomycorrhizosphere bacteria
From the ectomycorrhizosphere soil samples (Baijitan, Lanzhou, and
Gulang), 417 isolates were successfully cultured. Briefly, 1 g of each
fresh ectomycorrhizosphere soil was suspended in 9mL sterile saline
solution (0.9% [w/v] NaCl in ddH2O), and vortexed vigorously for 3min
followed by shaking at 200 rpm for 30min at 30 °C. Three gradient
dilutions (10–3, 10–4, 10–5) of soil suspensions were plated on Luria-
Bertani agar (LB), Nutrient agar (NA), Tryptic soy agar (TSA) and Rea-
soner’s 2 A agar (R2A) media, then incubated at 30 °C in the dark for
2–7 days. Colony development was monitored daily. Distinct colonies
were selected based on morphological characteristics and purified
through three successive subcultures on NA. All isolates were identi-
fied by Sanger sequencing of 16S rRNA genes amplified with the 27 F
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492 R (5’-GGTTACCTTGT-
TACGACTT-3’) primers. The 16S sequences were submitted to NCBI
databases for taxonomic identification and homologous sequence
similarity. Taxonomic identification employed a 98.65% similarity
thresholdwith > 95% coverage forhomologous sequences62. Among all
isolates, 172 exhibited sequence similarity below this threshold and
were retained for subsequent experiments. Pure cultures were pre-
served in 30% (v/v) glycerol at −80 °C.

Effect of bacteria on ECM fungal growth in vitro
To assess bacterial effects on ECM fungal growth in vitro, 172 isolated
strains were co-cultured with Tuber, one of dominant genus identified
in the field investigation, according to the methods of Deveau et al63.
and Zhao et al64. Bacterial cultures were grown in nutrient broth at
30 °C with 180 rpm shaking for 48h, harvested by centrifugation
(5000 × g, 5min), washed thrice with sterile water, and resuspended to
OD600 = 1. Tuber cultures were pre-grown onmodifiedMelin-Norkrans
agar (MMN, 1:5 dilution) for 72 h. Mycelial plugs (4 × 4mm) were
transferred to fresh 1/5MMNplates and inoculatedwith 25μL bacterial
suspension (treatment) or sterile water (control). Then, parafilm-
sealed plates were incubated at 25 °C in darkness. Fungal radial growth
was measured daily in two perpendicular directions for 4 days. Four

biological replicates were performed. To test the significance of
growth promotion or inhibition, fungal radial growth between treat-
ment and control groups was determined by exactWilcoxon rank sum
tests (two-sided, P < 0.05). Growth-promoting and growth-inhibiting
strains were defined as those showing significant stimulation or sup-
pression relative to controls. Percentage growth changewascalculated
as [(Rtreatment - Rcontrol)/Rcontrol] × 100%, where R represents
mean radial growth65.

The construction of synthetic microbial communities
To obtain bacterial isolates corresponding to key ectomycorrhizo-
sphere taxa, 16S rRNA gene sequences of 172 isolates were aligned
against ASVs identified as the key bacterial isolates using a 97% simi-
larity threshold. Nine strains that best matched nine bacterial ASVs
were selected to construct a SynM. We also constructed multiple
SynMs in parallel as controls, which contained: SynM1 (Three strains
from the original nine with neutral effects on Tuber growth), SynM2
(Six strains from the original nine exhibiting Tuber growth promotion),
and SynM3 (Nine randomly selected strains corresponding to
ectomycorrhizosphere-enriched ASVs; Fig. S9a). Selected strains were
activated on NA for 48 h followed by subculture in liquid NA with a
total culture period of 72 h at 30 °C. Bacterial suspensions were pre-
pared by centrifuging cultures at 5000× g for 5min and resuspending
pellets in sterile water to OD600 = 1. We mixed equal volumes of sus-
pensions of each single strain to construct a total of above four
different SynMs.

Effect of syntheticmicrobial community on ECM colonization in
a pot experiment
To assess SynM effects on ECM formation, a pot experiment was
conducted using hybrid poplar (Populus alba × P. glandulosa ‘84K’).
Five treatments were applied: T1) Tuber inoculation alone; T2) SynM
inoculation alone; T3) co-inoculation with SynM and Tuber; T4) indi-
vidual inoculation with Tuber after adding soil extract to the substrate;
T5) co-inoculationwith SynM and Tuber after adding soil extract to the
substrate. Each treatment comprised four replicates with three
poplars per replicate. The steps are as follows: a tissue-cultured poplar
tree was performed in Murashige and Skoog (MS) medium as descri-
bed in our previous work66, then transplanted into a plastic pot con-
taining autoclaved substrate (profile porous ceramic: vermiculite: peat
= 3:1:1 v/v). In treatments T4 and T5, substrates were given 30mL of
pre-prepared soil extract. After five days of acclimation, microbial
inoculations were performed. SynM suspensions (10mL, OD600 = 1)
were injected into pots. For Tuber inoculants, we first cultured them in
1/5 MMN liquid medium for 72 h (25 °C, 180 r/min) and their hyphae
were chopped and blended using a sterile stirrer in a new conical flask.
10mL of Tuber inoculant was inoculated into the pot using a sterile
syringe. Pots were randomized in a greenhouse under 16-h light/8-h
dark cycles at 25/20 °C day/night temperatures, with sterile water
replenishment every 72 h.

After six months, the plant height of each poplar was recorded,
and the root and aboveground parts of each poplar were collected for
physiological index determination. Firstly, the ECMF colonization rate
of the poplar was observed according to our previous method66. In
short, the fine roots of poplar trees were carefully washed with sterile
water, cut into 2 cm segments, and examined under a microscope.
ECM root tips displaying fungal mantles with emanating hyphae were
counted across ≥100 segments per plant. ECM colonization rates were
calculated as described previously. Roots and shoots were oven-dried
(80 °C, 72 h) for biomass determination.

Effect of synthetic microbial community on ECM fungal growth
in vitro
We then tested the effect of synthetic bacteria on the growth of Tuber
by three coculture systems: contact coculture (physical contact-
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dependent interactions), bacterial supernatant (metabolite-mediated
interactions), and noncontact coculture (volatile organic compound-
mediated interactions; Fig. S2c). Thesemethods enableus to clarify the
main interaction modes between bacteria and ECM fungi27. In the
contact coculture system, 25μL SynM suspension was injected con-
centrically around a 4-mm Tubermycelial plug on 1/5MMNagar. In the
bacterial supernatant system, sterile supernatant (0.22-μm filtered
after centrifugation at 5000 × g for 5min) from72-h SynMcultureswas
applied similarly. In the noncontact coculture system: SynM spread on
NA (200μL, 72 h, 25 °C); Tuber transferred to fresh 1/5 MMN agar;
fungal plate inverted over bacterial plate and sealed with Parafilm67. In
this way, Tuber and SynM grow separately in the same space without
contact, allowing us to evaluate the impact of volatile organic com-
pounds from SynM on fungal growth. Control groups received
equivalent volumes of sterile water to replace SynM (or supernatant).
Radial growth of Tuberwasmeasured after incubation for 72 h at 25 °C.
Experiments were done in triplicate.

Transcriptome sequencing of ECM fungi
To elucidate the molecular mechanisms underlying SynM-mediated
promotion of Tuber growth, transcriptome analysis was performed on
the control group and the SynM-treated group from the contact
coculture system. Three biological replicates were selected per treat-
ment group, yielding a total of six samples. First, Tuber hyphae cor-
responding to each treatmentwere collected from the culturemedium
for RNA extraction. Total RNA was extracted using the Trizol method
following grinding in liquid nitrogen. After digestion with DNase I to
remove genomic DNA contamination, RNA integrity and purity were
assessed by agarose gel electrophoresis and Nanodrop
spectrophotometry.

Libraries were constructed using the Illumina Truseq™ RNA
Sample Prep Kit. EukaryoticmRNA containing polyA tails was enriched
using magnetic beads coated with oligo(dT). The enriched mRNA was
then fragmented by ultrasonication. Using the fragmented mRNA as a
template and random oligonucleotides as primers, the first strand of
cDNA was synthesized in an M-MuLV Reverse Transcriptase system.
Subsequently, the RNA strand was degraded with RNase H, and the
second strand of cDNA was synthesized using DNA polymerase I with
dNTPs. The purified double-stranded cDNA underwent end repair, A-
tailing, and adapter ligation. cDNA fragments approximately 200bp in
size were selected using AMPure XP beads, amplified by PCR, and the
PCRproductswere purified againusingAMPureXPbeads to obtain the
final libraries.

Sequencing was performed on the Illumina platform using the
TruSeq SBS Kit (300 cycles). Raw reads were processed with Trim-
momatic (http://www.usadellab.org/cms/index.php?page= trimmo-
matic) to remove low-quality sequences: reads containing >10%
ambiguous bases (N), bases at the ends with quality scores <20,
adapter sequences, and reads shorter than 75 bp after trimming. Fol-
lowing quality control, high-quality reads were mapped to the pre-
viously assembled transcriptome using Trinity (http://trinityrnaseq.
sourceforge.net/), which de novo assembled all sequencing fragments
into contigs and singletons. The assembled sequences were function-
ally annotated by aligning them against the NR, Swiss-Prot, eggNOG,
KEGG, GO, and CAZy databases. Differentially expressed genes (DEGs)
were identified based on the criteria of |log2(fold change)| ≥1 and false
discovery rate (FDR) < 0.05. Functional enrichment analysis of DEGs
was conducted using the GO and KEGG databases.

In vitro assessment of SynM-mediated soil metabolite mod-
ification on ECM fungal growth
To assess the effect of soil metabolites on Tuber growth, soil samples
from Dingxi and Lingwu (aridity: 0.74–0.87) were selected for extract
preparation. Briefly, 30 g of soil was combined with 90mL of 80%
methanol and agitated at 180 rpm for 3 h. The supernatant was then

collected and subjected to rotary evaporation to remove methanol.
The precipitate was re-dissolved with 1mL of methanol under ultra-
sonic conditions. A 10mL soil extract solution was prepared by dilut-
ing this concentrate with 9mL sterile water, followed by filtration
through a 0.2μm membrane to remove microorganisms. This proce-
dure was repeated in subsequent experiments. This procedure was
repeated for subsequent experiments.

Next, we established three treatments to investigate how SynM
modifies soil metabolic components to facilitate the ECMF growth. (1)
Soil extract control: 5mLof soil extractwas combinedwith 15mLof 1/5
MMN and inoculated with Tuber. (2) soil extract + SynM supernatant:
Soil extract was mixed with an equal volume of sterile SynM super-
natant. Subsequently, 5mL of thismixturewas combinedwith 15mLof
1/5 MMN and inoculated with Tuber. (3) soil extract + SynM: The SynM
was inoculated into 20mL soil extract and incubated at 28 °C for 72 h.
Following incubation, the culture was centrifuged, and the super-
natantwaspassed through a0.2μmfilter to remove thebacteria. Then,
5mL of this treated SE was combined with 15mL of 1/5 MMN and
inoculated with Tuber. In the control group, an equal volume of sterile
water was substituted for the soil extract. Radial growth of Tuber was
measured after 72 h of incubation in darkness at 25 °C.

Transcriptome sequencing of Tuber from Control, Soil extract
control, and Soil extract + SynM treatments provided molecular-level
insights, following the sampling and sequencing protocols described
above in the section titled “Transcriptome sequencing of ECM fungi”.

LC-MS metabolomic analysis of modified soil extracts
To characterize changes in soil metabolite composition induced
by the SynM, LC-MS was used to profile metabolites in both ori-
ginal SE and SynM-treated SE. For metabolite extraction, 100 μL
of each sample was vortex-mixed with 400 μL of 80% methanol-
water solution, incubated on ice for 5 min, and centrifuged at
15,000 × g for 20min at 4 °C. A defined volume of the supernatant
was diluted to 53% methanol using spectrometry-grade water.
This dilution was transferred to a new centrifuge tube and re-
centrifuged at 15000 × g for 20min at 4 °C. The final supernatant
was loaded onto the LC-MS system for analysis (Vanquish UHPLC
and Orbitrap Q ExactiveTM HF; Thermo Fisher Scientific, Ger-
many). Chromatographic separation was achieved using a
Hypersil Gold column (100 × 2.1 mm, 1.9 μM) with a flow rate of
0.2 mL/min and a 17-min linear gradient. For the positive ioniza-
tion mode, mobile phase A consisted of water containing 0.1%
formic acid (FA), and mobile phase B was methanol. For negative
ionization mode, mobile phase A was 5mM ammonium acetate
(pH 9.0), and mobile phase B was methanol. The solvent gradient
program was set as follows: 2% B, 1.5 min; 2-100% B, 12.0 min;
100% B, 14.0 min; 100–2% B, 14.1 min; 2% B, 17 min. The Q
ExactiveTM HF mass spectrometer was operated in both positive
and negative ionization modes with spray voltage of 3.2 kV,
capillary temperature of 320 °C, sheath gas flow rate of 40 arbi-
trary units (arb) and auxiliary gas flow rate of 10 arb.

Statistical analyses
Statistical analyses and data visualization were performed conducted
in Origin Pro 2023, R software (v4.0.2; https://www.R-project.org/).
Residual normality and variance homogeneity were verified using the
Shapiro-Wilk and Levene tests, respectively. Differences in ECM colo-
nization rates were assessed by one-way ANOVA followed by Tukey-
Kramer post hoc tests. Alpha diversity indices and beta diversity
(weighted UniFrac-based) for bacterial and ECMF communities were
calculated with the “vegan” R package (v2.5-2; https://cran.rproject.
org/ package=vegan). Two-way ANOVA with Tukey-Kramer post hoc
testing evaluated alpha diversity variations across compartments and
aridity zones. Beta diversity patterns were visualized via principal
coordinate analysis (PCoA) and statistically tested using permutational

Article https://doi.org/10.1038/s41467-025-67797-z

Nature Communications |         (2026) 17:1041 11

http://www.usadellab.org/cms/index.php?page
http://trinityrnaseq.sourceforge.net/
http://trinityrnaseq.sourceforge.net/
https://www.R-project.org/
https://cran.rproject.org/
https://cran.rproject.org/
www.nature.com/naturecommunications


multivariate analysis of variance (PERMANOVA) with the adonis func-
tion (vegan). Linear and quadratic relationships of ECMF colonization
and microbial diversity along aridity gradients were examined. Model
fit was evaluated via Akaike Information Criterion (AIC; lower values
indicating better fit68; Table S3). Thresholds were detected when the
quadratic regressions fit the data better. We fit segmented regressions
using the “segmented”package of R to identify the tipping pointwhere
the values abruptly changed along the aridity gradient69, with the tip-
ping point detected as the aridity threshold, as many previous
studies28,70. Geographic distances (Km) between sampling sites were
calculated from coordinates using the “geosphere” package. Distance-
decay relationships for community similarity (1-weighted UniFrac dis-
tance) were fitted with ordinary least squares regression, with corre-
lations assessed via Mantel tests.

Microbial cohesion between ECM fungi and bacteria was quan-
tified per sample based on SparCC-constructed interkingdom net-
works (SparCC |r| > 0.4, P < 0.05)71,72. Positive cohesion (reflecting
the strength of positive interkingdom connections) and negative
cohesion (indicating negative connectivity) were derived72. Com-
partmental differences in cohesion were tested with two-way ANOVA
and Tukey-Kramer tests. We then employed a linear mixed model
(LMM) to assess ECMF-bacterial interaction changes along aridity
gradients. RFM identified key predictors of ECMF colonization, with
model significance evaluated via “RfUtilities” R package and pre-
dictor importance via “RfPermute” R package. A GAM incorporated
the six RFM-selected predictors, and compartmental contributions
to ECM colonization were quantified by decomposing GAM-
adjusted R².

To identify key ectomycorrhizosphere bacterial taxa influ-
encing ECM colonization, bacterial ASVs significantly enriched in
the ectomycorrhizosphere (relative to bulk soil) were first
detected using DESeq2 (“DESeq2” R package). Subsequently, two
complementary approaches identified key taxa. The first method
utilized microbial interaction patterns. Positive connectedness
(defined as the mean value of significant SparCC-derived positive
correlations between bacterial ASVs and ECMF ASVs) was calcu-
lated, and correlations between bacterial ASVs and ECM coloni-
zation were assessed. Another strategy targeting environmental
filtering utilized the finding that bacterial community divergence
between the ectomycorrhizosphere and bulk soil peaked at an
aridity level >0.7. Ectomycorrhizosphere bacteria specifically
enriched under high aridity were hypothesized as ECM coloniza-
tion contributors. These taxa were characterized by occupancy
(the relative frequency of occurrence of species in the samples of
habitat) and specificity (the mean abundance of species in the
samples of habitat) with both metrics exceeding 0.7 a threshold
referenced from methods for identifying specialist species in
environments73,74.

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

Data availability
All raw plant RNA-seq data, amplicon sequencing data generated in
this study have been deposited in the Sequence Read Archive (http://
www.ncbi.nlm.nih.gov/sra). Raw amplicon sequences derived from the
field survey are publicly available under NCBI BioProject number
PRJNA1311795 (16S rRNA gene) and PRJNA1311818 (ITS). All 16S rRNA
sequence data of bacterial strains are publicly available under NCBI
BioProject number PRJNA1312253. The RNA-seq data for Tuber are
publicly available under NCBI BioProject number PRJNA1312988.
Source data are available in the Figshare database (https://doi.org/10.
6084/m9.figshare.30775883). Source data are provided with
this paper.

Code availability
Codes used in this study are available in the Figshare database (https://
doi.org/10.6084/m9.figshare.30685235).
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