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Root hair developmental regulators
orchestrate drought triggered microbiome
changes and the interaction with beneficial
Rhizobiaceae

Zhenghong Wang1,3, Zewen Li1,3, Yujie Zhang1, Jingye Liao1, Kaixiang Guan1,
Jingxuan Zhai1, Pengfei Meng1, Xianli Tang1, Tao Dong 2 & Yi Song 1,2

Drought is one of the most serious abiotic stresses, and emerging evidence
suggest plantmicrobiome affects plant drought tolerance. However, there is a
lack of genetic evidence regarding whether and how plants orchestrate the
dynamic assembly of themicrobiome upon drought. By utilizingmutants with
enhanced or decreased root hair densities, we find that root hair regulators
also affect drought induced root microbiome changes. Rhizobiaceae is a key
biomarker taxa affected by root hair related mutants. We isolated and
sequenced 1479 root associated microbes, and confirmed that several Rhizo-
bium strains presented stress-alleviating activities. Metagenome, root tran-
scriptome and rootmetabolome studies further reveal themulti-omic changes
upon drought stress. We knocked out an ornithine cyclodeaminase (ocd) gene
in Rhizobium sp. 4F10, which significantly dampens its stress alleviating ability.
Our genetic and integrated multi-omics studies confirm the involvement of
host genetic effects in reshaping a stress-alleviating root microbiome during
drought, and providemechanistic insights into Rhizobiaceaemediated abiotic
stress protection.

Plant roots are surrounded by highly diverse soil microbial commu-
nities, and their coevolution is crucial for plant fitness and the
function of rhizosphere ecosystems1–4. Different plant ecotypes or
cultivars share common and sometimes heritable microbiome
features5–7, indicating that hosts can selectively shape a “core
microbiome”. In addition, plants can even actively reshape their
microbiome in response to various stresses to enhance fitness8.
Currently, our understanding of the regulatory links between host
genes and microbial ecosystems and their consequences for plant
fitness is still in its infancy. Drought is one of the most destructive
abiotic stresses and a significant threat to agricultural production

worldwide. It has been estimated that more than 50% of arable land
will be affected by drought by 20509. Numerous studies suggest that
drought also profoundly disrupts soil microbiomes and plant-
associated microbiomes across various plant species and
ecosystems10,11, and that prolonged drought stress even dampens
root microbiome resilience after drought recovery12. However, cur-
rently, we still lack genetic evidence to support whether plant genetic
effects are positively involved in shaping drought-triggered micro-
biome changes. Studying how plant genetic effects positively
reshape root-associated microbiomes under drought stress will fur-
ther our understanding of how plant-microbiome holobionts adapt
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to drought and help developmicrobiome engineering approaches to
combat drought.

Plant genetic approaches providepowerful tools for studyinghow
plants shape the microbiome. For example, our previous genetic
screening identified the receptor-like kinase FERONIA which can reg-
ulate the colonization of beneficial Pseudomonads13. A pioneering
genetic study demonstrated that disruption of distinct hormone sig-
naling pathways in Arabidopsis mutants could alter the microbiome
structure14. This study provided the first solid genetic evidence that
plants can shape their root-associated microbiome. Moreover, by
using genetic mutants to suppress multiple plant immune pathways,
previous studies revealed the critical roles of innate immunity in
maintaining microbiome homeostasis and plant health15,16. Research-
ers have further revealed that various plant signaling pathways influ-
ence themicrobiome structure, including epigeneticmodifications17,18,
small RNA generation19, and diverse metabolic pathways20,21. Although
plant genetic tools have been extensively employed to dissect the
regulatorymechanisms of themicrobiome composition under normal
conditions, genetic studies regarding how plants positively reshape
microbiomes under drought stress are still lacking.

Numerous studies indicate that the plant host might be involved
in orchestrating drought-induced root microbiome changes, although
we still lack genetic evidence to support this. For example, drought
stress has a much stronger influence on the composition of root-
associated microbiomes than it does on bulk soil microbiomes10. Fur-
thermore, the effects of drought on root-associatedmicrobiomes vary
across different plant development stages (flowering or not)22, indi-
cating the impact of plant developmental stages on drought-induced
reshaping of themicrobiome. Integratedmulti-omics approaches have
suggested that glycerol 3-phosphate (G3P) and iron are potential
metabolic cues affecting drought-induced dynamic assembly of the
root microbiome22,23. Studies in different wild species and crops have
demonstrated that drought stress can enrich certainmicrobes, such as
Actinobacteria (especially Streptomyces), which may enhance the
drought toleranceof plants12,22,24. A recent study inoculated 21different
tree species with different soil microbiomes and reported that inocu-
lation of soil microbiomes sourced from drier, warmer, or colder sites
promoted plant survival in the context of subsequent drought, heat, or
cold stress, respectively4. These studies indicate that plants might be
able to “cry for help” to shape a drought-alleviating microbiome. Fur-
ther genetic studies under stress conditions could provide a deeper
mechanistic understanding of how the host positively regulates
drought-triggered microbiome changes, which is crucial for harnes-
sing the microbiome to combat drought stress25.

Root hairs are essential for water and nutrient uptake and serve as
the frontline cells of root microbiome interactions26,27. In addition,
plants secrete approximately 20–30% of their photosynthetic carbon
source as root exudates into the rhizosphere, with root hairs playing a
vital role in this process28. We thus hypothesized that root hairs might
orchestrate microbiome sculpting upon drought stress during long-
term evolution. Moreover, the well-characterized genetic regulatory
pathways of root hair development enabled us to obtain mutants with
different root hair densities to study their effects on drought-induced
microbiome changes. The master transcription factor GLABRA 2
maintains a non-hair cell fate and negatively regulates root hair
initiation and development29. In contrast, a group of upstream basic
helix-loop-helix (bHLH) transcription factors, including ROOT HAIR
DEFECTIVE 6 (RHD6) and its homolog gene RHD6-LIKE 1 (RSL1), posi-
tively regulate the expressionof two closely related downstreambHLH
transcription factors (RSL2 and RSL4) to promote root hair
development30. The rsl2 rsl4 double mutant shows complete loss of
root hairs31.

In this work, we thus utilized genetic mutants with different root
hair densities to dissect whether plant genetic effects regulate
drought-triggered microbiome changes. The objectives of this study

were as follows: (1) to decipher the effects of root hair developmental
regulators on the dynamic assembly of themicrobiome in response to
drought stress; (2) to identify keystone taxa or microbes influenced by
root hair regulatorsunder drought stress, and their potential relevance
for plant fitness; (3) to investigate the potential metabolic and genetic
mechanisms related to beneficial root microbiome interactions under
stress.

Results
Mutants with altered root hair densities affect microbiome-
mediated drought protection in natural soil
Autoclaving is an effective way to eradicate large parts of soil micro-
biomes and has beenwidely used to preliminarily test the involvement
of the microbiome in influencing host phenotypes32,33. To dissect
whether root hair development-related mutants also orchestrate
drought-induced microbiome changes to confer drought protection
effects, we analyzed plant performance under drought stress in both
sterilized and non-sterilized natural soils (Fig. 1a). To provide a rela-
tively diverse natural soil microbiome and enrich potential drought
adapted soil microbes, we mixed natural soils from a tropical rain-
forest soil (high microbial diversity) and a dry hot valley in southwest
China (containing drought-adaptedmicrobes) as our experimental soil
(Supplementary Fig. 1). We chose to use the gl2 (hairymutant) and rsl2
rsl4doublemutant (hairlessmutant) as genetic tools tomanipulate the
root hair density (Fig. 1b, c). They are well-known upstream regulators
specific for root hair development without side effects on lateral and
primary root development (Supplementary Fig. 2). We tested the
drought tolerant phenotypes of rsl2 rsl4 doublemutant (complete loss
of root hairs), gl2mutant (significantly increased root hair density) and
wild-type (Col-0) plants in the natural soil (non-sterilized) and auto-
claved (sterilized) natural soil (Fig. 1d). To evaluate the effects of our
drought treatment (withholding water) on natural soil, we measured
the dynamic changes in the soil water content (gravimetric water
content) at the indicated time points (Supplementary Fig. 3). The soil
water content gradually decreased to approximately 25% after 12 days
of withholding water for all of the genotypes, whereas it was main-
tained at ~ 75% for all of the control plants.

Notably, all of the genotypes grown in sterilized natural soil were
more susceptible to drought stress than the plants in the non-sterilized
soil (Fig. 1d, e). This strongly suggests that an intact soil microbial
community is essential for protecting plants from drought stress,
regardless of their genotype. However, the hairy mutant gl2 presented
the greatest drought tolerance (relative fresh weight in the drought-
treated group compared with the control group) in non-sterilized soil
at 12 days after withholding water, while it was the most drought-
susceptible mutant in sterilized soil (Fig. 1d, e). This suggests that gl2
mutant has stronger microbiome-mediated drought protection. In
contrast, the hairless mutant rsl2 rsl4 presented the highest drought
tolerance in sterilized soil but the lowest tolerance in non-sterilized
soil, suggesting that it had the weakestmicrobiome-mediated drought
protection effect (Fig. 1d, e). To evaluate whether the root hair
regulator-mediated regulation of the drought-alleviating microbiome
was reproducible in other soils, independent soil experiments were
performed using soil from a farm in Guangzhou (collected from
approximately 1200 km away from the previous soil harvesting sites).
We observed a very similar trend that the hairy mutant gl2 had the
greatest microbiome-mediated drought protection effect (Supple-
mentary Fig. 4), which strongly suggested that the effect of gl2 on the
root microbiome is robust among different rhizosphere ecosystems.
Moreover, we also tested a few more mutants that suppress root hair
development (rhd7, cpc34,35; Supplementary Fig. 4), which also pre-
sented similar decreases in microbiome-mediated drought protection
effects. Collectively, our data suggest that mutants affecting root hair
development also influence the microbiome-mediated drought pro-
tection of the host.
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Mutants affecting root hair density harbor distinctmicrobiomes
under drought stress
To thoroughly reveal how root hair-related mutants affect drought-
induced microbiome changes, we conducted 16S rRNA gene amplicon
sequencing for root-associated microbiome samples from different
compartments, including both root (thoroughly washed roots), rhizo-
sphere (closely attached soil on the root surface) and bulk soil (without
plant growth) under drought conditions and the control (Fig. 2). A total
of 15,332,970 reads were obtained from 70 samples, including rhizo-
sphere, root, and bulk soil samples (“Methods”, Supplementary Data 1).
After filtering, denoising, chimaera removal, and taxonomic annotation
using DADA236, we obtained 5174 amplicon sequence variants (ASVs)
from all of the samples (Supplementary Data 2). We observed clear
differences in microbiome composition between root-associated
microbiomes and bulk soil (BS) samples at both the phylum and
family levels, indicating a rhizosphere effect on microbiome composi-
tion (Supplementary Fig. 5a, b). We found that gl2 enhanced alpha
diversity in the root microbiomes under control conditions (Fig. 2a).

Principal coordinate analysis (PCoA) based on Bray–Curtis dis-
similarities was performed for all of the samples. Our results revealed
that samples belonging to different compartments (bulk soil, root, and
rhizosphere) were clustered into distinct groups (Fig. 2b; R2 = 0.31,
P =0.001), and there was a significant separation among the treat-
ments (Fig. 2b; R2 =0.03, P =0.005). Both drought stress and root
compartments (root and rhizosphere) had substantial effects on
microbiome composition, which is consistent with previous
reports22,37. Interestingly, we found that plant genotype also

significantly influences the microbiome composition (Fig. 2b;
R2 = 0.03, P =0.017). These results suggest that bothmutants, in terms
of root hair development (genotypes) anddrought stress (treatments),
jointly shape root-associated microbiome changes.

The gl2 mutant causes a deterministic root microbiome
assembly process upon drought stress
Analyzing the assembly cues of microbial communities helps us
understand whether genetic mutations in plants cause deterministic
community changes38. We followed the framework of quantitatively
inferring Community Assembly Mechanisms by Phylogenetic-bin-
based null model analysis (iCAMP) to assess microbiome assembly
processes39. We calculated the β-nearest taxon index (βNTI) in the
microbiome of root hair-related mutants (|βNTI | >2 indicates a deter-
ministic process38). For the rhizosphere samples from all of the geno-
types, a stochastic process (− 2 < βNTI < 0) governed the microbiome
assembly under both the control and drought conditions (Fig. 2c). The
Bray-Curtis-based Raup-Crick index (RCbray) is used to classify the
contribution of different stochastic (2- < βNTI < 2) community assem-
bly cues in iCAMP40. This approach creates a re-scaled probability
metric ranging from − 1 to 1, indicating whether local communities are
more dissimilar (approaching 1) or less dissimilar (approaching - 1)
than expected by random chance41.In rhizosphere samples, dispersal
limitation (βNTI < − 2 and RCbray > 0.95) governed the stochastic pro-
cess in all genotypes under drought (Fig. 2d).

In contrast, the assembly of root microbiome was almost com-
pletely governed by a deterministic process in gl2 (βNTI < − 2) under
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Fig. 1 | The drought-tolerant phenotypes of root hair-relatedmutants and wild
type (Col-0) in sterilized and Non-sterilized soil. a A diagram illustrating the
design of drought treatment experiments in sterilized and non-sterilized natural
soil. b Phenotypes and (c) quantifications of root hair densities of the 5-day-old rsl2
rsl4, Col-0, and gl2 (two-sided Student’s t test). Data represent mean (bar) ±
standard error of the mean (error bar). The experiment was repeated twice with
consistent results (n = 6 biological replicates). d Drought tolerant phenotype at
12 days after withholding watering in Col-0 and root hair-related mutants under

sterilized and non-sterilized soil. eQuantification of the relative fresh weight (fresh
weight of plant shoots grown in the drought-treated group relative to the average
shoot fresh weight in the control group) in each genotype at 12 days after with-
holding watering (n = 8). Three independent experiments showed similar results
for (d and e). Results are presented as mean ± stand error of the mean (SEM). The
P values between each mutant and Col-0 were labeled above each bar (two-sided
Student’s t test).
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both drought and control conditions (Fig. 2c). The contribution of
deterministic (mainly for homogeneous selection) process gradually
increased from rsl2 rsl4 (hairless) and Col-0 to gl2 (hairy), which is
correlatedwith an increase in root hair density (Fig. 2c). Homogeneous
selection means that the overall environmental effects on community
assembly are non-selective for all (ormost)microbes, thus competitive
exclusion within the microbial community (between different
microbes) would mainly drive community assembly39. This indicates
that gl2 mutant (hairy) might have overall homogeneous effects on
rootmicrobiome through root exudates or other physiological effects.
Our results provide evidence that plant genetic effects in the deter-
ministic assembly of root microbiome under drought stress.

Rhizobiaceae are biomarker taxa affected by root hair-related
genetic regulators under drought
To further explore the key taxa influenced by root hair-related
mutants, we analyzed the relative abundance of different taxonomic
levels among the genotypes. Considering that we only observed a
deterministic assembly process affected by genetic mutations in the
root microbiome rather than the rhizosphere microbiome (Fig. 2c, d),
we subsequently focused on the root microbiome for further analysis.
Linear discriminant analysis effect size (LEfSe) is a widely used

biomarker characterization method that first uses a nonparametric
test to identify differentially abundant species among groups and then
estimates the effect size of each differentially abundant species on the
basis of an LDAmodel (averaging the differences between classmeans
with the differences between class means along the first linear dis-
criminant axis)42. Notably, we identified Rhizobiaceae as the biomarker
family in gl2 (Fig. 3a), with the highest abundance among all biomarker
families identified in distinguishing the three genotypes (Fig. 3b).
Moreover, we found that the abundance of Rhizobiaceae was slightly
but significantly higher in gl2 than in Col-0 and rsl2 rsl4 under drought
stress (Supplementary Fig. 5b, c, d).

Our differential abundance (DA) analysis of ASVs between indivi-
dual mutant and Col-0 further confirmed that multiple DA ASVs in gl2
belong to Rhizobiaceae. For example, among a total of 5 DA ASVs
enriched in the roots of gl2 under drought stress, 3 belong to Rhizo-
biaceae (Fig. 3c). Only 1 ASV (belonging to Comamonadaceae) was
enriched in the roots of rsl2 rsl4 (Fig. 3d). Overall, both our biomarker
prediction and differential abundance analysis support that Rhizo-
biaceaearemajor biomarker taxa affectedby roothair-relatedmutants
under drought stress. To further explore whether root hair-related
mutants affect the network interactions of Rhizobiaceae in the root
microbiome, we constructed the co-occurrence networks on the basis
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of Spearman’s correlations (with a correlation coefficient threshold of
0.7, PFDR < 0.05) (Supplementary Fig. 6). We found that the gl2 root
microbiome has more network edges and nodes under drought,
indicating a more complex microbial interaction network in the roots
of gl2 (Supplementary Fig. 6 a–f).We also detected increased centrality
(assessed by degree centrality) with Rhizobiaceae nodes in the roots
from rsl2 rsl4, Col-0 to gl2 under drought conditions (Supplementary
Fig. 6g, h and Supplementary Table 1). Moreover, we identified two
network hubs in gl2 root microbiome following a previously reported
method 43 (Supplementary Fig. 7), and both of them belonged to Rhi-
zobiaceae (ASV17, ASV1080). Our results suggest that root hair

development regulators also affect the abundance and network
importance of the Rhizobiaceae (biomarker taxa) in drought-induced
microbiome dynamic changes.

Validating the stress alleviation effects of gl2-affected Rhizo-
biaceae strains
To verify whether microbes corresponding to gl2 regulated ASVs
alleviate stress via a reductionist approach, we isolated and
sequenced a total of 1479 cultivated bacteria (Methods44). We were
able to obtain 265 isolates across 7 phyla and 47 families (Fig. 4a and
Supplementary Data 4). We successfully aligned diverse Rhizobium
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strains based on the 16S rRNA gene representative sequence. Among
those strains, ASV31 (matched to Sinorhizobium sp. 10D7, also called
Ensifer), ASV35 (Rhizobium sp. 22D6), and ASV60 (Sinorhizobium sp.
10C12) were more enriched in the roots of gl2 than in those of Col-0
under drought (Fig. 3c). ASV17 (Rhizobium sp. 2D3) was the hub node
ASV within the root microbial community of gl2 (Supplementary
Fig. 7). Considering that gl2 affects the abundance and network
interactions of Rhizobiaceae ASVs under drought stress, we focused
on the functions of a total of 10 strains belonging to Rhizobiaceae
(including 4 strains mentioned above) from our isolated microbes
(Supplementary Table 2).

The polyethylene glycol (PEG) plate-based osmotic stress treat-
ment system is widely used to mimic drought stress and has unique
advantages in maintaining a gnotobiotic system. This system can be
used to precisely test the effect of specific strain(s) on plant perfor-
mance in a controlled environment45. To test whether the isolated
strains influence plant stress tolerance, we tested the performance of
seedlings grown on 25% PEG (induced osmotic stress) and mock (no
PEG) plates (Methods; Supplementary Fig. 8 and Supplementary Table
2). For the mock group, most of them did not drastically influence
seedling growth (based on the measurements of shoot fresh weight
and primary root length) on the mock plates (Fig. 4b, c). However,
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most of them enhanced the shoot fresh weight (8 of 10) and primary
root length (7 of 10) of seedlings grown on 25% PEG plates (Fig. 4b, c).
These findings strongly suggest that gl2-enriched Rhizobiaceae strains
protect seedlings from osmotic stress.

The combination of multiple strains (or a synthetic community,
SynCom) can better reflect the function of a microbial
community16,46–48 and can have more robust phenotypes for agri-
cultural applications. We thus further explored whether we can design
SynComs from gl2 affected strains to improve plant performance in
response to stress. We designed a total of 3 different SynComs: a. a
mixture of all three differentially abundant (DA)-Rhizobiaceae strains
enriched in the roots of gl2 (named SynCom_DR, Fig. 4b); b. all mem-
bers of SynCom_DRandASV17 (hubASV in the roots ofgl2)weremixed
as SynCom_gl2; and c. we further merged all of the Rhizobiaceae
strains into SynCom_AR. Although all three SynComs (Supplementary
Table 2) did not significantly affect plant growth onmock plates, all of
them significantly promoted shoot fresh weight and primary root
length in the seedlings growing on the PEG plates (Fig. 4b, c). Those
suggested that root hairs affected Rhizobiaceae strains mainly speci-
fically influence plant performance under stressed conditions.
This might differ from previously identified Streptomyces strains,
which generally promote growth under both normal and stressed
conditions12. Notably, seedlings inoculated with SynCom_DR pre-
sented the greatest shoot fresh weight and second highest primary
root length among all treatments (Fig. 4b, c and Supplementary
Fig. 5e–h). To test whether our PEG plate-based screening can identify
drought-alleviating strains in soil, we inoculated plants grown in peat
pellet soil with several strains with strong osmotic stress protection
and three designed SynComs, respectively. We found that several
strains including Rhizobium sp. 4F10 and Rhizobium sp. 5A12 can also
enhance plant drought tolerance in soil (Supplementary Fig. 9).

To explore the potential molecular basis underlying
Rhizobiaceae-mediated stress protection in roots, we analyzed root
transcriptome responses to different stress-protecting Rhizobium
strains. We chose Rhizobium sp. 4F10 and Rhizobium sp. 5A12 as
representative stress-alleviating strains for comparative RNA-seq ana-
lysis. Both strains triggered extensive transcriptome reprogramming
compared with the buffer-treated group on the PEG osmotic stress
plates (Fig. 4d). However, there were clear differences between the
roots responses to these two strains. For example, among a total of
2361 DEGs (differentially expressed genes) (Supplementary Data 4),
Rhizobium sp. 4F10 specifically upregulated genes were associated
with Cluster C (502 genes; Supplementary Data 5). GO enrichment
analysis suggested the genes whose expressionwas upregulated in the
Rhizobium sp. 4F10 were associated mainly with trehalose and other
monosaccharide or disaccharide biosynthesis, amino acid catabolic
process, and other small molecule catabolic processes (Fig. 4e). Simi-
larly, Rhizobium sp. 4F10 significantly upregulated 14 trehalose bio-
synthesis genes, whereas Rhizobium sp. 5A12 upregulated only a small
subset of these genes (Fig. 4f). The DEGs whose expression was

upregulated specifically in Cluster A were enriched in immune
responses (Fig. 4d, e). This might also contribute to abiotic stress
tolerance becausemany immune genes are also rapidly and commonly
upregulated by abiotic stresses [plant general stress response (GSR)]49.
A careful examination of drought tolerance genes suggested that both
Rhizobium sp. 4F10 and Rhizobium sp. 5A12 broadly promote the
expression of drought tolerance genes, including master stress-
responsive transcription factors such as ABFs, DREBs, MYBs, WRKYs
andNACs (Fig. 4g)50. Collectively, our physiological andmolecular data
confirm the positive effects of Rhizobiaceae on plant stress tolerance.

gl2 broadly shifts the function of the root microbiome and the
composition of the root metabolome
Considering that plant hormones are broadly involved in plant
responses to abiotic stresses51 and that a recent study suggested
beneficial microbe-induced drought protection can be blocked by a
mutant suppressing ABA signaling45, we thoroughly analyzed whether
major plant hormone perception or signal transduction-related
mutants can block Rhizobiaceae-mediated drought protection (Sup-
plementary Fig. 10). We utilized coi1-1652, eni3 eil153, npr154 and ost1-355

to largely suppress jasmonic acid, ethylene, salicylic acid and abscisic
acid signaling, respectively. We chose Rhizobium sp. 4F10 for the
phenotypic assay because it has the highest stress-alleviating activity
on PEG plates (Supplementary Fig. 8 and Fig. 4b, c). Surprisingly, we
found that none of the tested hormone-relatedmutants were impaired
in Rhizobium sp. 4F10 mediated stress protection. These findings
indicate that Rhizobiaceae strains might protect plants through gen-
eral stress-alleviating molecules independent of the tested hormone
signaling pathways.

To further investigate potential microbiome functional changes
that might be related to drought protection, we conducted a meta-
genomic analysis of the root-associated microbiomes of different
genotypes under drought conditions. We obtained an average of
23.2 Gb of raw sequencing data per sample, resulting in a total of 14.7
million predicted genes. We annotated 13,696 KEGG Orthology (KO)
terms on the basis of the eggNOG database. We then filtered for KOs
that were detected in more than 3 samples. This yielded 9919 KOs,
which were used for downstream analysis. Our results demonstrated
that root hair-related mutations significantly altered the composition
of the microbial community functional genes (Fig. 5a). Interestingly,
we found that genes related to transporters, arginine and proline
metabolism and transcription factors were significantly enriched in gl2
compared with Col-0, whereas genes enriched in rsl2 rsl4were related
to energy and carbohydratemetabolism (Fig. 5b, c and Supplementary
Table 3, 4). Furthermore, we used LEfSe analysis to identify biomarker
functional categories (based on KEGG annotation) within each geno-
type (Fig. 5d), and arginine andprolinemetabolismwere characterized
as biomarker pathways in the root microbiome of gl2. These findings
indicate that mutants of root hair developmental regulators affect the
transportation andmetabolism of the rootmicrobiome upon drought.

Fig. 4 | Isolation and validation of drought-alleviating activities of diverse
Rhizobiaceae strains. a Phylogenetic tree of all bacterial strains isolated from
Arabidopsis roots (n = 265), based on 16S rRNA gene sequences (V3-V4 region).
Different background colors represent isolates belonging to each Phylum.
b Primary root length and (c) Shoot fresh weight were assessed for plants (Col-0)
colonized by Rhizobium strains under different growth conditions. SynCom_DR
represents the synthetic community of three DA-ASVs (ASV31: Sinohizobium sp.
10D7, ASV35: Rhizobium sp. 22D6, ASV60: Sinohizobium sp. 10C12) enriched in the
roots of gl2. SynCom_gl2 represents the synthetic community of three DAASVs and
one hub ASV (ASV17). SynCom_AR includes all the members of isolated Rhizobia-
ceae strains. n = 10 biological replicates from two independent experiments. Only
the significant differences (marked with P-value) between inoculated plants and
uninoculated(buffer) plants are listed above each bar (one-way ANOVA followed by
LSD test, P-values were corrected using Bonferroni method). Box plots show the

median (horizontal bar), 25th (bottomsof boxes), and 75th (topsofboxes) quartiles
range (QR), as well as non-outlier data value (upper and lower whiskers) of each
index. d Heatmap of the differentially expressed genes (DEGs) after inoculation
with different isolates. Genes are grouped into different clusters based on k-means
clustering. The heatmap is colored by normalized Z scores. e Gene set network/
cluster analysis for DEGs in (d) that are enriched in subnetworks like immune
response, photosynthesis, primary and secondary metabolic process, and amino
acid metabolism. Each node indicates a distinct pathway, and each edge (gray line)
represents the overlapping genes that exist in both two connected pathways. The
size of each node indicates the number of DEGs in each distinct pathway. The pie
chart indicates the proportion of DEGs belonging to the gene cluster in (d).
f, g Heatmap illustration of the DEGs involved in the (f) trehalose biosynthesis and
(g) drought response.
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Since root hair-related mutations affect transportation and
metabolism-related functions in the root microbiome, we further
conducted a nontargeted metabolomics analysis to investigate the
potential metabolic cues correlated with microbiome changes. A total
of 3920 compounds were identified in the root samples from different
genotypes (Supplementary Data 6–8). Principal component analysis
(PCA) revealed significant differences in the composition of the root
metabolites (R2 = 0.58, P =0.05, PERMANOVA by adonis) among these
genotypes (Supplementary Fig. 11a). The overall abundance of amino
acid, flavonoid and indole or their derivatives are gradually increased
from rsl2 rsl4 to gl2 (Fig.5e–g). Subsequently, differentially abundant
metabolites (DMs) were identified on the basis of variable importance
in projection scores (VIP > 1.0) and fold changes (log2FC > 0) of the
relative abundances. A total of 383 DMs were identified between gl2
and Col-0 (Supplementary Data 9), and 990 DMs were identified
between rsl2 rsl4 and Col-0 (Supplementary Data 10). Enrichment
analysis was further conducted on the basis of the DMs in rsl2, rsl4, and
gl2. Consistent with the increase in the relative content of overall fla-
vonoids (Fig.5e), theDMs in the roots ofgl2 areenriched inmetabolites
associated with flavonoid biosynthesis (Supplementary Fig. 11b). Fla-
vonoids are well-known for their ability to induce the expression of
rhizobia to nod genes56, as well as the chemoattraction of rhizobia
toward the roots57. In our study, several flavonoidmolecules, including
tangeretin, glyceollin, quercetin and gallocatechin, are enriched in the
roots of gl2 compared with those of Col-0 (Fig. 5g).

Genetic basis of Rhizobium sp. 4F10-mediated stress protection
To study the genetic mechanisms related to Rhizobium sp. 4F10-
mediated stress protection, we successfully established a gene
knockout system for the Rhizobium sp. 4F10 strain and sequenced
the genome of this strain. Our metagenomic results indicated that
arginine and proline metabolism-related functions are enriched in
the root microbiome of gl2 upon drought (Fig. 5c, d), including the
proline metabolic gene K01750. This gene encodes an ornithine
cyclodeaminase (OCD), which catabolizes the nonconventional pro-
line biosynthesis pathway from L-ornithine to proline (Fig. 6a, b).
We found that the ocd gene knockout strain of Rhizobium
sp. 4F10 (△ocd) significantly suppressed protection effects against
PEG stress, both for the primary root length and shoot fresh weight
(Fig. 6c–e). To study the potential reason, we measured the growth
rate of△ocd, and found that this mutation resulted in slower growth
in LB medium (Fig. 6f). These findings indicate that this proline bio-
synthesis gene affects Rhizobium sp. 4F10’s fitness. Considering that
diverse stresses, including osmotic stress, can trigger secondary
oxidative stress in both plants and bacteria58, we further measured
the tolerance of △ocd to H2O2-induced oxidative stress. We found
that △ocd showed significantly decreased tolerance to oxidative
stress (Fig. 6g, h), which revealed a function of the OCD pathway in
Rhizobium fitness. Our work suggests that the OCD pathway in Rhi-
zobium sp. 4F10 affects bacterial fitness and stress-protecting effects
on plants.
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Fig. 5 | Functional profiles of root-associated microbiomes and metabolome
profiling in roots. a Principal coordinates analysis (PCoA) of the KEGG Orthology
(KO) functions based on Bray–Curtis dissimilarity [calculated using TPM (tran-
scripts per kilobase million) counts of KOs (PERMANOVA performed by Adonis,
n = 3)]. b, c Volcano plots visualizing the functional genes enriched or depleted
(adjusted P <0.05) in (b) rsl2 rsl4, or (c) gl2 compared to Col-0. Red and blue dots
represent the enriched genes in root hairmutants and Col-0, respectively. Labels of
each gene were annotated based on the KEGG database. Differential analysis with a
two-sided test was used for the statistical analysis. d Linear discriminant analysis

(LEfSe) identified biomarker function pathways within each genotype. The KEGG
pathwayswith significant differences (LDAscore> 1 andP <0.05) amonggenotypes
were listed. e The flow plot showed the relative abundance of metabolite classes in
the root hairmutants andCol-0. Stars represent the specificmetabolites in root hair
mutants that significantly differ from Col-0 (two-sided Student’s t test). *, **, ***:
represent P <0.05, P <0.01, P <0.001, respectively. f, g Heatmap visualizing the
differences in the relative abundance of individual metabolite related to (f) proline
and arginine derivatives and (g) flavonoids. The heatmap is colored by normalized
Z scores.
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Discussion
The root-associatedmicrobiome substantially enhances themetabolic
and genetic potential of host plants59, which serves as the second
genome of plants. Our work and those of numerous other studies
confirmed that plant genetic effects contribute to the recruitment of
disease-suppressivemicrobes8,13,60. In contrast, althoughdrought is the
most serious abiotic stress that drastically disturbs the root-associated
microbiome, whether and how host genetic effects reshape stress-
alleviating microbes during drought are less studied. By taking
advantage of elaborately designed genetic mutants with a gradient of
root hair densities, we provide genetic evidence that plant root hair-
related genetic regulators also orchestrate drought-triggered

microbiome changes. Considering that other root development
events, such as diffusion barrier regulators, also shape microbiome
composition and confer fitness benefits61, it would be interesting to
further systematically test whether other mutants related to root
development or architecture also impact drought-induced micro-
biome changes. Our work highlights the essential role of host genetic
effects in reshaping a drought-alleviatingmicrobiome and furthers our
understanding of “cry for help” mechanisms during abiotic stress.

The root-associated microbiome is one of the most complex
microbial communities on this planet. To comprehensively study
beneficial root-microbiome interactions under stress, we need to
integrate multi-omics approaches to dissect paired changes in the
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(error bar).Only the significant differences (markedwith P-value) betweendifferent

genotypes are listed (two-sided Student’s t test). Three independent experiments
showed similar results. fGrowth rate ofRhizobium sp. 4F10 and△ocd grown in the
LB liquid medium were measured as optical density (n = 3). Data represent mean
(dot) ± standard error of the mean (error bar). Only the significant differences
(markedwith P-value) betweenRhizobium sp. 4F10 and△ocd are shown (two-sided
Student’s t test). Three independent experiments showed similar results.
g Phenotypes and (h) quantification results of the survival rate of Rhizobium sp.
4F10 and△ocd after 1minute and 5minutes of treatmentwith 1%H2O2 (n = 6). Data
represent mean± standard error of the mean (error bar). Only the significant dif-
ferences (marked with P-value) between Rhizobium sp. 4F10 and△ocd at different
time points are shown (two-sided Student’s t test).
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host and microbiome at the same time (called holo-omics62). A pre-
vious holo-omics study revealed a correlation between root-secreted
G-3-P and drought-induced enrichment of monoderm bacteria22. In
this study, we found that the contents of amino acids and their deri-
vatives (especially proline- and arginine-related amino acids) are
enriched in the gl2 (which shapes a more drought-protecting micro-
biome) root metabolome. These findings indicate that the increased
drought tolerance of gl2might be correlated with increased levels of
amino acids and their derivatives (especially proline- and arginine-
related amino acids) in roots, which act as osmoprotectants. Con-
sidering that amino acid metabolism has significant effects on
microbiome structure and plant fitness63,64, it is plausible that
increased contents of amino acids and their derivatives in plant roots
in response to abiotic stressesmight affect root exudate composition
and microbiome structure. Interestingly, we found that arginine and
proline metabolism-related pathways are enriched and act as bio-
markers in the gl2 root metagenome. This finding further indicates
the correlation between elevated levels of proline- and arginine-
related metabolites upon drought and enriched arginine and proline
metabolic functional genes in the root metagenome. Moreover, sec-
ondary metabolites such as flavonoids and purine-related pathways
are enriched in gl2 up-regulated metabolites (Supplementary Fig. 11).
It has been well established that some flavonoids are the key deter-
minants of the initiationof symbiosis between root hairs andRhizobia
in legumes65. However, whether and how flavonoids affect Rhizobia-
ceae colonization in nonlegumes requires further genetic and meta-
bolic investigations. With respect to the enriched purine content in
gl2 roots, it has also been recently reported that purines contribute to
shaping the stress-alleviating microbiome66. Furthermore, tran-
scriptome analysis revealed that Rhizobium sp. 4F10 broadly mod-
ulates root stress responses by priming the expression of numerous
drought- or ABA-related transcription factors and trehalose bio-
synthesis genes (Fig. 4). Collectively, our holo-omics analyses pro-
vided integrative mechanistic insights into the extremely complex
root-microbe interactions that occur in the rhizosphere ecosystem
during drought (Fig. 7).

Although Rhizobiaceae is one of the most well-studied plant
symbiotic bacterial families in leguminous plants, our work suggests
that they confer fitness benefits and act as microbiome network hubs
in thenonleguminousplantArabidopsis. A previous study surveyed the

core microbiome compositions across diverse plant lineages, from
non-seed to seed plants (31 plant species), and characterized Bra-
dyrhizobium and Rhizobium as universally plant-enriched core micro-
biome taxa67. Phylogenetic analysis of 1314 Rhizobiales genomes
suggested that both nodulating and nonnodulating strains share
common genes related to root colonization68. The evolutionarily
conserved associations between Rhizobiaceae and roots indicate their
crucial roles in the structure and function of root-associated micro-
biomes. Moreover, a previous study in Medicago suggested that Rhi-
zobiaceae are critical hub species in the root microbiome, and genetic
mutants that lack associations with Rhizobiales present an altered
microbiome structure43. Interestingly, in our nonleguminous Arabi-
dopsis, we also detected that root hair densities in different genotypes
are correlated with relatively high colonization levels and more edges
connected to Rhizobiaceae nodes, especially under drought stress.
These findings further suggest the potentially conserved roles of Rhi-
zobiaceae in mediating microbe-microbe interactions within the root
microbiome network. Fortunately, we successfully established a gene
knockout system in the wild-type Rhizobium sp. 4F10 strain, which
enabled us to study the genetic determinants of stress protection in
Rhizobium. The weakly decreased stress protection effect in the△ocd
mutant is more likely due to the indirect effect of decreased fitness in
this strain. Furthermore, forward genetic screening of Rhizobium
sp. 4F10 could reveal more predominant genetic determinants of its
colonization and stress protection. Our work provides an integrated
research paradigm for characterizing keystone microbiome members
for reductionist-based molecular mechanism studies. This emerging
evidence highlights the power of microbial genetics in revealing root‒
microbe interaction mechanisms.

A previous study suggested that a synthetic bacterial community
from a desert plant confers salt tolerance to tomato69. These findings
indicate that strains isolated from extremely abiotically stressed eco-
systems could confer fitness benefits to new hosts. In this study, we
successfully characterized diverse growth-promoting and stress-
alleviating beneficial microbes from mixed natural soil from a tropi-
cal rainforest (which is expected tohave highmicrobial diversity) and a
dry hot valley in southwest China (which is expected to contain
drought-adapted microbes). Moreover, compared with single-strain
inoculation, the use of SynComs comprising multiple strains can
enhance microbial drought protection effects on plants. We further
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Fig. 7 | A concept model of root-Rhizobium interactions under drought.
a Mutants of different root hair development regulators affect root metabolites,
such as amino acids and flavonoids, under drought conditions. Meanwhile, the
abundance and centrality of Rhizobiaceae microbes, as well as root microbiome
network complexity, also increased from rsl2 rsl4 (hairless) to gl2 (hairy). The gl2
mutant also induced the deterministic assembly of the root microbiome and

enriched the functions of transporters and amino acid metabolism in the root
microbiome. b Rhizobium sp. 4F10 broadly modulates root stress responses upon
drought, priming the expression of trehalose biosynthesis and drought-responsive
transcription factors (TFs). Moreover, the ocd gene is required for full stress pro-
tection inRhizobium sp. 4F10, probably by affecting bacterial growth and oxidative
stress tolerance.
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revealed that our SynComs exhibited much stronger root growth-
promoting activity than most single strains did during osmotic stress.
It is worth further testing the effects of our strains and SynComs on
other crop species and exploring their application potential in the
future. Considering that Rhizobiaceae strains have high network cen-
trality, those strains might interact with more soil microbe nodes to
form a stress-alleviating root microbiome. This finding is reminiscent
of a previously reported disease-suppressive SynCom, inwhich eachof
the three individual strains did not significantly exhibit growth-
promoting or disease-suppressing activity, whereas their mixed Syn-
Com had a much stronger effect70. Our SynCom explorations could
help guide better applications of those stress-alleviating Rhizobiaceae
strains.

Collectively, our work provides genetic evidence that root hair-
related genetic regulators are substantially involved in reshaping
drought-induced microbiome changes through the integration of
plant genetics, multi-omics, reductionist-based cultureomics and
monoassociation approaches (Fig. 7a). Moreover, by using natural soil
from dry–hot valleys and tropical rainforests, we determined that root
hairs affected Rhizobiaceae strains can help plants alleviate osmotic
stress and most likely maintain the microbiome structure as keystone
network nodes. This finding is consistent with the broad evolutionarily
conserved associations between Rhizobiaceae and land plants67, indi-
cating an ancient “cry for help” strategy by terrestrial plants to engage
with Rhizobiaceae. Notably, we established a genetic knockout system
for Rhizobium sp. 4F10 and revealed the genetic mechanism related to
4F10-mediated stress protection (Fig. 7b). Ourwork couldguide future
microbiome engineering approaches to manipulate the root micro-
biome and combat drought stress in a changing climate.

Methods
Plant materials and growth conditions
All of the Arabidopsis seeds were surface sterilized for 20min with
chlorine gas (exposure to 100mLof bleach plus 5mLof concentrated
hydrochloric acid) to eliminate potential endophytes7. gl2 and rsl2
rsl4 were gifted from Dr. Hongwei Guo, and the rhd7 (SALK_112105)
and cpc (SALK_032257) mutants were obtained from ABRC. The
sterilized seeds were soaked in a 0.1% agar solution and stored at 4 °C
in the dark for 2 days before use. Seeds were germinated on 1/2 ×
Murashige and Skoog (MS) agar plates with 1% sucrose (16 h light/
10 h dark, 100μmolm−2 s−1 LED light, Fujian JIUPOBPC500H-WLplant
growth chamber). Seven-day-old seedlings were subsequently
transplanted into the soil. The plants were grown in a growth room
under 10 h light (light intensity: 100μmolm−2 s−1)/14 h dark condi-
tions at 22 °C.

Natural soil collection and growth substrates
The natural soils used in this study were collected separately from the
Yuanjiang Savanna EcosystemResearch Station (E102°10’,N23°28’) and
Xishuangbanna Tropical Botanic Garden (E101°27′,N21°92′) of the
Chinese Academy of Sciences. Visible stones, plant debris and litter
were removed before the natural soil was collected. The natural soil
was sieved through a 2mm sieve. Soil from those two different loca-
tions was thoroughly homogenized and then mixed (1:1) as a natural
soil mixture. Finally, we set up a mixture substrate composed of equal
volumes (1:2:2:1) of mixed natural soil, commercial growth soil, ver-
miculite and perlite as the soil substrate for all of the natural soil
experiments in this study. The soil was scooped into 6 cmby6 cmpots
in the greenhouse for plant transplantation. To sterilize the natural
soil, we autoclaved the substrate twice (at 121 °C for 20min each time)
with at least a 24 h interval between two autoclaving cycles(which
thoroughly killed potential germinated microbe spores after the first
autoclaving). We added fertilizer once per week for the natural soil
growth substrates. The natural soil from Guangdong was harvested
from a farm at South China Agricultural University.

Drought treatments
Theplantswere subsequently transplanted from theplates intonatural
soil substrates on the 7th day after germination. After normal watering
for three weeks, the plants within each genotype were randomly
assigned to the drought or normal watering treatment (control). We
conducted drought treatment by completely withholding water and
randomly rotating all of the plants every day.

Sample collection
We scooped whole plants outside the pots and removed the loosely
adhered soil by gently shaking the roots71. The roots from four indi-
vidual plants were pooled together as a biological replicate. Roots
below the shoot-root junctionwere immediately cut and harvested in a
50mL Falcon tube filled with 25mL of sterile PBS (10mM). After
shaking the Falcon tube for 20min at 180 rpm, the roots were trans-
ferred to a new 10mL Falcon tube filled with fresh PBS. The washing
buffer was centrifuged for 20min at 4000 × g (16 °C), and the resulting
pellet was defined as the rhizosphere sample. For root sample collec-
tion, roots in fresh PBS were thoroughly washed and sonicated (at
40Hz for 30 s) twice to further discard the remaining soil. The potting
soil without plants and after removing 2 cm of topsoil was defined as
the bulk soil. All of the samples were transferred into a new 2mL tube,
immediately frozen in liquid nitrogen, and then stored at − 80 °C
before DNA extraction.

DNA extraction and microbiome sequencing
DNA extraction was performed using a Power Soil DNA Isolation Kit
(Qiagen, Germany) following the manufacturer’s protocol. DNA sam-
ples with concentrations greater than 20 ng/μL were used for micro-
biome sequencing. For bacterial amplicon sequencing, the V3-
V4 region of the 16S rRNA gene was amplified with the primers
349 F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-GGACTAC
HVGGGTWTCTAAT-3’). Amplification was carried out under the fol-
lowing thermal conditions: 94 °C for 5min, followed by 30 cycles of
94 °C for 30 s, 52 °C for 30 s, and 72 °C for 30 s,with a final extension at
72 °C for 10min. The librarywasprepared following theprotocol of the
NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New England
Biolabs, USA). The library concentrations were determined with a
Qubit 4.0 fluorometer. For amplicon sequencing, paired-end 250 bp
sequencing was performed on an Illumina NovaSeq6000.

Microbiome composition-related data processing
The raw sequencing reads were filtered using fastp v.0.14.172. The
adapter sequences and primers were further removed via Cutadapt
v.4.073. The sequencing reads were processed using QIIME2 v.2022.274.
Briefly, DADA2 was used to generate a table of unique amplicon
sequence variants (ASVs) and their counts per sample36. For taxonomic
annotation, representative sequences of eachASVwere assigned to the
SILVA database (release 138) via a pretrained naive Bayes classifier75,76.
Unassigned sequences annotated as chloroplasts and mitochondria
(considered as host contamination) were removed. In addition, the
ASVs present in fewer than 3 samples were also removed. The retained
ASVs were used for downstream analysis.

Microbial community assembly analysis
Null model analysis was carried out to evaluate the microbial com-
munity assembly process by calculating the β-nearest taxon index
(βNTI)38. Firstly, we calculated the observed abundance-weighted β-
mean-nearest taxon distance (βMNTDobs) of the pairwise community
(sample) with the comdistnt function in the “picante” package inR77. By
randomly shuffling the tips of the phylogenetic tree, the null model
expectation and distribution of βMNTD (βMNTDnull) were generated
through 999 randomizations. The βNTI values were then calculated to
quantify the standard deviations of the βMNTDobs values from
the distribution of βMNTDnull values of the pairwise community. When
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|βNTI | > 2, the community assembly is interpreted as being governed
by a deterministic process. Conversely, when |βNTI | < 2, community
assembly is dominated by stochastic processes. Heterogeneous
selection and homogeneous selection in the deterministic process
were estimated with values of βNTI > 2 and βNTI < − 240, respectively.

To further assess the contributions of stochastic and deterministic
processes (|βNTI | < 2) to the community assembly process, a previously
developed Raup-Crick index (RCbray) was calculated as described
previously78. A pairwise community comparison with |RCbray | > 0.95
indicated thatdispersal led to community turnover.WhenRCbray > 0.95,
community turnover was dominated by dispersal limitation, whereas
homogenizing dispersal occurred when RCbray < −0.95. When pairwise
community comparison with |βNTI | < 2 and |RCbray | < 0.95, community
turnover is estimated to be affected by drift alone. Collectively, the
values of βNTI and RCbray were integrated to assess the deterministic
and stochastic processes in microbial community assembly, as well as
the relative influence of each specific process.

Bacterial isolation and characterization
The roots of Col-0 plants grown in our natural soil substrates were
used for isolating root-associated microbes following previously
describedprotocols44. The root sampleswere harvested fromthe roots
at 28th days after seedling transplantation in natural soil. Roots from
both the drought (14 days withholding water) and control groups were
used for microbe isolation. We washed the roots three times with
sterilized PBS (0.1mol/L). After the excess liquid was absorbed from
the root surface using sterilized filter paper, the roots were cut into
2mm pieces and mixed. We placed 0.2 g of root tissue into a 1.5mL
tubewith 200μL of sterilizedMgCl2 (10mM). Themixture was ground
into a homogeneous slurry. We transferred the slurry into a sterile
Falcon tube containing 25mL of sterile MgCl2 (10mM) and mixed it
well. After being incubated at room temperature for 10minutes, the
slurry was transferred into different bottles containing 1 L of R2A, 10%
TSB (tryptic soy broth), or International Streptomyces liquid (ISP)
medium for further dilution. The dilutions were selected according to
theoptimal range of dilutions determinedby a preliminary experiment
following a previous protocol44. Then, 160μL of diluted media was
distributed into a 96-well cell plate. The plates were incubated at 28 °C
for 14 days. We selected plates with visible bacterial growth in
approximately 30% of the wells and transferred the bacterial culture
solution in these wells to a new 96-well plate. After adding 120μL of
glycerol to the isolates, all of the plateswere stored at− 80 °Cuntil use.

DNA extraction of the isolates was performed using the MagaBio
Plus Bacteria Genomic DNA Purification Kit (Bioer, Hangzhou, China)
following the manufacturer’s recommendations. PCR products tar-
geting the V3-V4 region of the 16S rRNA gene were amplified with the
primers 349 F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). Amplification was carried out as
follows:94 °C for 5min, followed by 25 cycles of 94 °C for 5 seconds,
60 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for
10min. The library was prepared using the NEBNext Ultra™ II DNA
Library Prep Kit (New England Biolabs, USA). The library quality was
determined with a Qubit 4.0 fluorometer(Thermo Scientific). Paired-
end250bpsequencingwasperformedwith an IlluminaNovaSeq6000.
We filtered out sequences with lengths of less than 380 bp. Paired-end
reads of 1479 isolates were merged to obtain clean sequences.
Sequence deduplication was performed using VSEARCH v2.15.279. The
unique sequenceswere clustered into 265 operational taxonomicunits
(OTUs) at 97% similarity using UPARSE implemented with USEARCH
v11.0.66780. Representative OTU sequences were taxonomically
annotated using the 16S Silva v132 database.

Metabolome profiling
For sample collection, fresh roots from 16 plants (harvested from
natural soil) were pooled together as onebiological replicate. A total of

three replicates from each genotype were prepared for nontargeted
metabolomics analysis. The root sample collection steps were the
same as those used to harvest the root samples for microbiome
sequencing. After sampling, the root samples were quickly (within
5min) and thoroughly washed in 200mL of sterile deionized water.
The resulting root tissue was immediately frozen in liquid nitrogen.
The fresh weight was measured before it was stored at − 80 °C until
further processing.

Rootmetabolome profiling experiment was conducted byWuhan
Metware Biotechnology Co., Ltd. (Wuhan, China), the root samples
were first stored at − 80 °C and then thawed on ice before analysis. A
400μL solution (methanol:water, 7:3 v/v) containing internal standard
samples was added to ~ 20mg of each root sample. The mixture was
then vortexed for 3min. The sample was subsequently sonicated in an
icebath for 10min, vortexed again for 1min, and thenplaced at− 20 °C
for 30min. Afterward, the sample was centrifuged at 13,000 × g for
10min at 4 °C, and the sediment was discarded. The supernatant was
then centrifuged again at 13,000× g for 3minutes at 4 °C. Finally,
200μL of the supernatant was used for liquid chromatography-mass
spectrometry (LC-MS) analysis.

The LC-MS analysis was carried out on a Shimadzu LC‒30A sys-
tem (pairedwith TripleTOF6600+, SCIEX) equippedwith anACQUITY
UPLC BEH C18 column (1.8 µm, 2.1mm * 100mm, Waters). The analy-
tical conditions were as follows: the mobile phases used were Milli-Q
water with 0.1% formic acid (solvent A) and acetonitrile with 0.1%
formic acid (solvent B), with all of the solvents being LC-MS grade. The
injection volumewas 2μL. The flow ratewas set at 0.4mL/min, and the
column temperature was 40 °C. The capillary temperature was set at
550 °C(ESI + ) or 450 °C(ESI-). The mass spectrometry (MS) data were
acquired in the information-dependent acquisition (IDA) mode using
Analyst TF 1.7.1 software(Sciex, Concord, ON, Canada).MS analysis was
conducted in negative and positive ion modes with electrospray ioni-
zation. The source parameters used for MS were as follows: tempera-
ture (TEM) at 550 °C; ion source gas 1 (GAS1) at 50psi; ion source gas 2
(GAS2) at 50 psi; curtain gas (CUR) at 35 psi; ion spray voltage floating
(ISVF) at 5000V and 4000V for positive and negative modes,
respectively; and declustering potential (DP) at 60V or − 60V for
positive and negative modes, respectively.

Theoriginal datafile obtainedby LC-MSwas converted intomzML
format via ProteoWizard software81. Peak extraction, peak alignment,
and retention time correction were performed via the XCMS
program82. The “SVR” method was used to correct the peak area. The
peaks with detection rates lower than 50% in each group of samples
were discarded. For metabolite annotations, the metabolic identifica-
tion information was obtained by querying databases, including the
database MWDB (by comparison with local standards); DB-all public
databases, including Metlin (http://metlin.scripps.edu/index.php),
HMDB, KEGG, Mona (https://mona.fiehnlab.ucdavis.edu/), MassBank
(http://www.massbank.jp/); AI prediction databases (based on com-
petitive fragmentation modeling) and metDNA. The confidence level
of the identification of metabolites was determined according to the
database used. For example, a confidence level of 1 means that the
metabolites were identified via the databaseMWDB, which is based on
comparison with standards. In addition, confidence levels 2 and 3
correspond to identification on the basis of the DB-all public database
and AI prediction database, respectively. The identified metabolites
were annotated using the KEGG Compound database (http://www.
kegg.jp/kegg/compound/), and the annotated metabolites were then
mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/
pathway.html).

For metabolome data processing, principal component analysis
(PCA), which is implemented by the function prcomp in the “stats”
package in R,wasused to assess differences in rootmetabolites among
the root hair mutants and Col-0. Differential abundance metabolites
(DMs) between each mutant and Col-0 were determined by variable
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importance in projection (VIP > 1), P-value (P-value < 0.05, Student’s t
test), and fold change (|log2FC | > 0) differences. VIP values were
extracted from the orthogonal partial least squares-discriminant ana-
lysis (OPLS-DA) result, which was generated using the R package
MetaboAnalystR83. Before the OPLSDA analysis, the abundance data of
themetabolites were log-transformed for normalization. Differentially
abundant metabolites between mutants and Col-0 were annotated
using the KEGG compound database (http://www.kegg.jp/kegg/
compound/) and further mapped to the KEGG Pathway database
(http://www.kegg.jp/kegg/pathway.html). We performed the enrich-
ment analysis of the DEGs based on the annotation of the differential
abundance metabolites to the KEGG pathways. Rich factor, which
represents the ratio of differentially abundantmetabolites in a specific
pathway relative to the total annotated metabolites in that pathway,
was used to assess the enrichment degree of each pathway. A heatmap
showing the relative abundance of differentially abundantmetabolites
between the mutant and Col-0 strains was generated via the “Com-
plexHeatmap” package in R84.

Metagenomic sequencing and data analysis
Approximately 0.2μg of DNA per sample was used for library pre-
paration and shotgun metagenomic sequencing. Library quality
assessment was performed on an Agilent 5400 instrument (Agilent,
USA). The 150bp paired-end fragments were subsequently sequenced
using DNBSEQ-T7. All raw metagenomic sequencing data (with an
average of 23.2Gb per sample) were quality-controlled by KneadData
v.0.12.0 (http://huttenhower.sph.harvard.edu/kneaddata). Briefly, low-
quality samples were trimmed via Trimmomatic v.0.3985 with a quality
threshold of 20 and a length threshold of 50 (SLIDINGWINDOW:4:20
MINLEN:50). The reads that were aligned to the Arabidopsis (TAIR10)
and human genomes (downloaded with the command kneaddata_da-
tabase –download human_genome) were considered as host con-
taminants and removed using Bowtie2 v.2.4.586. Taxonomic
classification of the clean reads was inferred using Kraken2 v.2.1.387.
The microbial abundance at the taxonomic level (species, genus, or
above) was re-estimated using bracken v.2.988. The clean data were
assembled by MEGAHIT v.1.2.989, and contigs less than 200bp in
length were discarded. Gene prediction over contigs was performed
using metaProdigal v.2.6.390. The nonredundant (NR) gene set was
then generated using CD-HIT v.4.8.191. Gene function annotations
based on the eggNOG database v5.0.2 were performed by running
eggNOG -mapper v.2.0.192 with DIAMOND v.2.1.6. We conducted linear
discriminant analysis effect size (LEfSe) analysis on clusters of ortho-
logous groups of proteins (COGs) across all samples42. Differential
analysis of the KEGG Orthology (KO) data was carried out via the
DESeq293 package in R. The pathways associated with the annotated
KOs in our study were organized on the basis of records from the
website https://www.kegg.jp/kegg/pathway.html.

Screening for stress-alleviating microbes on PEG plates and
peat soil
To match the differentially abundant (DA) ASVs from microbiome
sequencing to our isolated strains, we compared the 16S rRNA gene
sequence of the DA-ASVs to the reference database consisting of the
16S rRNA gene sequences of all of the isolated microbes via BLAST
v.2.12.094. The FASTA files of the reference database were made by
using makeblastdb v.2.12.094. The effects of the isolated strains on
plant fitness were assessed via a polyethylene glycol (PEG) plate-based
osmotic stress treatment system45,95. Briefly, wild-type Arabidopsis
seeds were first grown on 1/2 MSmedium containing 1.2% agar and 1%
sucrose after gas sterilization. Five day-old Arabidopsis seedlings were
transferred onto mock plates (1/2 MS) and 25% PEG plates. For PEG
plate preparation, normal agar plates were overlaid with a solution
(without agar) containing 1/2 MS, MES buffer (6mM) and 25% PEG
(250g per litre) and allowed to equilibrate for 12 h (overnight). The

overlay solution was freshlymade every time just before use. After the
seedlings were transplanted, we immediately inoculated a total of 2μL
of bacterial (single strain or SynCom) inoculum (OD600 = 0.005) onto
the root surface, andMgSO4 buffer was used as control. After 9 days of
growth after inoculation, the plants growing on normal agar plates and
PEG plates were photographed for root morphology analysis via Ima-
geJ. All shoot freshweightmeasurementswereconducted 14days after
inoculation.

To validate the stress-alleviating microbes in soil (Supplementary
Fig. 9), we first sterilized the commercial peat pellet soil. Seven day-old
Arabidopsis seedlings were then transplanted into the peat soil. Plants
were grown under a 10 h light (100μmolm−2 s−1)/14 h dark cycle at
22 °C. 16 days post-transplantation, a total of 5mL of bacterial inocu-
lum (OD600 = 0.5, either single strain or SynCom) was inoculated into
the root zone. Withholding water for four days prior to inoculation to
prevent water oversaturation. As in the PEG treatment system, MgSO4

bufferwasused as a control. Thedrought toleranceof each inoculation
treatment was assessed using a drought tolerance index based on the
wilt degree (5: no wilting; 4: < 25% wilted leaves; 3: 25–50% wilted
leaves; 2: 50–75% wilted leaves; 1: 75–90%mostly wilted) to reflect the
damage of drought stress on each plant.

RNA-seq sample preparation and data processing
The total RNA of Arabidopsis roots was extracted using TRIzol (Bio-Rad,
USA) reagent. The high-qualitymRNAwas purified from total RNAusing
poly-T oligo-attached magnetic beads (Invitrogen, USA) and then frag-
mented.The resulting fragmentedmRNAwasused forfirst-strandcDNA
synthesis using random hexamer primers, followed by second-strand
cDNA synthesis. The library was prepared after end repair, A-tailing,
adapter ligation, size selection, amplification, and purification steps.
The libraries were then sequenced (PE-150 bp) on the Illumina platform.
Fastp (v.0.14.1) was used to evaluate the quality of the raw reads,
including the removal of reads with adapter contamination, uncertain
bases, and low-quality bases72. The quantification of expression levels
for each transcript was performed using Salmon v.1.9.096 against the
TAIR10 Arabidopsis reference genome, and transcripts per million
(TPM) were obtained. DESeq2 was used to identify the differentially
expressed (FDR adjusted P <0.05) genes (DEGs) between the control
and each inoculation treatment93. GO and KEGG enrichment analysis
were performed using the clusterProfiler package in R97.

Gene deletions in Rhizobium sp. 4F10
Genetic deletion in Rhizobium sp. 4F10 was created using a double-
recombination method for Gram-negative bacteria. Two sets of pri-
mers were used to amplify the upstream and downstream 1000bp
flanking region of ocd as follows: upstream forward, 5′ GATTAC-
GAATTCGAGCTCGGaactcggttggcggatgg 3′ and upstream reverse, 5′
TCAGGCTGCCCTGAGCAGcggtgcgggcattgtcat 3′; downstream for-
ward, 5′ ATGCCCGCACCGctgctcagggcagcctga 3′ and downstream
reverse, 5′ GTCACGACGTTGTAAAACGAcgcaacaagatcctcgctttg 3′
(overlapping bases in capital case). Overlap PCR was performed with
the upstream and downstreamPCR products. The product was ligated
to the Pk18mobsacB suicide vector and then transformed into E. coli
strain DH5α. The positive colonies were selected on LB plates with
gentamicin 50μg/mL and then confirmed by colony PCR. The deletion
constructs were further confirmed by Sanger sequencing. The con-
firmed deletion constructs was then transformed into competent
E. coli strain WM6026, which is an auxotrophic E. coli strain whose
growth relies on exogenously supplemented DAP, andwas selected on
LB plates containing gentamicin 50μg/mL and DAP 100μg/mL. Con-
jugation of the WM6026 containing the deletion constructs and Rhi-
zobium sp. 4F10 was performed, then the transconjugants were
selected on plates with gentamicin 50μg/mL without DAP. Positive
colonieswere re-steaked, and culturedovernight in liquid plain LB. The
bacterial suspension was diluted to 100× with 20% LB (containing 10%
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sucrose) and cultured overnight at room temperature. The bacterial
suspensionwas spreadon LBplates containing 6% sucrose to select for
the second recombination.

Statistical analysis and data visualization
All of the statistics analyses in the present study were conducted in
the R v.4.1.3 environment (http://www.r-project.org/). For differ-
ential analysis, normality tests were performed using the Shapiro‒
Wilk test. Then Bartlett’s test was used to test for homogeneity of
variance via the “stats” package in R. The “vegan” package in R was
used to assess the alpha and beta diversity of the root-associated
microbial community98. Specifically, species richness and Shannon
diversity were calculated using the diversity function. The differences
between the root hair mutants and Col-0 were assessed via one-way
ANOVA, followed by an LSD test for multiple comparisons. This
analysis was performed using the LSD.test function in the “agricolae”
package in R99. Bray–Curtis distance matrices of microbial commu-
nities were calculated using the Vegdist function, and principal
coordinate analysis (PCoA) plots were generated accordingly. Per-
mutational multivariate analysis of variance (PERMANOVA) was
performed with the “adonis” function to further assess the effects of
genotype (Col-0, gl2 and rsl2 rsl4), water regime (drought treatment
and control), and compartment (bulk soil, root, and rhizosphere) on
variations in microbiome composition98. The “microeco” package in
R was used to perform differential abundance tests and identify
potential marker families among the three genotypes100. The Wil-
coxon rank sum test was used to detect the differential (FDR adjusted
P < 0.05) ASVs (based on relative abundance) between the root hair
mutants and Col-0.

For network analysis, the ASVs with a relative abundance greater
than 0.01% and present in at least two samples were used for co-
occurrence network construction. Spearman correlation (correlation
coefficient > 0.7, PFDR < 0.05) analysis was conducted between paired
ASVs using the “ggClusterNet” package in R101. Network topological
parameters, including node and edge counts, positive and negative
correlations, and node properties, such as degree centrality closeness
centrality, were calculated using the “igraph” package in R102. Hub
nodes were identified on the basis of all three measurements of cen-
trality using a log-normal distribution fit103. With the exception of the
network visualization, which was conducted in Gephi 0.10104. The
locations of the natural soil sample sites, including longitude and
latitude, were visualized using ArcGIS v.10.5 (Esri, Redlands, California,
USA). The elevation of Yunnan province (China) was extracted based
on the WorldClim dataset105. All of the other plots in the present study
were generated via the “ggplot2” package in R if no specific
specification106. The final figures (including Supplementary Figures)
were prepared in Adobe Illustrator 2020 for combining, positioning,
and resizing.

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

Data availability
All sequencing data generated in this study have been deposited in the
China National Center for Bioinformation [https://www.cncb.ac.cn].
Raw 16S amplicon and shotgun metagenomic sequencing data were
deposited under accession codes CRA014605 (PRJCA023009; https://
ngdc.cncb.ac.cn/bioproject/browse/PRJCA023009). RNA sequencing
data were deposited under CRA018179 (PRJCA027686; https://ngdc.
cncb.ac.cn/bioproject/browse/PRJCA027686). The genome of Rhizo-
bium sp. 4F10 was deposited under accession number PRJCA028834.
TheNon-targetedmetabolomics data used in this study are available in
theMetabolights database under accession codeMTBLS11360. Source
data underlying each figure are uploaded to https://github.com/

Zhenghong-Wang/Root-hair-mutants-microbiome [https://doi.org/10.
5281/zenodo.13968521].

Code availability
Codes for this project can be found at https://github.com/Zhenghong-
Wang/Root-hair-mutants-microbiome [https://doi.org/10.5281/zenodo.
13968521].
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