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Abstract

1. Desert ephemerals complete rapid life cycles to survive aridity, yet the ontoge-

netic coordination of below-ground rhizosphere interactions with above-ground

resource allocation remains unclear.

. This study examined six dominant ephemeral species (Eremurus inderiensis,

Eremopyrum orientale, Erodium oxyrrhynchum, Allium mongolicum, Alyssum linifolium
and Nepeta micrantha) in the Gurbanttinggiit Desert across seedling and flowering

stages, integrating plant biomass, rhizosphere metabolites and bacterial communities.

. This study detected consistent ontogenetic shifts at the overall level: a 44.4% de-

crease in root: shoot ratio shifting biomass from below-ground to above-ground

Email: xjyangxd@sina.com with interspecific variations. Concurrently, rhizosphere metabolic space con-

Funding information tracted by 86.4%, with species-specific metabolic plasticity strongly correlated
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with biomass reallocation magnitude. Bacterial communities exhibited reduced

a-diversity, simplified co-occurrence networks and a predicted functional transi-

tion from carbon to nitrogen metabolism. Keystone microbe-metabolite associa-

tions shifted from carbon-based linkages at the seedling stage to nitrogen-centric

Handling Editor: Katie Jayne Field correlations at flowering, accompanied by stage-specific turnover of keystone
taxa and reconfiguration of microbe-metabolite networks. At the species level,
however, the key taxa, metabolites and network dynamics underlying these shifts
were highly specific, with divergent niche-width dynamics and stage-specific in-
teractions corresponding to host metabolic plasticity. Path modelling revealed
a universal, stage-dependent reversal in biomass drivers: below-ground biomass
was initially supported by broad bacterial niche width, whereas flowering-stage
above-ground biomass was directly driven by rhizosphere metabolites.

4. These findings demonstrate that host developmental stage orchestrates a
phased rhizosphere strategy in desert ephemerals. This strategy synchronizes
keystone taxa succession and microbe-metabolite network reconfiguration

with plant ontogenetic goals, enabling a conserved shift from microbial-assisted
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1 | INTRODUCTION

Global climate change and intensifying droughts threaten desert
ecosystem productivity (Neilson et al., 2012). Desert ephemerals,
key components, avoid drought by completing life cycles during
brief wet seasons (Fan et al., 2022). This strategy, synchronized
with snowmelt and spring rains, allows biomass accumulation and
secures their role in primary production and nutrient cycling (Huang
et al., 2015; Zeng et al., 2016). The success of this functional group
is hypothesized to rely on precise developmental programming and
efficient root-shoot resource allocation (Nour et al., 2024). However,
the internal mechanisms governing these transitions remain poorly
understood, particularly how plant-rhizosphere interactions
coordinate below- and above-ground investments.

In the rhizosphere, plant roots shape microbial communities
through metabolite exudation, serving dual roles as nutrients and
chemical signals to recruit beneficial microorganisms (Hemelda &
Noutoshi, 2025). In nutrient-poor desert ecosystems, this interaction
is crucial for nutrient cycling. For instance, Gemmatimonadetes and
Bacteroidetes re-release nitrogen and phosphorus by decomposing
senesced plants, thereby synchronizing microbial activity with plant
phenology to maximize resource-use efficiency (Araya et al., 2019;
Zhang et al., 2020). This below-ground assembly is primarily driven
by plant developmental stage (Fan et al., 2025), as shifting physi-
ological priorities shape rhizosphere ‘microbial fingerprint’ changes
(Zhalnina et al., 2018). For example, root exudates in early growth
recruit decomposers to meet high nutrient demands, while in later
reproduction, exudate composition shifts to redeploy resources
and induce adaptive microbial changes (Lei et al., 2025). These
stage-dependent shifts are reflected in microbial diversity (Yang
etal., 2025), niche width (Jiang et al., 2023) and interaction networks
(Fan et al., 2025). However, for desert ephemerals, patterns of these
developmental changes and their ecological consequences remain
insufficiently understood. A key limitation of current research is fo-
cusing mainly on single time points rather than dynamic processes,
leaving a critical knowledge gap in dynamic mechanisms across the
full growth cycle.

The Gurbantlingglt Desert, China's most extensive fixed and
semi-fixed dune desert, sustains widespread ephemeral plants (Fan
et al., 2022). To test the hypothesis that developmental stage tran-
sitions drive coordinated shifts in plant biomass allocation, rhizo-
sphere metabolite profiles and bacterial community assembly, this
study investigated dominant ephemeral plant species in this system.

establishment to metabolite-driven

reproduction despite species-specific

pathways. This study provides novel insights for plant-microbe co-adaptation in

resource-limited desert ecosystems.

ephemeral plants, microbe-metabolite association network, niche width, plant biomass,
rhizosphere bacterial community

We aimed to elucidate: (1) how biomass reallocation patterns and
rhizosphere metabolite profiles are restructured during the transi-
tion from seedling to flowering stages; (2) how rhizosphere bacte-
rial diversity, niche width and co-occurrence networks respond to
plant development; (3) how rhizobacteria-metabolite associations
change over time; and (4) how these interconnected dynamics ulti-
mately feedback to influence plant biomass accumulation. This study
seeks to reveal the ecological mechanisms through which ephemeral

plants optimize performance in extreme environments.

2 | MATERIALS AND METHODS

2.1 | Studysite
This study was conducted at the southern margin of the
Gurbantiinggtit Desert in Xinjiang, China (Figure 1). The region has
a temperate continental arid climate: mean annual precipitation
of 100-150mm (over 65% from snowmelt and spring rains), mean
annual evaporation >2000mm and a mean annual temperature of
5-7°C (Zhao et al., 2023). In spring, the total vegetation coverage
is approximately 15%-50% (Li et al., 2021). Among this vegetation,
annual plants account for around 50% of the total vegetation
coverage (Chen et al., 2008). We focused on six dominant ephemeral
species: Eremurus inderiensis (D), Eremopyrum orientale (DF), Erodium
oxyrrhynchum (MN), Allium mongolicum (SC), Alyssum linifolium (TY)
and Nepeta micrantha (XH). These species are widely distributed
on dunes and are the dominant species in the local area (Chen
etal., 2019; Fan et al., 2022). Detailed species information is available
in Supporting Information (Figures S1-S3; Tables S1 and S2).

No official permits or licences were required for all field sampling
and field investigations in the present study. All field work complied

with local relevant research regulations.

2.2 | Sample collection

Sampling covered two phenological stages. The seedling stage was
characterized by three to four fully expanded true leaves and no
reproductive organs (sampled on 8 April 2024). The flowering stage
occurred when over 80% of adult individuals of the target ephemeral
species bloomed synchronously, forming large, contiguous flower
clusters on the soil surface (sampled on 5 May 2024). Sampling



YANG ET AL.

: 2085
Eggﬁgs:éw Functional Ecology | 2o

720910uE 7800‘10nE 8409'0"E gooqronE 96091011E

45°00"'N
b

40°0'0"N

35°0'0"N

Legend
[1Desert Boundary
Elevation/m
=High: 8415

| Lo 161 0 150 300 450 6Q|(‘)m

N

IA

46°0'0"N  30°0'0"N

45°0'0"N
3

44°0'0"N

Legend
e Site
[ IDesert Boundary

86°0'0"E 88°0'0"E

0 40 80 120 160
— = Km
90°0'0"E

FIGURE 1 Location and landscape of the study area.

TABLE 1 Replication statement.

Scale of inference

Rhizosphere bacteria

Rhizosphere metabolites

Soil properties

was conducted at 6 randomly selected independent sand dunes
(inter-dune distance =1km; Edwards et al., 2015). On each dune,
20-25 healthy individuals per species were randomly selected (22m
between any two conspecific individuals). The entire root system of
each plant was excavated. After removing loose soil, we collected
the rhizosphere soil (tightly adhering to roots) using a sterile soft-
bristled brush (Edwards et al., 2015). Rhizosphere soils from all
selected individuals of the same species per dune were pooled into
one composite sample. During each growth stage, one independent
composite sample was obtained per dune for each species, resulting
in a total of 36 samples across the six plant species. Upon collection,

87°51'0'E

87°54'0"E 87°57'0"E

44°27'0"N

44°24'0"N

87°51'0"E

87°54'0"E 87°57'0"E

Scale at which the
factor of interest is

Number of replicates

applied Species Dune Stage Total
Individual 6 6 2 72
Individual 6 6 2 72
Individual 6 6 2 72

all soil samples were immediately placed in either liquid nitrogen or
dry ice and promptly transported to the laboratory. Samples were
subdivided into three aliquots (Table 1): two for DNA extraction
and soil metabolomic analysis (stored at -80°C), and one for soil
physicochemical analysis (stored at 4°C). Soil properties, including
soil water content (SWC), pH, electrical conductivity (EC), soil
organic carbon (SOC), total nitrogen (TN), available phosphorus
(AP) and available potassium (AK), were determined using standard
methods (Bao, 2000).

Plant biomass was sampled concurrently. Above-ground biomass
(AGB) and below-ground biomass (BGB) were separated using sterile
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scissors. Roots were rinsed with deionized water to remove soil and
blotted dry with sterile filter paper. All samples were placed in pre-
weighed paper bags, oven-dried at 75°C (248h) to constant weight
and weighed to determine dry mass.

2.3 | DNA extraction and sequencing

Genomic DNA was extracted from 0.25g of homogenized soil
using the CTAB method. 16S rRNA gene V4 region was amplified
(515F/806R) and sequenced on lllumina NovaSeq 6000 (Caporaso
et al.,, 2011; Kozich et al., 2013). Raw reads were demultiplexed,
quality-filtered and merged to obtain high-quality sequences.
Amplicon Sequence Variants (ASVs) were inferred and taxonomically
classified against the SILVA 138.1 database (Quast et al., 2013).
After rarefying to an even sampling depth, the ecological functions
of the bacterial community were predicted using FAPROTAX (Louca
etal., 2016).

2.4 | Metabolomics analysis

Approximately 50 mg of soil from each composite sample was used
for metabolite extraction. Metabolites were extracted with 500 uL
of a pre-cooled (-20°C) 70% methanol solution containing internal
standards and 300 uL of dichloromethane and then vortexed mixing
for 3min. After centrifugation at 12,000rpm for 10min at 4°C,
300pL of the supernatant was transferred to a new 1.5-mL tube and
incubated at -20°C for 30min. Centrifugation was repeated, and
200pL of the resulting supernatant was processed through a protein
precipitation plate for online analysis. All extracts were stored at
-20°C until further use. Metabolite profiling was performed using
an ultra-performance liquid chromatography (UPLC) system coupled
to a QTRAP® 6500+ tandem mass spectrometer. Each sample
had three technical replicates to reduce instrumental errors, with
mean+SD as final data for analysis. Metabolites were identified by
matching acquired mass spectra to the KEGG Compound database.
A permutation test (200 permutations) was applied to evaluate

model robustness.

2.5 | Statistical analysis

All analyses were conducted in R v4.3.3. Biomass allocation patterns
were assessed using t-tests, with effect sizes calculated via Cliff's
delta. Metabolomic profiles were analysed using principal component
analysis (PCA). PERMANQOVA (999 permutations) with a full factorial
model tested effects of species, developmental stage and their
interaction at the overall level. Metabolic plasticity was quantified as
Euclidean distance in PCA space between developmental stages per
species. Differential metabolites were identified with |log,FC|>0.5,
Wilcoxon rank-sum tests (p<0.05) and 267% species consistency
for conserved patterns. Pearson correlation assessed relationships

between metabolic plasticity and biomass allocation (overall-
level only). Dispersion homogeneity was verified using PERMDISP
(overall-level only).

Rhizosphere bacterial a-diversity (Shannon, Simpson, Pielou,
Chao1) and niche width (Levin's B metric) were compared via t-
tests, with generalists/specialists identified accordingly (Wilson
& Hayek, 2015). PERMANOVA quantified effects on bacterial
community structure. Rhizobacterial composition differences
were determined using STAMP, and community structure was vi-
sualized by principal coordinates analysis (PCoA) based on Bray-
Curtis distance. For FAPROTAX-predicted functional composition,
PERMANOVA quantified effects of compartment and growth
stage at overall level only. Functional profiles were preprocessed
by removing functions with mean abundance <0.01% and irrele-
vant categories (Knight et al., 2018; Wen et al., 2023) before PCoA
(Jaccard distance).

Environmental variable contributions were quantified via
Redundancy Analysis (RDA). Co-occurrence networks were con-
structed from bacterial genera (relative abundance >0.005 in 250%
of samples) based on Spearman correlation (|r| >0.7, p<0.05; Wang
et al., 2023). Keystone taxa were identified using Zi-Pi thresholds
(Olesen et al., 2007). For functional comparisons, non-parametric
Wilcoxon signed-rank tests were used at the overall level; species-
level comparisons employed paired t-tests or Wilcoxon signed-rank
tests based on normality (Liu, Mansoldo, et al., 2025). Predicted
functional contributions were assessed via PLS regression (VIP > 1)
and correlations. Associations between key taxa and metabolites
were assessed using Spearman correlation (|r|>0.6, p<0.05) and vi-
sualized in hierarchical clustering heatmaps. Relationships between
bacterial niche width and plant biomass were examined via ordi-
nary least squares (OLS) regression (overall-level only). Partial least
squares path modelling (PLS-PM) evaluated integrated effects of soil
metabolites, niche width, a-diversity and keystone taxa on AGB and

BGB (overall-level only).

3 | RESULTS

3.1 | Plant growth dynamics and rhizosphere
environment

Biomass allocation underwent significant below-ground-to-above-
ground shifts across all six species during development (Figure 2a,
Figure S4, p<0.05), with overall root: shoot ratios decreasing by
44.4% (Welch's t-test: p=4.5x107%). Shift magnitude differed
markedly, ranging from dramatic (DF: 45.20%, SC: 44.30%) to
conservative (XH: 3.36%) (Table S3).

The soil had a substantial decline in SWC (p <0.05); soil nutri-
ents decreased but EC increased (p <0.05, Figure S5). Rhizosphere
soil metabolites comprised eight categories at seedling and seven at
flowering stages, with amino acids consistently dominant (Figure 2b).
PCA revealed profound restructuring of rhizosphere metabo-
lites (R?=0.085, p=0.001), characterized by an 86.4% metabolic
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FIGURE 2 (a) Biomass allocation patterns across desert ephemeral species and growth stages. (b) Proportions of rhizosphere metabolite
categories across species and growth stages. (c) Developmental restructuring of rhizosphere metabolomic profiles.

space contraction from seedling to flowering (Figure 2c; Table S4).
PERMANOVA showed plant species identity as the primary driver
of metabolic variation (R2=0.508, p<0.001), followed by a highly
significant speciesxstage interaction (R*=0.399, p<0.001), while
developmental stage alone explained 0.085 of variance (Table S5).
Species exhibited marked metabolic plasticity during the seedling-
to-flowering transition (Table Sé): SC had the highest (2.744), fol-
lowed by D (1.236) and MN (0.754), while DF (0.225), TY (0.247)
and XH (0.031) had minimal. Notably, metabolic plasticity strongly
negatively correlated with root: shoot ratio changes across species
(r=-0.958, p=0.0025; Figure Séce).

Pronounced flowering-stage metabolic specialization reflected
species-specific adaptations and conserved developmental patterns
(Figure S7, Tables S7 and S8). Distinct species-specific signatures
emerged: D accumulated L-citrulline, Ornithine and DL-Glyceric-
Acid while depleting Glutamine and L-Asparagine; DF and XH ele-
vated Ornithine while down-regulating L-Glutamic-acid, Glutamine
and Trehalose-6-phosphate; SC suppressed multiple amino acids (L-
Asparagine, L-Leucine and Serine); MN and TY enhanced L-leucine
and DL-Glyceric-Acid. Beyond these species-specific patterns, four
conserved metabolites that were consistently significantly altered
(lLog,FC|>0.5, p<0.05 in at least four species): AMP, Gluconate,
Glutamine and L-Glutamic-acid.

3.2 | Taxonomy, niche width and diversity
dynamics of rhizobacterial community

A total of 24,339 and 7248 bacterial ASVs were detected at the
seedling and flowering stages, respectively, with rarefaction curves
confirming adequate sampling depth (Figure S8). Multivariate
analyses indicated that the rhizobacterial community was shaped
collectively by plant species, growth stage and environmental
factors, together explaining 77.9% of variation (p=0.001, Figure 3a).
RDA identified plant species as the strongest determinant
(R?=0.188), followed by growth stage (R2=0.122) and soil nutrients
(Figure 3b; Table S9). At the species level, developmental stage
consistently structured rhizobacterial communities. All six species
showed significant compositional shifts between seedling and
flowering stages (PERMANOVA, p <0.05; RDA, p <0.01; Figure S9a),
whereas soil factors had no significant effect within any species
(Table S10). Beta-diversity analysis further supported the dominant
role of growth stage, with between-stage distances (0.426-0.512)
exceeding within-stage distances across all species (seedling: 0.111-
0.238; flowering: 0.122-0.171).

The overall and species-specific rhizobacterial a-diversity
(Shannon, Simpson and Pielou) showed a consistent decrease.
However, overall Chaol richness increased, with non-significant
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FIGURE 3 Overall Redundancy Analysis (RDA) and marginal effects of explanatory variables on rhizobacterial communities of desert
ephemeral plants. (a): RDA with environmental vectors. (b) Independent contributions (marginal R?, 999 permutations) of each factor.

reductions only in TY and XH (Figure 4a, Figure 510). Niche width
remained stable overall but diverged among species: it expanded
significantly in TY and XH but contracted in D and SC (Figure 4b,
Figure S11a). Concurrently, the specialist-to-generalist ratio was re-
configured from seedling to flowering stages (Figure 4c, Table S11).
D and SC increased specialist proportions, whereas others reduced
them (Figure S11b, Table S12). Bacterial communities differed sig-
nificantly between rhizosphere and bulk soil (R2=0.166, p=0.001).
Within the rhizosphere, developmental stage was the dominant
driver of community structure (R=0.453, p=0.001; Figure 4d).
Within each developmental stage, bacterial community structure
differed markedly among species (seedling: R?=0.897, p=0.001;
flowering: R?=0.859, p=0.001; Figure S11c).

STAMP analysis revealed that the enrichment patterns of rhizo-
sphere soil bacteria at the phylum level differed from those of bulk
soil during the seedling and flowering stages (Figure $12). Within
the rhizosphere, Actinobacteria and Proteobacteria dominated
both stages, with Proteobacteria increasing (27.6% to 29.9%) while
Firmicutes (5.3% to 3.9%) and Gemmatimonadota (3.7% to 2.1%)
declined significantly (Figure 4e). Changes in specific phyla varied
among species (Figure S13-515).

FAPROTAX-predicted functional composition differed signifi-
cantly between rhizosphere and bulk soil (R?=0.128, p=0.001),
with developmental stage as the primary driver of rhizobacterial
functional divergence (R>=0.370, p=0.001; Figure 5a). With plant
growth, the overall rhizosbacterial FAPROTAX-functional profile
shifted systematically: carbon cycle-related functions were sup-
pressed, while nitrogen cycle-related functions were enhanced
(Figure 5b). Chemoheterotrophy, cellulolysis and fermentation
were down-regulated, whereas nitrogen_fixation, nitrate_reduction
and nitrite_ammonification were significantly up-regulated, along-
side a marked increase in arsenate_detoxification (Figure 5c). This
functional shift was conserved across five species (DF, MN, SC, TY

and XH). In contrast, D exhibited the opposite pattern: flowering-
stage rhizosphere exhibited enhanced complex carbon degradation
(e.g. xylanolysis and cellulolysis), while nitrogen cycling pathways
(e.g. nitrate_reduction) showed no significant induction and a non-
significant decrease (Figure S16, Table S13).

3.3 | Dynamics of rhizobacterial co-occurrence
networks

Rhizosphere networks were markedly more complex than those in
bulk soil. Overall rhizobacterial co-occurrence networks underwent
significant structural simplification from seedling to flowering
stages, reflected in reduced node/edge counts (213 to 141; 1538
to 708), lower average degree (14.44 to 10.04), increased positive
interactions (70.35% to 81.21%) and decreased modularity (Figure 6,
Table S14). Most species followed this trend except SC and MN,
which showed increased complexity (Figure S16, Table S$15).
Species diverged in network strategies: D and DF exhibited clear
simplification; SC and MN enhanced connectivity (average degree:
4.20, 2.66 to 7.05, 3.70, respectively), while TY and XH improved
integration through shortened average path length.

In the overall co-occurrence network, keystone taxa identified
via Zi-Pi analysis exhibited striking stage-specific functional contri-
butions (Figures 6a and 7a; VIP >1). Seedling core taxa comprised
Roseomonas, Arthrobacter, Duganella and Pontibacter, while flowering
stages were dominated by Blastocatella, Truepera and Rhodopirellula.

Predicted functional contributions of species-specific key
genera also showed strong host and stage specificity (Figure 7b,
Figures S18 and S519). Core taxa displayed minimal inter-/intra-
specific overlap across stages, with no congruence with over-
all network core genera (Table S16). For instance, D harboured
Lachnospiraceae_NK4A136_group and Geodermatophilus at the
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seedling stage,

Oligoflexia at flowering. SC was dominated by Edaphobaculum at

replaced by Negativibacillus and unclassified_

34

the seedling stage, while Nocardioides and Pseudorhodoplanes pre-

vailed at flowering. All other species also possessed unique stage-

specific high-contribution taxa.

| Linkages between metabolites and key

bacterial taxa

The proportion of significant microbe-metabolite associations de-

creased from 54.3% at seedling to 30.0% at flowering (Figure 8a).
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FIGURE 5 Dynamic changes in FAPROTAX-predicted functional potentials of rhizobacterial communities across plant growth stages.

(a) Principal coordinates analysis (PCoA) of FAPROTAX-functional composition. (b) Dynamics of predicted carbon- and nitrogen-related
functional groups during plant growth. ***p <0.001, **p <0.01, *p <0.05. (c) Predicted functions with significant changes at the overall level.
Bar charts show the Log,FC of microbial functions (Flowering vs. Seedling). Red bars: Log,FC >0 (up-regulated at flowering); blue bars:
Log,FC <0 (down-regulated at flowering). ***p <0.001, **p <0.01, *p <0.05 (FDR-corrected).

Networks contracted in D, DF and XH but expanded markedly in
SC and TY, while MN remained stable across stages. During the
seedling stage, seven keystone microorganisms correlated strongly
(Jr|>0.6, p<0.05) with 12 metabolites (Figure 8b,c). Among them,
Arthrobacter and Duganella correlated positively with carbon me-
tabolites, such as DL-Glyceric-Acid and Trehalose-6-phosphate,
whereas Roseomonas, Roseisolibacter and Sumerlaea showed

negative correlations with the same compounds. At flowering,
six keystone microorganisms correlated with eight metabolites
(Figure 8d,e). Blastocatella, Rhodopirellula and Truepera correlated
negatively with L-Aspartate and Trehalose-6-phosphate, while
Microbacterium and unidentified_Rhizobiales correlated posi-
tively with Glutamine and L-Glutamic-acid but negatively with

Cysteic-acid.
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Species-specific analyses uncovered distinct stage-dependent link-
age patterns (Figures $20-522). In D, RB41 and unidentified_Frankiales
correlated positively with L-Aspartate, L-Glutamic-acid and AMP at the
seedling stage. By flowering, Ferrovibrio and unidentified_Oligoflexia as-
sociated positively with L-Aspartate and Gluconate. DF transitioned
from nine bacterial taxa associated with Ornithine to only Agromyces
and Segetibacter correlating with L-Glutamic-acid. MN and TY had con-
sistent microbial-metabolite dynamics, with keystone microbes show-
ing opposing correlations with the same metabolites across stages.
In SC, Edaphobaculum correlated negatively with AMP and positively
with Pyruvic-acid and Trehalose-6-phosphate at the seedling stage. At
flowering, Nocardioides and Pseudorhodoplanes were positively linked
to L-Aspartate, Ornithine and Pyruvic-acid, but negatively linked to
Glutamine. In XH, TM7a was positively correlated with Glutamine
and Trehalose-6-phosphate but negatively correlated with AMP and
Pyruvic-acid at the seedling stage. At flowering, Nakamurella were
positively correlated with Arginine and L-Glutamic-acid and negatively
correlated with cis-Aconitic-acid.

3.5 | Stage-dependent reversal in microbial and
metabolite regulation of plant biomass

OLS showed significant positive correlations between bacterial niche
width and both AGB (R?=0.19, p<0.05) and BGB (R>=0.30, p<0.05;
Figure 9a). PLS-PM explained high proportions of variance in AGB
(80.1%) and BGB (85.1%) at seedling stage, decreasing to 69.8% and
65.6%, respectively, at flowering (Figure 9b,c). Path analysis uncovered
a clear stage-dependent reversal in ecological effects. At the seedling
stage, both bacterial niche width (AGB: 2.2939; BGB: 1.8926) and key-
stone taxa (AGB: 0.5788; BGB: 0.9417) significantly promoted biomass
accumulation. In contrast, soil metabolites exhibited negative direct
effects on biomass (AGB: -1.2215; BGB: -0.065). This pattern re-
versed completely at the flowering stage. Bacterial niche width (AGB:
-0.4822; BGB: -0.6962) and keystone taxa showed negative effects
on biomass. Meanwhile, soil metabolites exerted strong positive direct
effects on both AGB (0.7318) and BGB (1.0925). Furthermore, bacte-
rial a-diversity negatively affected niche width at the seedling stage
(-0.5574), a relationship that weakened to non-significant at flowering.
Concurrently, diversity demonstrated a significant negative impact on
AGB (-0.4388) during the flowering stage.

4 | DISCUSSION

41 | Dynamic biomass allocation, metabolic
restructuring and divergent ecological strategies

This study revealed pronounced BGB to AGB reallocation as de-
sert ephemerals transitioned from seedling to flowering stages
(Figure 2a, Figure S4). The sharp root: shoot ratio reduction high-
lighted a resource-priority shift under resource-limited desert con-
ditions (Ding et al., 2025) and represented a key signature of the

drought-escape strategy (Poorter et al., 2012). Interspecific differ-
ences in biomass allocation were associated with lineage-specific
adaptive traits, reflecting long-term evolutionary adaptation to the
Gurbantiinggiit Desert. D relies on a lineage-specific fleshy taproot
for resource storage at the seedling stage, whereas MN coordinates
water uptake and soil exploration via succulent leaves and a shal-
low, spreading root system. Their moderate biomass redistribution
reflected a classic below-ground establishment-above-ground re-
production trade-off (Poorter et al., 2012). As accelerated alloca-
tion strategists, DF rapidly constructs above-ground photosynthetic
structures via tillering, while SC mobilizes pre-stored bulb reserves
for reproduction. Both complete seed production before severe
drought, aligning with global stress-driven resource allocation (Peng
et al., 2022). By contrast, TY and XH exhibited a conservative strat-
egy, maintaining greater below-ground investment to exploit late-
season moisture pulses (Funk et al., 2024; Puglielli et al., 2021).
Biomass reallocation coincided with extensive rhizosphere me-
tabolome restructuring. While developmental stage drove metab-
olite remodelling, plant species identity and its stage interaction
explained most metabolic variation (Figure 2c, Table S5). Metabolic
niche contraction signalled a shift from exploratory to specialized
rhizosphere chemical interactions (Hacquard & Martin, 2024), medi-
ated by host genotype (Pacheco-Moreno et al., 2024). These lineage-
specific shifts reflect adaptive differentiation under resource
limitation in the desert (She et al., 2017). High-plasticity species (SC,
D) remodelled their rhizosphere via storage structures to sustain
rapid above-ground growth (Jacoby & Kopriva, 2019). Conversely,
low-plasticity species (XH, TY) maintained a stable rhizochemical
profile, reducing reliance on metabolic restructuring (Wiesenbauer
et al., 2025). This plasticity-linked strategy divergence is an adaptive
trade-off for unpredictable stress (He et al., 2024). The significant
negative correlation between metabolic plasticity and root: shoot
ratio change provided quantitative support for this trade-off.
Consistent down-regulation of AMP, Gluconate, Glutamine and
L-Glutamic-acid across most species reflected a shared flowering
resource-mobilization mechanism. Notably, reduced Glutamine
and L-Glutamic-acid indicated targeted nitrogen flux reallocation to
above-ground reproductive tissues (Yoo et al., 2020). Simultaneously,
species-specific metabolic signatures emerged: L-citrulline (accumu-
lated in D) may enhance reproductive drought tolerance (Ahmadi
et al., 2020); L-leucine (enriched in MN, TY) supports rapid shoot
protein synthesis during flowering (Ren et al., 2025). These patterns
demonstrated desert ephemerals have evolved conserved core re-
sponses and species-specific specialization within shared develop-

mental programmes.

4.2 | Rhizosphere bacterial community succession

Unlike most studies focusing on the biogeography of plant-microbe
interactions that assumed abiotic filters as the primary driver of
microbial community changes, our study confirmed that in water-
limited ecosystems, host genetics and developmental status were
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the key regulators, with abiotic filters playing only a secondary role
(Figure 3). This discrepancy may have resulted from the study being
conducted at only one site; within a local small region, environmen-
tal heterogeneity (e.g. soil properties, climate) was low, so the results
did not replicate those of large-scale studies (Xiong et al., 2021).
Such development-dependent succession reflected adaptive plant-
microbe tuning to desert environments (Wang, Crabbe, et al., 2025).
Divergent niche-width dynamics (TY/XH expansion; D/SC contrac-
tion) corresponded with species-specific metabolic strategies, in-
dicating coordinated above-ground-below-ground specialization
(Peng et al., 2025; Wang, Xia, et al., 2025).

FAPROTAX revealed a distinct developmental predicted func-
tional shift (Figure 5). Carbon mineralization at the seedling stage
supported root establishment (Talbot & Monfet, 2024). Increased
nitrogen fixation at flowering met reproductive nitrogen demand
(Yoshida et al., 2025) and enhanced drought resistance (Lopez
et al., 2023). Notably, only D had an opposite trajectory, likely driven
by high metabolic plasticity and fleshy taproot. Labile carbon and
nitrogen sources declined, while decomposing roots released com-
plex carbon (Pate et al., 1990), forming a recalcitrant carbon en-
vironment. This favoured complex carbon degradation (Zhalnina
et al., 2018) and caused a shift towards carbon mining rather than
convergent nitrogen acquisition.

Key functions were regulated by development and host phy-
logeny. Overall, functions converged from seedling carbon trans-
formation to flowering nitrogen cycling and stress tolerance, with
decomposers (Molina-Menor et al.,, 2020) and drought-tolerant
nitrogen-taxa (Gonzalez-Cortés et al., 2022; Tang et al., 2020) domi-
nating respective stages. However, these convergent functions were
achieved by distinct microbial taxa across species. D shifted function
from decomposition to carbon mineralization and stress tolerance.
SC transitioned from energy regulation to nitrogen transforma-
tion. DF exhibited highly specialized functions at flowering. MN
recruited oligotrophic taxa to cope with environmental fluctuations
(Fierer, 2017). TY enlisted Streptomyces to enhance chemical compe-
tition (Essarioui et al., 2017). XH assembled multifunctional taxa to
improve stress tolerance (Singh et al., 2023). These reflect lineage-
specific microbiome strategies (Graham et al., 2025). The absence
of shared keystone taxa enabled distinct microbial recruitment, re-
duced niche overlap and facilitated species coexistence (Marasco
et al., 2022). Rhizosphere assembly depended on host phylogeny
and stage-specific demands rather than a universal core microbiome
(Poorter et al., 2012), with functional convergence as an evolution-
ary innovation (Shelake et al., 2026).

Rhizobacterial succession (seedling-flowering) displayed sim-
pler networks, more positive interactions and lower a-diversity
(Figures 4 and 6), reflecting a competitive-to-cooperative shift under
harsh arid conditions (Wang et al., 2024). High niche overlap in such
environments promoted cooperation among functionally redundant
microbes to share limited resources (Portal-Gonzalez et al., 2025).
SC and MN exhibited greater network complexity at flowering,
associated with high metabolic plasticity to support rapid above-
ground growth. Such exceptions indicated network simplification

is a general adaptive strategy modulated by host traits, highlighting

context-dependent assembly rules (Bittleston et al., 2020).

4.3 | Dynamic restructuring of
rhizobacteria-metabolite interactions
during plant development

This study showed desert ephemerals' rhizobacteria-metabolite net-
work was strongly restructured across development, shifting from
broad to targeted microbial recruitment (Figure 8; Fan et al., 2025).
Dense seedling correlations reflected an exploratory mode, where
root metabolites rapidly assemble microbiomes for nutrient acqui-
sition (Zhang, Ruan, et al., 2024). The sharp decline in correlations
at flowering indicated plants redirected resources to reproduction,
recruiting nitrogen-fixing and stress-tolerant microbes via targeted
signalling to meet reproductive nitrogen demand and stress resist-
ance (Han et al., 2023), supporting an establishment-to-reproduction
resource allocation strategy.

However, network restructuring was phylogenetically con-
strained, not uniform. Network contraction in D, DF and XH aligned
with conservative or specialized strategies, while expansion in SC
and TY reflected elevated reproductive and competitive demands.
MN maintained network stability, matching its balanced adaptation
to shallow rooted and fluctuating habitats. These divergent chem-
ical crosstalk patterns correspond to distinct allocation priorities
(Zhalnina et al., 2018), driving functional convergence, reducing
niche overlap to facilitate coexistence via phylogenetically con-
strained plant-microbe interactions (Karimi et al., 2021).

These genotype-dependent network patterns were further
exemplified by species-specific microbial-metabolite regulatory
trajectories. In D, nitrogen-fixing and drought-tolerant taxa sup-
ported seedling-stage nitrogen metabolism and stress resistance
(Maurice et al., 2024; Zhao et al., 2025), while flowering-stage dom-
inance of iron-reducing Ferrovibrio enhanced iron bioavailability for
reproduction (Liu, Wang, et al., 2025). DF adopted a streamlined
efficiency strategy via low metabolic plasticity, forming special-
ized associations with Agromyces and Segetibacter for L-Glutamic-
acid utilization (Kim et al., 2021). XH relied on low plasticity but
high microbial dependency: TM7a facilitated seedling-stage nitro-
gen and carbon reserve accumulation (e.g. Glutamine, Trehalose-
6-phosphate; Zhang, Liu, et al., 2024), while flowering-stage
Nakamurella regulated nitrogen metabolites and enhanced arsenic
detoxification (Li et al., 2024). SC's high metabolic plasticity enabled
dynamic rhizosphere remodelling: Edaphobaculum supported seed-
ling energy mobilization (Liu, Li, et al., 2025), whereas flowering-
stage Nocardioides and Pseudorhodoplanes drove nitrogen turnover
for reproduction (Wang, Chen, et al., 2025). Despite convergent de-
velopmental restructuring in MN and TY, their regulatory architec-
tures remained genotype-specific, indicating divergent microbial
pathways for conserved ecological functions, with such holobiont
reconfiguration underpinning desert species coexistence (Portal-
Gonzalez et al., 2025).
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4.4 | Bacterially mediated feedback on plant
performance: A stage-dependent interaction

Rhizosphere microbe-metabolite restructuring underpins a stage-
dependent microbial feedback on plant performance. PLS-PM
analysis showed that rhizobacterial diversity significantly negatively
affected niche width at the seedling stage (Figure 9). This means
elevated diversity in resource-poor desert soils intensifies carbon
sources and nutrients competition, offsetting diversity advantages
via ‘competition-induced niche compression’ and making niche
width the core seedling establishment driver (Marasco et al., 2022;
Newberger et al., 2025). A broad niche sustains diverse nutrient cy-
cling for redundancy (Feng et al., 2020), thereby robustly supporting
root establishment (Manriquez et al., 2021). Concurrently, keystone
taxa enhanced biomass accumulation by mobilizing organic matter
nutrients (Wang, Luo, et al., 2025). At this stage, soil metabolites
exerted a negative effect on biomass, likely as they were mostly
consumed as microbial attractants, forming a metabolites-microbes-
biomass indirect support chain (Sasse et al., 2018).

However, this relationship reversed at flowering, reflecting
a strategic shift from ‘establishment-priority’ to ‘reproduction-
priority’. The community shifted towards specialization and low di-
versity, narrowing the niche width (Diaz-Gonzalez et al., 2025). This
reduced microbial carbon competition, decoupled plant-microbe
dependence and enabled independent carbon allocation. It aligned
with ecological economic theory that assimilates shift from microbes
to reproductive sinks (Castorena et al., 2022). Meanwhile, weakened
diversity effects on niche width reduced microbial competition, with
remaining microbiota focusing on predicted nitrogen cycling-related
functions (Wicaksono et al., 2024). Rhizosphere metabolites shifted
from microbial carbon consumption indicators to direct reproduc-
tive support (Sasse et al., 2018), dominating flowering-stage bio-
mass accumulation. PLS-PM explanatory power changes confirmed
a system-wide driver shift. This transition quantifies ‘plant-mi-
crobe-metabolite’ adaptive coordination under extreme resources,
supporting desert ephemerals' stage-specific growth-reproduction
balance.

In conclusion, host developmental stages orchestrate a fun-
damental shift in above-ground-below-ground strategies within
the constrained lifespan of desert ephemerals. While the specific
rhizobacterial and molecular constituents are species-specific, a
convergent suite of successional patterns emerges across species:
biomass prioritization shifts to above-ground, rhizosphere meta-
bolic space contracts, bacterial networks simplify and microbiome
functions pivot from carbon to nitrogen metabolism. Crucially, path
analysis reveals that the driver of plant biomass undergoes a stage-
dependent reversal: from reliance on a broad bacterial niche for
below-ground establishment to direct dependence on rhizosphere
metabolites for above-ground reproduction. This strategic transition
from microbially assisted establishment to metabolite-driven repro-
duction represents a unifying ecological mechanism for optimizing

fitness under extreme resource limitation.
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