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Abstract

Background
Plant establishment and growth are strongly influenced by rhizosphere microbial communities, which are
shaped by environmental filtering and host-mediated selection. These processes may generate microbial
legacies of past environmental conditions and host associations, yet whether such legacies influence
plant growth and whether their effects transfer across plant species remains unclear.

Methods
We tested whether rhizosphere communities assembled under contrasting environments retain growth-
promotion effects under common conditions and whether these effects extend across host species.
Soils associated with Themeda triandra, a keystone Australian perennial grass, were collected from sites
from contrasting climates (dry sub-humid, semiarid and arid) and used as inocula to grow conspecific (T.
triandra) and heterospecific (Austrostipa scabra, Chloris truncata, and Dichanthium sericeum) grasses in
glasshouse conditions. Effects of inoculation on plant biomass and rhizosphere microbial recrutiment
were subsequently assessed.

Results
Themeda-derived inocula produced contrasting plant responses depending on environmental origin and
host. The inoculum from the dry sub-humid region significantly increased root and shoot biomass and
length in T. triandra, while inocula from more arid regions had weak or neutral effects on Themeda
growth. Growth benefits were associated with enrichment of Mortierellomycota and Pseudomonadota in
the rhizosphere. The growth promoting effects of the dry sub-humid inoculum was extended to root
biomass and length in A. scabra, but not the other hosts.

Conclusions
Rhizosphere microbiomes retain signatures of both environmental history and host identity, and their
consequences on plant growth are strongly context-dependent.

1. Introduction
Plant germination, establishment and growth in terrestrial ecosystems is increasingly recognised as an
emergent property resulting from the interactions between plants and their associated microbial
communities (Trivedi et al., 2020; Bai et al., 2022; Compant et al., 2025)�. Microbes dwelling in the
rhizosphere (that is, soils in close proximity of roots) play a particularly important role in influencing key
ecological processes, including growth, nutrient acquisition and tolerance to biotic and abiotic stress,
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with consequences that scale from individual plants to population dynamics and ecosystem functioning
��(Khan et al., 2021; Ge et al., 2023)�. Further, by modifying plant responses to environmental change,
microbes shape plant distribution, competitive interactions, and ecosystem resilience under changing
climatic conditions ��(Kandlikar et al., 2019; Delgado-Baquerizo et al., 2020)�. Plants on the other hand
actively structure their associated microbial communities in the rhizosphere by allocating carbon to
roots, releasing chemically diverse exudates, modulating immune thresholds, and using specific
signalling pathways (Sasse, Martinoia and Northen, 2018; Trivedi et al., 2020).

Despite strong evidence of these ecological relationships, we know remarkably little about how stable or
portable beneficial interactions are across environmental and host contexts. In the rhizosphere, root
exudate quantity and composition are highly plastic and responsive to environmental conditions
(Williams et al., 2022), resulting in shifts in microbial community composition and functions that might
affect plant performance (de Vries et al., 2020). Under conditions of reduced water availability, for
example, reduced nutrients and altered root exudation patterns lead to restructuring of rhizosphere
microbial communities (Chai and Schachtman, 2022; Pan et al., 2024; Silva, Gamage and Thapa, 2025),
favouring microbes supporting stress-tolerant traits, sometimes at the expense of plant-growth
functions (Hartmann et al., 2017). Critically, the matching between soil microbes and plant
environmental histories have been found to influence plant fitness (Lau and Lennon, 2012), suggesting
that environmentally-driven rhizosphere selection may influence which microbes persist and which
functions are expressed in the rhizosphere (Petipas et al., 2023). These dynamics raise a fundamental
question on whether the functional outcomes of plant-microbial interactions in the rhizosphere are
contingent to the specific conditions under which they originally formed (Hannula et al., 2021; Nannipieri
et al., 2023).

A second unresolved question concerns the transferability of microbiome-derived benefits across host
species. Rhizosphere assembly is strongly mediated by host identity through differences in root
architecture, exudate chemistry, and immune filtering ( Sasse, Martinoia and Northen, 2018;Hawkes, Bull
and Lau, 2020; Yue et al., 2023). Experimental evolution studies have shown that mutualistic
relationships can be strengthened when they are associated with host genotypes they evolved with
(Batstone et al., 2020). Similarly, root commensal bacteria carry host colonisation preferences and are
better competitors on their preferred host (Wippel et al., 2021). As such, microbial communities may be
locally adapted not only to environmental conditions but also to specific host plants (Petipas et al.,
2023), implying that the impact of microbes on plant growth might being strongly host-dependent (Liu et
al., 2021; Soumare et al., 2021). However, experimental evidence also indicates that microbial selection
can be decoupled from the host over time (Morella et al., 2020), suggesting that, if microbial functions
are broadly compatible, benefits may be transferable across hosts (Zhang et al., 2022). Disentangling
host specificity from general functional effects is critical for predicting when microbiome-derived
benefits can be generalised beyond the plant-microbe combinations in which they originated. These
uncertainties have practical implications for applying plant-microbe interactions in managed
ecosystems, such as restoration, where microbial effects on plant establishment may heavily depend on
environmental and host contexts (Peddle et al., 2025).
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Here, we sought to evaluate whether environmentally assembled rhizosphere communities differ in their
plant growth promoting effects and whether these effects are transferable across plant species. To
specifically test whether the environmental origin leaves a persistent microbial signature that affects
plant growth and rhizosphere assembly, we sourced rhizosphere communities associated with Themeda
triandra from three sites along an aridity gradient (based on the Aridity Index, AI, that is, the ratio of
precipitation:evapotranspiration) and evaluated their effect on the growth of Themeda triandra under
glasshouse conditions. T. triandra, also known as kangaroo grass, is a dominant C4 perennial tussock
grass found in grasslands and grassy woodlands across the southern hemisphere, including Australia,
with a wide geographical distribution (Snyman, Ingram and Kirkman, 2013; Dunning et al., 2017; Ahrens
et al., 2020) and extensive use in restoration (Cole et al., 2004; Prober and Thiele, 2005). Recent studies
show that aridity shapes its rhizosphere bacterial communities, while host filtering further structures the
microbes colonising its roots (Hodgson et al., 2024, 2025b). Arid soil legacies have also been shown to
increase T. triandra biomass under both drought and well-watered conditions (Hodgson et al., 2025a).
However, whether the environmental history of T. triandra rhizosphere microbial communities influences
plant growth remains untested. To further determine whether inocula effects on growth persisted across
different host species, we examined the influence of Themeda-derived rhizosphere inocula on three
Australian native grass species that co-occur with T. triandra across much of its range: Dichanthium
sericeum (C4), Chloris truncata (C4), and Austrostipa scabra (C3). We hypothesed that growth traits of T.
triandra inoculated with conspecific donor soil will be modulated by the environmental history of the
inoculum, with inocula sourced from contrasting environments inducing distinct growth responses,
consistent with environmentally contingent microbial function. Further, we expected these microbial
effects on plant growth to be host-specific, with T. triandra exhibiting stronger responses to inoculation
than other grasses, reflecting co-evolutionary relationships between T. triandra and its microbial
associates.

2. Methods

2.1 Soil collection
Between November and December 2021, rhizosphere soils were collected from three grassland
communities supporting natural populations of Australian native grasses, including Themeda triandra,
Dichanthium sericeum, Chloris truncata, and Austrostipa scabra (Fig. 1A). Three sites located along a
1000 km longitudinal transect from coastal to inland zones of New South Wales, Australia, were selected
to represent a gradient spanning high (M1; AI = 0.6; dry sub-humid), medium (M2; AI = 0.25; semi- arid),
and low (M3; AI = 0.12; arid) (source: WorldClim - Global Climate Data, v2, https://agdss.com/)( Fig. 1B).
T. triandra rhizosphere-associated soils (donor soils) were sampled from beneath four patches of T.
triandra occurring within a 20x20 m plot at each site by excavating the roots of one plant from each
patch and collecting the soil 10 cm beneath the roots. Plants at similar vegetative stage (flowering) were
selected and the samples were collected using sterile tools and subsequently pooled to create a
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composite sample representative of each site and sieved to remove coarse debris; samples were
subsequently kept at 4°C until the experiment was set up (~ 3 months).

2.2 Experimental setup
In March 2022, a controlled glasshouse experiment was set-up to evaluate the effect of the Themeda
donor soil on the growth and traits of T. triandra and three co-occurring grass species. The experiment
thus included four different species of native Australian grasses, comprising one C3 (Austrostipa scabra)

and three C4 plants (Themeda triandra, Dichanthium sericeum and Chloris truncata) (Fig. 1A). These
species are widespread across Australia and have a broad climatic and edaphic envelope (Harradine and
Whalley, 1979; Garden et al., 1996). Seeds were procured from Greening Australia and originated from
the Sydney Region to control for provenance effects (Larson, Venette and Larson, 2022). Seeds were
germinated in 13x19 cm pots filled with 1.5 kg of sterile potting mix inoculated at a 1:10 ratio with the
following Themeda donor soil inocula: four ‘live’ inocula derived from M1, M2, M3; a composite inoculum
(M4) mixing M1, M2, and M3; and a sterile version of M4 (M5) as an uninoculated control (Fig. 1B). M5
was sterilised with two cycles of autoclaving at 121°C for 100 minutes. Sterility was subsequently
confirmed by plate counts on nutrient agar and potato dextrose agar following serial dilution. Briefly, 5 g
of autoclaved soil was suspended in sterile water and serially diluted to 10− 6, with triplicate plates for
each dilution incubated for 7 days at 25 and 28°C. As no microbial growth was detected, we considered
the seterilisation successful.

Seedlings were maintained under glasshouse conditions (28/18°C day/night temperature cycles) for 23
weeks under well-watered conditions (70–90% field capacity) using sterile water (Fig. 1C). Twenty grams
of each Themeda-derived rhizosphere inoculum were re-applied to the soil surface as a soil slurry (i.e.,
donor soil mixed with 100 ml of sterile water) in week 6 of the experiment. Each inoculum treatment
included ten pots per grass species, giving a total of 200 pots. Pots were arranged in five spatial blocks,
each containing two pots per species–inoculum combination.

At harvest, plant material was collected to assess changes in plant growth, and dry root and shoot
biomass and root and shoot lengths were measured (Fig. 1C). Shoot length was measured from the
base to the tip of the longest leaf. Root length was measured as length of the longest root within the
fibrous root system. The roots were agitated in 10mL sterile phosphate buffer for 2 mins to collect the
soil that adhered to them (rhizosphere soil). The resulting slurry was then centrifuged (3000 g for 5
mins), the supernatant was discarded, and the pellets were subsequently used for genomic DNA
extraction. The roots and shoots were oven-dried at 40°C for 48 h and weighed to assess dry root and
shoot biomass.

2.3 DNA extraction and bioinformatics
The original ‘live’ inocula derived from T. triandra donor soil (M1, M2, M3, and M4; in three technical
replicates) were profiled at the start of the experiment to evaluate the initial diversity and composition of
the inoculated community. To evaluate changes in microbial community composition, rhizosphere soils
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from T. triandra and A. scabra, both of which showed a significant response to M1 treatments in the
greenhouse, were also profiled.

DNA was extracted using the DNeasy PowerSoil Pro DNA Isolation Kit (Qiagen Inc.) following the
manufacturer's instructions, except for cell lysis. A FastPrep bead-beating system (speed of 5.5 m/s for
30 s) was used to facilitate cell lysis. The quality and quantity of the DNA were assessed using a
NanoDrop spectrophotometre. PCR assays were conducted using primers 799F and 1193R
(Bodenhausen, Horton and Bergelson, 2013;Alivisatos et al., 2015) for bacteria and ITS2 (ITS7F/ITS4R)
(Ihrmark et al., 2012) for fungi. Sequencing was performed on an Illumina MiSeq platform at the Next
Generation Sequencing facility of Western Sydney University. Downstream amplicon sequence
processing using the DADA2 platform. Primers were removed from the ITS sequences using the
Cutadapt function in Conda. All further amplicon sequence processing was performed using the DADA2
pipeline in the R software (Callahan et al., 2016). A total of 16,383 bacterial and 3,121 fungal Amplicon
Sequence Variants (ASVs) were identified, and taxonomy was assigned using the SILVA v138.1 (Quast et
al., 2013) database for 16S and the UNITE database (SH, v10.0) for ITS (Abarenkov et al., 2024). Samples
were rarefied to an even depth. Amplicon Sequence Variants and taxonomy tables were used for
downstream analyses using Phyloseq (McMurdie and Holmes, 2013). Relative abundances were
calculated at the phylum level, normalized within each sample and averaged across inocula for each
plant species.

2.4 Statistical analyses
After bioinformatics analysis, the composition of the ‘live’ inocula originating from the Themeda
rhizosphere donor soils was characterised using the phyloseq package (McMurdie and Holmes, 2013).
The relative abundances of ASVs agglomerated at the phylum level were also calculated using the
microbiome (Shetty and Lahti, 2019) and microViz packages (Barnett, Arts and Penders, 2021) and
plotted as faceted stacked bar graphs. The community beta diversity was calculated using the Bray-
Curtis dissimilarity metric with the vegan package (Oksanen et al., 2025) and compositional differences
among inocula were visualised as a principal coordinate analysis (PCoA). However, given the low
replication, no statistical analysis was performed on the live inocula.

Linear mixed-effects models were used to test the effect of the Themeda-derived inocula on each of the
plant traits for the four grass species using the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova,
Brockhoff and Christensen, 2017) packages. Each trait was the response variables, each inoculum (M1-
M4) was the fixed effect and the sterile control (M5) was the reference level and replicate block was the
random intercept. Models were fit using the restricted maximum likelihood (REML). Where the block
variance was zero, the model was refit as a linear model (lm) without the random term. Effect size was
extracted with 95% confidence intervals and p values using broom.mixed (Bolker et al., 2026)

To assess the composition of the microbial community recruited in the rhizosphere of T. triandra and A.
scabra grown in the glasshouse, beta diversity was calculated using the Bray-Curtis dissimilarity metric
with the vegan package. A principal coordinate analysis (PCoA) was performed in the vegan package to
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visualise the differences in microbial community composition. The effects of the inoculum treatments
(M1-M4) on the microbial community structure were further examined using permutational multivariate
analysis of variance (PERMANOVA) with the adonis2 function from the vegan package (Oksanen et al.,
2025). The model tested the effect of grass species, inoculum, and their interaction (species*inoculum)
and the marginal sum of squares (999 permutations). Further pairwise comparisons between the
inoculum treatments for each grass species were performed using the pairwiseAdonis package
(Martinez Arbizu 2020) with 999 permutations and Benjamini-Hochberg (BH) correction for multiple
testing.

To investigate structural differences in rhizosphere microbial communities, the mean relative abundance
of bacterial and fungal ASVs was aggregated at the phylum level using the microbiome package.
Differences in the relative abundance of the top five bacterial and fungal phyla across the inocula were
assessed using Kruskal-Wallis tests, followed by pairwise Wilcoxon tests with Benjamini-Hochberg
correction for multiple comparisons. Boxplots were produced, and statistical analysis was conducted to
analyse differences between the grasses and within each inoculum.

Relationships between the five most abundant bacterial and fungal phyla and plant traits were assessed
separately for each plant species using redundancy analysis (RDA; vegan package in R). Phylum
abundances were used as predictors and plant traits as response variables, with both sets of variables
standardised before analysis. Model significance was assessed using 9,999 permutations, and the
associated p-values were reported. Forward selection (ordiR2step) was used to identify phyla for
inclusion in the final RDA models. Pearson’s correlations were used to assess pairwise relationships
between individual plant traits and phylum abundances.

Finally, to identify the microbial signatures associated with T. triandra and A. scabra, an indicator species
analysis was performed separately for the two species using the indicspecies package (De Cáceres,
Legendre and Moretti, 2010). Indicator species analyses allow to identify taxa that are significantly
associated with particular groups or treatments, based on how specifically and consistently they occur
within those groups. To identify specific associations between ASVs, species and inocula, the IndVal.g
function with 999 permutations was used. Significant indicator ASVs (p ≤ 0.05) were identified and
grouped at the phylum level to visualise compositional differences in microbial associations.

3. Results

3.1 Composition of the original inocula
Comparison across Themeda-derived inocula revealed consistent patterns in the five most dominant
phyla (Figure S1). Bacillota dominated across all inocula (42–51% of total reads), with Pseudomonadota
being more abundant in M2 (25% of total reads) and Actinomycetota in M4 (17% of total reads). Fungi
were dominated by Ascomycota (66–77% of total reads), while the abundance of secondary phyla
varied: Mortierellomycota was highest in M4 (11% of total reads), Basidiomycota was lowest in M2 (8.8%
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of total reads), and Rozellomycota was only found in M3. The ordination showed that the inocula tended
to cluster separately based on their origin.

3.2 Plant response to inoculum treatment
Linear mixed-effects models revealed that the responses to microbial inoculation varied among species
and traits (Figure S2). In T. triandra, inoculum M1 (dry sub-humid) significantly enhanced shoot length,
root length, root, and shoot biomass. Inoculum M2 (semi-arid) increased root length and root biomass.
Inocula M3 (arid) and M4 (composite) had no significant effects on T. triandra growth. In A. scabra,
inoculum M1 significantly augmented root length and root biomass, while inocula M2, M3, and M4 did
not affect any traits. In the case of C. truncata, M2 has a significant but very weak positive effect on root
biomass, while in D. sericeum, none of the inocula had a significant impact on the traits (Fig. 2, Figure S2,
Table S1).

3.3 Microbial composition of rhizosphere communities in
T. triandra and A. scabra
Ordination plots based on PCoA revealed clear differences in both bacterial and fungal community
compositions between T. triandra and A. scabra (Fig. 3, Table S2). For bacteria, the first two coordinates
explained 8.6% and 5.7% of the variation, whereas for fungi, they accounted for 13.5% and 8.7%,
respectively. The rhizosphere communities tended to cluster by plant species and both bacterial and
fungal community compositions were significantly influenced by plant species, donor soil inoculum
origin, and their interactions (p < 0.05; Fig. 3, Table S2). Pairwise comparisons further supported
significant compositional differences in bacterial communities between all inoculum pairs for T. triandra
(p ≤ 0.030), whereas no pairwise differences were significant for A. scabra. Similarly, fungal communities
of T. triandra differed significantly between all pairs except M2 vs. M4 (p = 0.112), while no pairwise
differences were significant for A. scabra (Table 1).
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Table 1
Pairwise PERMANOVA comparisons of bacterial and fungal community composition among

microbial inoculum treatments in Themeda triandra and Austrostipa scabra. Inocula originated from
dry sub-humid (M1), semi-arid (M2) and arid (M3) environments, while M4 comprised a composite
mixture of the three source inocula. For each pairwise comparison, the table reports the pseudo-F
statistic, R² (proportion of variation in community composition explained by inoculum treatment)
and Benjamini–Hochberg-adjusted p-value (Padj). Significance is indicated as *** p < 0.001, ** p < 

0.01, * p < 0.05, p < 0.10 and ns, p ≥ 0.05.
Microbial group Comparison T. triandra A. scabra

  F-value R² Padj F-value R² Padj

Bacteria M1 vs M2 2.57 0.125 0.002(**) 1.02 0.068 0.262(ns)

M1 vs M3 1.99 0.099 0.002(**) 1.07 0.082 0.262(ns)

M1 vs M4 1.7 0.116 0.002(**) 1.2 0.107 0.141(ns)

M2 vs M3 2.36 0.116 0.002(**) 1.05 0.08 0.262(ns)

M2 vs M4 1.52 0.105 0.03(*) 1.05 0.095 0.262(ns)

M3 vs M4 1.64 0.112 0.002(**) 1.3 0.139 0.132(ns)

Fungi M1 vs M2 4 0.182 0.003(**) 1.18 0.077 0.377(ns)

M1 vs M3 3.21 0.151 0.003(**) 1.34 0.1 0.204(ns)

M1 vs M4 1.98 0.132 0.02(*) 1.33 0.117 0.204(ns)

M2 vs M3 1.84 0.093 0.015(*) 1.01 0.078 0.49(ns)

M2 vs M4 1.42 0.098 0.112(ns) 0.99 0.09 0.49(ns)

M3 vs M4 1.96 0.131 0.01(*) 1.18 0.129 0.377(ns)

Analysis of the five major bacterial and fungal phyla recruited in the rhizosphere showed significant
differences in the relative abundances of Actinomycetota (p = 0.002), Pseudomonadota (p = 0.048), and
Verrucomicrobiota (p = 0.006) among the inoculation treatments in T. triandra, with Actinomycetota
abundance differing significantly between groups (M1 vs M2, M2 vs M4, M2 vs M3). In fungi, significant
differences were observed for Ascomycota (M1 vs M2) and Mortierellomycota (M1 vs M2, M1 vs M3).
However, there were no significant differences in the relative abundance of the top five bacterial and
fungal phyla in the rhizosphere of A. scabra (Fig S3).

Indicator species analysis, which identified ASVs significantly associated with individual inoculum
treatments, revealed distinct phylum-level patterns across inoculum treatments across hosts, with T.
triandra associated with higher number of indicator ASVs as compared to A. scabra. There were 329 and
88 bacterial indicator ASVs, along with 95 and 47 fungal species, associated with T. triandra and A.
scabra, respectively. Among these, there were two bacterial and three fungal indicator ASVs common to
both grasses. Bacillota dominated the bacterial indicator ASVs across both grasses, accounting for
nearly all indicator ASVs in A. scabra and most of the indicator ASVs in M1 and M3. Pseudomonadota
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accounted for the bacterial ASVs associated with M2 and M4 in T. triandra but was absent in A. scabra.
Myxococcota was present only in M4 treatment of A. scabra. ASVs also varied between hosts, with T.
triandra showing greater diversity (31–47 ASVs per inoculum) compared to A. scabra (2–28 ASVs per
inoculum). Ascomycota dominated both hosts but were consistently more numerous in T. triandra. A.
scabra was associated with minor phyla, such as Chytridiomycota (M4) and Glomeromycota (M3) (Fig. 4).

Associations between microbial phylum abundances and plant traits differed between the two grass
species. In T. triandra, the bacterial RDA model was significant and explained 11.5% of the variation in
plant traits (Table S3). Forward selection retained Pseudomonadota (p = 0.008), which explained 9.6% of
the variation and was positively associated with root length and root biomass (Fig. 5). The fungal RDA
model was significant and explained 12.1% of the variation (Table S3). Forward selection retained
Mortierellomycota (p = 0.044), which explained 5.3% of the variation and was positively associated with
root biomass. Neither the bacterial nor the fungal RDA models were significant in A. scabra.

4. Discussion
This study investigated the interaction between environmental history and host identity on rhizosphere
microbial communities and the growth of four commonly co-occurring native Australian grasses.
Although plant-microbe interactions are crucial for plant productivity and resilience, their persistence,
transferability, and context-dependent nature are insufficiently understood. Our results demonstrate that
both environmental history and host identity shape the microbial composition of rhizosphere
communities, with implications for plant growth and microbial recruitment in the rhizosphere.

4.1 Environmental legacies of the inoculum shape plant
traits but the effects are expressed unevenly
In line with our predictions, our results support the notion that contrasting microbial source
environments can influence subsequent plant responses (Kaisermann et al., 2017; Ginnan et al., 2025).
The Themeda-derived inocula, which originated from contrasting environments, supported distinct
communities that resulted in contrasting expression of Themeda plant traits under common glasshouse
conditions. Inoculation with M1 (dry sub-humid origin) resulted in increased biomass of in T. triandra
compared to uninoculated control. In contrast, inoculation with M2 (semi-arid origin) induced greater
root length and root biomass without increasing shoot traits, indicating a shift in biomass allocation to
the root rather than a uniform growth enhancement; conversely, inoculation with M3 (arid) and
composite (M4) inocula did not result in any detectable changes in the measured traits compared to
non-inoculated controls. Differences between root and shoot responses to inoculum source have been
reported in another perennial grass (Khasanova et al., 2023). Interestingly, previous studies reported that
arid soil legacies increased T. triandra biomass under both drought and well-watered conditions
(Hodgson et al., 2025a); the lack of detectable growth benefits in our arid-source inoculum suggests that
knowing the climatic origin of the inoculum alone is insufficient to predict inoculum benefits.
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These source-specific responses may reflect differences in the organisms and functions introduced by
each inoculum, together with differences in their ability to establish. Microbial populations can retain
legacies of past environmental conditions (Chase et al., 2021), and community composition and activity
can also change rapidly when environmental conditions change (Lau and Lennon, 2012; Broderick et al.,
2025; Ginnan et al., 2025). Glasshouse conditions could therefore have filtered each source community
differently, altering which microorganisms colonised roots and influenced plant traits. In particular, for
M1, which originated from sites with higher average rainfall than the other source environments, the
absence of water limitation in the glasshouse may have favoured microorganisms adapted to wetter
conditions, potentially contributing to its growth-promoting effect. Consequently, our results point at
plant-microbe interactions as outcomes of environmentally structured microbial communities whose
influence depends on compatibility with current conditions (Friesen et al., 2011; Friesen, 2013). This
explanation, however, remains untested, as the relative contributions of the source communities and
their reassembly after transfer was not directly resolved in this study. Further, the seeds used here came
from a single Sydney Basin provenance, and interactions between seed provenance and inoculum origin
may also have contributed to the detected responses (Lumibao et al., 2022). Similarly, our design
comprised of one donor inoculum per source environment, which did not allow to capture within-site
variation or distinguish environmental history from other differences among sites. Further studies
explicitly evaluating establishment and activity of the introduced communities under matching or
mismatching conditions, and across plant genotypes, will be useful to clarify the role of environmental
filtering in rhizosphere plant-microbial interactions.

4.2 Host identity shapes rhizosphere assembly and the
transferability of inoculum effects
Comparisons between conspecific and heterospecific hosts supported the hypothesis that microbial
benefits on plant growth are host specific. Themeda consistently gained the greatest growth benefits
(higher shoot and root biomass and length) from M1; among the heterospecific hosts, A. scabra showed
higher root growth and lenght, while C. truncata, and D. sericeum displayed weak or neutral responses.
These results suggest that T. triandra-conditioned rhizosphere microbial assemblage provides the largest
number of benefits to its own host, resulting in a limited transfer of beneficial traits across hosts
(Hannula et al., 2021; Idbella et al., 2024; Lopes et al., 2026). These findings point at possible host-
specific assembly processes that shape both microbial composition and functional expression (Pickles
et al., 2015; Revillini, Gehring and Johnson, 2016; Adedayo and Olorunkosebi, 2025).

Consistent with the notion that host identity plays a central role in microbial recruitment and function
(Wippel et al., 2021), the inoculated rhizosphere communities differed markedly between conspecific (T.
triandra) and heterospecific (A. scabra) hosts. Host filtering has also been reported during rhizosphere-
to-endosphere microbial colonisation in natural populations of T. triandra (Hodgson et al., 2025b). In our
study, T. triandra, which was grown in conspecific rhizosphere soil, hosted a greater number of indicator
ASVs (329 bacteria, 95 fungi), and supported stronger association between bacterial composition and
plant traits variance, suggesting a distinctive microbial assemblage more closely associated with host
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phenotypic variation. Specifically, in Themeda, the relative abundance of Mortierellomycota was
specifically associated with higher root biomass, whereas Pseudomonadota had positive associations
with root biomass and length. These relationships are consistent with experimental evidence that
members of Mortierellomycota can promote plant biomass accumulation and modify plant hormone
responses (Vandepol et al., 2022). Similarly, inoculation with Pseudomonadota has been associated with
root-system development in the perennial grass Panicum virgatum (Chen et al., 2022). This earlier
evidence supports potential microbial contributions of members from these microbial phyla to growth
responses in Themeda, although our study cannot directly identify the organisms or processes.

In contrast, A. scabra supported fewer indicator ASVs, exhibited weaker clustering, and showed non-
significant correspondence between microbial community composition and plant trait variation. The
stronger correspondence between microbial composition and growth in T. triandra overall indicates that
communities derived from its rhizosphere retained greater functional relevance to their original host
(Semchenko et al., 2022; Wang et al., 2025). This is consistent with studies showing that microbiomes
shaped by a single host show weaker host-filtering and growth benefits when transplanted to a different
host (Meyer et al., 2023).

Interestingly, the mixed rhizosphere inoculum (M4), which combined communities shaped by contrasting
environmental histories, showed evidence of loss of growth-promoting effects. This suggests that the
positive response to M1 depended on community properties that were not conserved, or were diluted,
following mixing. Such responses are consistent with community coalescence outcomes being
contingent on the identity, relative abundance and compatibility of the source communities (Rillig et al.,
2015; Wubs et al., 2019; Castledine et al., 2020; Pacheco, Osborne and Segrè, 2021; Rocca et al., 2021).
For restoration, these results may imply that pooling rhizosphere material from several sources should
not be assumed to retain the benefits observed for an individual source, and candidate inocula - and any
mixtures intended for deployment - need to be assessed for their effects on the target plant.

4.3 Conclusions
Our findings elucidate the relationships between environmental filtering, host identity, and microbial
composition in rhizosphere microbiome assembly and provision of host functions. Here we show that
environmental and host history exert a persistent influence on microbial communities, which in turn
impacts plant growth. The host and context specificity observed in this study supports the notion that
the benefits of microbes are not universally transferable among different species. These findings
highlight the complexity of predicting plant responses to microbial effects and emphasize the need to
integrate microbial legacies while understanding plant microbial interactions in the rhizosphere.
Critically, the effects observed here were assessed under a single watering regime, so whether inocula
retain, lose or strengthen their effects under climatically variable conditions remains unresolved. It is
also possible that the three months storage might have affected the functional activity of the inoculated
microbiomes. Further, the relatively small pots might have constrained growth responses, and their
strength under field conditions may differ. Field studies will be useful to resolve these relationships
under restoration-relevant conditions.
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Figure 1

Experimental design to assess the influence of T. triandra rhizosphere inocula from different climatic
regions on the plant growth and microbial communities of four native Australian grasses. (A) Distribution
of focal species: Maps show the native distributions of the four grass species studied: Themeda triandra,
Dichanthium sericeum, Chloris truncata, and Austrostipa scabra (sourced from the Atlas of Living
Australia Spatial Portal). (B) Inoculum source: Donor soils were collected from the rhizosphere of T.
triandra across three sites (M1- dry sub-humid, M2 - semiarid, M3 - arid) along an aridity gradient. M4
was a composite inoculum derived from the mixing of M1, M2, and M3, and M5 was a sterile version of
M4 (Control). (C) Experimental setup: Plants of the four focal species were grown in a glasshouse and
subjected to five inoculation treatments (four ‘live inocula’ M1-M4, plus a sterile control) with 10
replicates each. At the end of the study four plant growth traits (root length, root biomass, shoot length,
shoot biomass) were measures and rhizosphere microbial community composition was examined
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Figure 2

Effect of rhizosphere inocula on plant growth traits relative to a sterile control. Panels are arranged with
plant traits in column and plant species in rows. Effect sizes were estimated using linear mixed models
with inocula (M1-M4) compared against a sterile (M5). The points represent the effect size; the error
bars represent 95% confidence intervals; significance was expressed as: * = p< 0.05, ** = p< 0.01, *** = p 
< 0.001.

Figure 3
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Principal coordinates analysis (PCoA) of the rhizosphere bacterial (A) and fungal (B) communities
recruited in the rhizosphere of Themeda triandra (TT; circles) and Austrostipa scabra (AS; squares).
Samples are coloured by inoculum (M1–M4).

Figure 4
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Stacked bar plots showing the number of significant indicator ASVs in Themeda triandra and Austrostipa
scabra, grouped by phylum. Panels (A) and (C) represent bacterial and fungal indicator ASVs associated
with T. triandra, respectively, while panels (B) and (D) correspond to bacterial and fungal ASVs
associated with A. scabra, respectively.

Figure 5

Redundancy analysis (RDA) showing the relationship between bacterial and fungal phyla retained after
forward selection, and plant traits for T. triandra. Points represent individual samples coloured by
inoculum. Red arrows indicate plant traits and blue arrows indicate microbial phyla; arrow direction and
length reflect the correlation with the ordination axes.
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