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Abstract

Synthetic Communities (SynComs) are being developed and tested to manipulate plant microbiota and improve plant health. To
date, only few studies proposed the use of SynCom on seed despite its potential for plant microbiota engineering. We developed
and presented a simple and effective seedling microbiota engineering method using SynCom inoculation on seeds. The method was
successful using a wide diversity of SynCom compositions and bacterial strains that are representative of the common bean seed
microbiota. First, this method enables the modulation of seed microbiota composition and community size. Then, SynComs strongly
outcompeted native seed and potting soil microbiota and contributed on average to 80% of the seedling microbiota. We showed that
strain abundance on seed was a main driver of an effective seedling microbiota colonization. Also, selection was partly involved in
seed and seedling colonization capacities since strains affiliated to Enterobacteriaceae and Erwiniaceae were good colonizers while
Bacillaceae and Microbacteriaceae were poor colonizers. Additionally, the engineered seed microbiota modified the recruitment and
assembly of seedling and rhizosphere microbiota through priority effects. This study shows that SynCom inoculation on seeds rep-

resents a promising approach to study plant microbiota assembly and its consequence on plant fitness.

Keywords: seed microbiota; seedling microbiota; transmission; microbiota engineering; Synthetic Community

Introduction

Plants are associated with many microorganisms that can mod-
ulate their fitness (Vannier et al. 2019, Arnault et al. 2023). In this
context, microbiota engineering is gaining attention as a poten-
tial way to improve plant disease management (Li et al. 2021,
Malacrino et al. 2022), plant resilience (Schmitz et al. 2022), and
plant biomass (Liu et al. 2023) in a more sustainable agricul-
tural framework (Trivedi et al. 2021). One way to modulate the
composition of the plant microbiota is to assemble several cul-
tured microorganisms (i.e. bacterial or fungal strains) in Synthetic
Communities (SynComs). SynComs represent means to estab-
lish causality between microbiota composition and plant fitness
(Vorholt et al. 2017) and could be designed to improve plant health
(Shayanthan et al. 2022). To date, SynComs have been primarily
applied on soil (Liu et al. 2021, Baas et al. 2016), rhizosphere (Li et
al. 2021, Marin et al. 2021), root (Duréan et al. 2018, Vannier et al.
2023), and phyllosphere (Chen et al. 2020).

Use of SynCom for microbiota engineering in agriculture is still
facing some concerns including (i) stability of the SynCom over
time, (i) capacity of SynCom members to colonize plant tissues,
and (iii) ability to compete with native communities (Rocca et al.
2021). This latter phenomenon is called community coalescence
(Rillig et al. 2015, Rocca et al. 2021). It is generally difficult to
predict the outcome of a coalescence event since the resulting
community depends on both neutral (e.g. dispersal and drift) and
niche-based processes (e.g. host selection and biotic interactions).
One important parameter that could influence the outcome of

community coalescence is the flow of individuals created by dif-
ferences in community size, i.e. mass effect (Shmida and Wilson
1985). For instance, Chen et al. (2020) showed that SynCom con-
centration was a key factor that influenced both the SynCom sta-
bility in plant tissues and the microbial interactions within the
SynCom. Hence, SynCom inoculation represents a promising tool
in agriculture but more research is needed to improve their ef-
ficiency and yield more predictable coalescence outcomes with
native communities.

Plant microbiota engineering using SynCom inoculation on
seed is gaining attention as a potential way to reduce the amount
of inoculum needed (Rocha et al. 2019). Indeed, through priority
effect (i.e. the effect of order and timing of species immigration
during community assembly) seed could be a relevant vector to
transmit beneficial microbiota to seedlings and change the tra-
jectory of plant microbiota assembly (Debray et al. 2022). Still, to
date, only few studies have used SynComs on seed (Figueiredo
dos Santos et al. 2021, Armanhi et al. 2021, Kaur et al. 2022, Si-
monin et al. 2023), despite the potential use of seed coating to
deliver beneficial microorganisms to crops (Rocha et al. 2019).
The first studies involving simple consortia (often composed of
two strains) inoculated onto seeds have demonstrated the poten-
tial of this approach in enhancing seed germination and seedling
phenotype (Srinivasan and Mathivanan 2009, Cassan et al. 2009).
However, these consortia were composed of strains not derived
from the seeds and the ecological processes associated with the
assembly of the seed and seedling microbiota were not investi-
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gated. Additionally, seed microbiota has been shown to promote
seedling growth and protection against fungal disease (Pal et al.
2022). Thus, seed-borne taxa represent an untapped microbial re-
source to improve plant protection and yield. Seeds harbor a spe-
cific microbiota with reduced microbial community size (i.e. num-
ber of individuals) and species richness (i.e. number of species)
compared to other plant compartments (Guo et al. 2021) and show
significant variations between seeds (Chesneau et al. 2022). More-
over, several studies report that only a fraction of the seed micro-
biota is transmitted to the seedlings (Rochefort et al. 2021, Walsh
et al. 2021, Abdelfattah et al. 2023, Chesneau et al. 2022). In this
sense, Walsh et al. (2021) argue that seed inoculants may exhibit
reduced effectiveness in highly diversified and populated soil due
to mass effect. On the contrary, Moroenyane et al. (2021) con-
tend that through priority effect, the seed microbiota could be a
promising candidate for microbiota engineering. Thus, the ecolog-
ical processes involved in the assembly of the seedling microbiota
need to be further investigated. In this study, we employed a Syn-
Com approach on seeds to gain a better understanding of the role
of these ecological processes, with a focus on mass effect and se-
lection processes.

We hypothesize that both seed and seedling microbiota can
be drived by SynCom inoculation on seed (H1). To validate this
hypothesis, we compared the inoculation impact of 13 bacterial
SynComs on common bean seeds (Phaseolus vulgaris L.) (Fig. 1A)
on seed and seedling microbiota assembly. We then tested the
mass effect hypothesis proposing that SynCom colonization of
seed and seedling increases with SynCom inoculum concentra-
tion (H2). Also, we hypothesize that through selection processes
SynCom strains exhibit varying colonization capacities for both
seeds and seedlings (H3). To examine this hypothesis, 12 SynComs
of variable species richness and composition were designed and
seed inoculated (Fig. 1B). Finally, we hypothesized the priority
effects of seed inoculum influencing the recruited communities
of both seedling and rhizosphere (H4). To explore this hypothesis,
we compared the effect of one SynCom on rhizosphere assembly
and the effect of different SynComs on the recruited seedling
communities.

Materials and methods

Plant material and constitution of the
culture-based collection of seed bacterial strains
Eight genotypes (Flavert, Linex, Facila, Contender, Vanilla, Deezer,
Vezer, and Caprice) of common bean (P. vulgaris) were grown on
the field in 2020 by the National Federation of Seed Multiplicatiers
(FNAMS) on two locations [Condom, Gers (43.956991, 0.392127)
and Brain sur l'Authion, Maine-et-Loire (47.470532, —0.394526),
France]. These seed samples were used to obtain a collection of
bacterial isolates from both seeds and seedlings. To isolate strains
from seedlings germinated under gnotobiotic conditions, 30 seeds
per condition were grown in cotton soaked with 4 ml of sterile wa-
ter (growth for 7 days at 25°C, 16 h of day, 8 h of night) and the
seedlings were then crushed and homogenized with 2 ml of ster-
ile water. The seeds were soaked in 2 ml of sterilized water per
gram of fresh material at 4°C with agitation (220 r/m) overnight
(~16 h). Suspensions were plated on tryptic soy agar (TSA) 10%
strength and incubated at 18°C for 7 days. Isolated colonies were
then picked based on morphotypes and grown in TSB in 96-well
plates for 4 days at 18°C. A total of 1276 strains from these differ-
ent seed and seedling samples were collected and stored at —80°C
in 40% glycerol. Genotyping of the 1276 isolates was performed by
metabarcoding of the gyrB bacterial marker gene (Illumina MiSeq).

To assess the representativeness of our strain collection, the total
bacterial community composition of the seed (8 genotypes x 2
production sites x 3 replicates = 48 seed samples) and seedling (8
genotypes x 2 prod x 1 rep = 16 seedling samples) samples was
characterized in parallel by metabarcoding of the gyrB marker fol-
lowing the protocol established by Barret et al. (2015) (see detailed
methods below).

From the 1276 isolates, 36 strains were selected (and deposited
in the CIRM-CFBP strain collection). These strains were selected
according to two criteria: (i) abundance and prevalence of
their gyrB sequences in the seed/seedling microbiota (Figure S1B,
Supporting Information; Fig. 1B) and (ii) phylogenetic diversity. For
the latter criterion, maximume-likelihood phylogenetic inference
was based on the alignment of 1276 gyrB sequences (Figure S1A,
Supporting Information). The selected strains represented 46.2%
of the relative abundance of the seed microbiota and 11 distinct
phylogenetic families (Fig. 1B). The DNA of these bacteria was
extracted using the Wizard® Genomic DNA Purification Kit
(Promega). Genomes were sequenced at the BGI (China) using
DNBSEQ technology and assembled with Spades v3.15.3 using
the default k-mer parameters (-k 21, 33, 55, 77, 99, and 127) and
the following options: —cov-cutoff auto, —isolate (Prjibelski et al.
2020). Genomes are available on NCBI using the BioProject ID
PRJNA1041598.

Design and inoculation of SynCom on seeds

All experiments were performed using a commercial seed lot of
Flavert genotype from Vilmorin-Mikado (France). Strain popula-
tion sizes and SynCom sizes (measured in colony-forming units—
CFU) of the inocula and inoculated seeds were verified by dilution
and plating on 10% strength TSA. Throughout the manuscript, we
have chosen to consistently use the term community size when
referring to the number of individuals (i.e. the number of bacte-
rial cells estimated using CFU). For each experiment, the control
condition corresponded to the inoculation with sterile water. Con-
trol seeds were characterized using three batches of 25 seeds to
obtain sufficient DNA for extraction.

1. Mass effect and surface-sterilization on seed colonization
(Experiment 1)

The first experiment was designed to adjust the SynCom inocu-
lation protocol for bean seeds (experiment 1, Fig. 1A). In particular,
we tested the influence of mass effects (using variable inoculum
concentration) and seed surface disinfection on SynCom'’s capac-
ity to colonize seeds using a SynCom composed of 14 strains (here-
after SynCom14). SynCom14 was designed to be as representative
of the common bean seed microbiota as possible. The majority
of bacterial families (9 out of 11) of the selected strains were in-
cluded and SynCom14 ASVs accounted for a cumulative relative
abundance of 17.45% within the native common bean seed micro-
biota.

Seeds were surface-sterilized using this protocol: sonicated for
1 min (40 Hz), soaked during 1 min in 96° ethanol, 5 min in 2.6%
sodium hypochlorite, and 30 s in 96° ethanol, and rinsed three
times with sterile water. SynCom14 was inoculated at different
concentrations: 10°, 10°, and 10’ CFU/ml. To do so, each strain
was resuspended in water by scratching a 48 h culture of 10%
TSA. Each strain was then adjusted to an OD (600 nm) of ~0.1
and SynCom was prepared by adding equivolume of each strain.
Serial dilutions were made to obtain the final concentrations
and strain and SynCom concentrations were checked using dilu-
tion and plating on 10% strength TSA. SynCom inoculations were
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Figure 1. Design of the different experiments, strain selection, and SynCom compositions. (A) Overview of the different experiments. Experiment 1 was
designed to test the influence of SynCom14 mass effect (composed of 14 bacterial strains) on surface-sterilized and unsterilized seeds using different
concentrations (hypothesis 2). Experiment 2 was designed to study the influence of SynCom14 mass effect on seed and seedling microbiota assembly
using different concentrations in a coalescence context with potting soil (hypotheses 2 and 4). Experiment 3 was set to study the influence of the
inoculation of 12 different SynComs (with 3, 5, 8, or 11 bacterial strains) on seed and seedling microbiota assembly (hypothesis 3). (B) Phylogenetic tree
of the 36 strains selected and composition of the 13 SynComs. SynCom14 was studied in experiments 1 and 2 and the others in experiment 3. The
number in SynCom names indicates the SynCom richness. Relative abundance and prevalence of each strain in the original seed samples are plotted
on the right side. Seven strains were selected while they were not detected using the metabarcoding approach. Panel A was created with Biorender.com.
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performed by placing the seeds in a sterile container and adding
2 ml of inoculum (sterile water for control) per gram of seed for
30 min under agitation (70 r/m) at 18°C. Excess inocula were then
removed using a sterile strainer, and seeds were dried for 30 min
under laminar flow. The microbial community size that binds the
seed post-inoculation (CFU/seed) was measured using 36 seeds
per condition (12 seeds per replicate x 3 independent experiment
replicates). Inoculated seeds were individually soaked in 2 ml of
sterile water at 4°C under agitation (220 r/m) overnight (~16 h).
Suspensions were then plated on TSA 10% strength and incubated
at 18°C for 4 days before counting CFUs (Fig. 1A). Microbiota pro-
filing was performed on 24 seeds per condition (8 seeds x 3 bio-
logical replicates).

2. Mass effect on coalescence of soil and seed communities and
influence on rhizosphere microbiota (Experiment 2)

A second experiment aimed to study mass effects between
seed and potting soil communities during the establishment of
seedling microbiota in a coalescence framework (experiment 2,
Fig. 1A). To do so, nonsterile potting soil (~ 107 CFU/g) was used
and SynCom14 was inoculated as explained before at four dif-
ferent inoculum concentrations (10°, 10°, 107, and 10® CFU/ml).
A total of 120 seeds per condition were germinated in nonsterile
potting soil during 7 days in a growth chamber (16 h day at 23°C,
8 h night at 20°C, 70% humidity) to assess SynCom?14 contribution
to seedling microbiota. The microbial community size that binds
the seed post-inoculation (CFU/seed) was measured as described
before for 8 seeds per condition. We also assessed the effects of
SynCom inoculation on seeds on the rhizosphere microbiota. To
do so, the potting soil bacterial communities were studied with-
out seedling (no seedling), with 7 day seedlings that have not been
inoculated (control seedling), and with seedlings inoculated with
SynCom14 at 10° CFU/ml. The adhering soil to seedling roots was
considered as rhizosphere and conserved at —80°C before DNA
extraction. Microbiota profiling was done on 8 seeds, 16 seedlings
and 4 potting soil/rhizosphere per condition.

3. Effect of SynCom composition on strain selection (Experi-
ment 3)

A third experiment was designed to test the effect of niche-
based selection using several SynCom compositions and of four
levels of richness (3, 5, 8, and 11 strains) to match the natural bac-
terial diversity observed on common bean mature seeds (Ches-
neau et al. 2022). For each given richness, strains were drawn
randomly and without replacement using a pool of 33 strains
[see Fig. 1C for SynComs composition and Figure S1 (Supporting
Information) for strain selection]. The 33 strains were chosen to
avoid including two strains with the same ASV, ensuring distinct
gyrB ASV for strain tracking.

A total of 40 seeds per condition were inoculated using a 107
CFU/ml suspension following the same procedure described be-
fore and let grown in the same condition as described for experi-
ment 2. Microbiota profiling was done on the inocula, 8 seeds and
8 seedlings per condition. We also measured the microbial com-
munity size that binds the seed post-inoculation (CFU/seed) as de-
scribed before for 8 seeds per condition. Even if SynComs were in-
oculated at 10’ CFU/ml, the seeds post-inoculation showed differ-
ent community sizes (Kruskal-Wallis, P-value < .001; Figure S9A,
Supporting Information). This outcome was used to validate the
hypothesis of mass effects (Fig. 3D), as previously demonstrated
using experiment 2 (Fig. 3A).

Plant growth, DNA extraction, and gyrB gene
sequencing taxonomic classification

The following metabarcoding approach was performed on the in-
ocula, inoculated seeds and seedlings of the different SynComs.
For inocula, 200 pl of each fresh inoculum was instantly stored
at —80°C before DNA extraction. For inoculated seeds, individual
seeds were soaked in 2 ml of water overnight (~16 h) at 6°C under
agitation (220 r/m), 200 pl of each suspension obtained was stored
at —80°C before DNA extraction and suspension were plated to as-
sess community size on seeds.

After 7 days of growth (BBCH stage 12, two full leaves unfolded),
seedling roots were cleaned of potting soil excess by hand shak-
ing and using sterilized water. Whole seedling samples were first
crushed with a roller. Then 2 ml of sterilized water was added
and the samples were ground for 30 s using a stomacher. DNA
was extracted using 200 ul of the crushed suspension with the
NucleoSpin® 96 Food kit (Macherey-Nagel, Diiren, Germany) fol-
lowing the manufacturer’s instructions. For potting soil and rhi-
zosphere characterization, four replicates of 200 mg per condition
were extracted using DNA PowerSoil kit from Qiagen following the
manufacturer’s instructions.

To ensure accurate strain traceability, we conducted a com-
parison between gyrB and 16S (V4 region) utilizing genomic data
[see Figure S8 (Supporting Information) legend for more details].
Notably, while 19 strains exhibited identical 16S (V4) sequences,
only two strains shared the same gyrB sequence. Consequently,
we opted for the utilization of gyrB to effectively track our strains
across inocula, seeds, seedlings, and rhizosphere samples. The
first PCR was performed with the primers gyrB_aF64/gyrB_aR553
(Barret et al. 2015), which target a portion of gyrB gene in bacteria.
PCR reactions were performed with a high-fidelity Taq DNA poly-
merase (AccuPrimeTM Taq DNA polymerase Polymerase System,
Invitrogen, Carlsbad, California, USA) using 5 pl of 10X Buffer, 1 pl
of forward and reverse primers (100 uM), 0.2 pl of Taq and 5 pl of
DNA. PCR cycling conditions were done with an initial denatura-
tion step at 94°C for 3 min, followed by 35 cycles of amplification
at 94°C (30 s), 55°C (45 s) and 68°C (90 s), and a final elongation at
68°C for 10 min. Amplicons were purified with magnetic beads
(Sera-MagTM, Merck, Kenilworth, New Jersey). The second PCR
was conducted to incorporate Illumina adapters and barcodes.
The PCR cycling conditions were: denaturation at 94°C (2 min), 12
cycles at 94°C (1 min), 55°C (1 min), and 68°C (1 min), and a final
elongation at 68°C for 10 min. Amplicons were purified with mag-
netic beads and pooled. Concentration of the pool was measured
with quantitative PCR (KAPA Library Quantification Kit, Roche,
Basel, Switzerland). Amplicon libraries were mixed with 10% PhiX
and sequenced with three MiSeq reagent kits v2 500 cycles (Illu-
mina, San Diego, California, USA). A blank extraction kit control, a
PCR-negative control and PCR-positive control (Lactococcus piscium,
a fish pathogen that is not plant-associated) were included in each
PCR plate. The raw amplicon sequencing data are available on the
European Nucleotide Archive (ENA) with the accession number
PRJEB59714.

The bioinformatic processing of the amplicons originating from
the bacterial strain collection and SynCom experiments was per-
formed in R. In brief, primer sequences were removed with cu-
tadapt 2.7 (Martin 2011) and trimmed fastq files were processed
with DADA?2 v1.22.0 (Callahan et al. 2016). Chimeric sequences
were identified and removed with the removeBimeraDenovo func-
tion of DADA2. Amplicon Sequence Variant (ASV) taxonomic affil-
iations were performed with a naive Bayesian classifier (Wang et
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Figure 2. Effects of seed sterilization, SynCom mass effect and composition on seed microbiota assembly. Experiment 1: (A) community size on seed
(CFU/seed) of SynCom14 in function of inoculum concentration (CFU/ml) and seed disinfection for the experiment 1 (36 seeds/treatment). The
different letters represent the results of a post hoc Tukey HSD test. (B) Number of ASVs detected on seeds inoculated with SynCom14 in experiment 1
depending on inoculum concentration and seed disinfection (24 seeds/treatment). The different letters represent the results of a pairwise Wilcoxon
test. (C) Influence of SynCom14 concentration and seed disinfection on seed bacterial community structure visualized through a PCoA ordination
based on Bray-Curtis distances (PERMANOVA test; Disinfection effect: nonsignificant, Concentration: R? = 45.7%, P-value < .001). Experiment 2: (D)
linear model between community size on seed (CFU/seed) of SynCom14 in function of inoculum concentration (CFU/ml) for the experiment 2 (R? =
94%, P-value < .001, 8 seeds/treatment). (E) Cumulative relative abundance of SynCom14 ASVs (SynCom colonization) in seeds from experiment 2
depending on inoculum concentration (8 seeds/treatment). The different letters represent the results of a pairwise Wilcoxon test. Experiment 3: (F)
cumulative relative abundance of SynComs ASVs from experiment 3 (SynCom colonization) in seeds (8 seeds/treatment). The different letters
represent the results of a pairwise Wilcoxon test. (G) Influence of SynCom composition of experiment 3 on seed bacterial community structure
visualized through a PCoA ordination based on Bray-Curtis distances (PERMANOVA; SynCom condition: R? = 96.66%, P-value < .001, 8

seeds/treatment).
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ASVs (SynCom colonization) in seedlings from experiments 2 (A) (16 seedlings/treatment) and 3 (8 seedlings/treatment) (B). The different letters
represent the results of a pairwise Wilcoxon test. (C) Beta-dispersion analysis (distance to centroid) of seedlings inoculated with SynCom14
(experiment 2). The different letters represent the results of a post hoc Tukey HSD test. (D) Linear model between the cumulative relative abundance of
SynCom ASVs in seedlings and the mean community size of inoculated seeds from experiment 3 (R? = 44.94, P-value < .001). (E) Influence of
SynCom14 concentration on seedling bacterial community structure visualized through a PCoA ordination based on Bray-Curtis distances
(PERMANOVA; concentration: R? = 11.65%, P-value < .001). (F) Influence of SynCom composition from experiment 3 on seedling bacterial community
structure visualized through a PCoA ordination based on Bray-Curtis distances. (PERMANOVA; concentration: R? = 79.84%, P-value < .001).



al. 2007) with our in-house gyrB database (train_set_gyrB_v5.fa.gz)
available upon request. Unassigned sequences at the phylum
level and parE sequences (a gyrB paralog) were filtered. Then, to
remove singleton coming from potential sequencing errors, only
ASVs with a minimum of 20 reads and present in at least two
different samples were retained for experiments 2 and 3 (three
reads in at least three samples for experiment 1). These differ-
ent filtering thresholds were set after multiple tests. Data filter-
ing for experiments 2 and 3 was set to be more stringent after
the observation of multiple unaffiliated sequences, which artifi-
cially increased the richness of the dataset. These ASVs were com-
ing from the potting soil samples and might reveal some PCR er-
ror, maybe due to chemical interactions between the polymerase
and persistent soil molecules. To track our SynCom strains, only
ASVs with 100% of identity were considered to be our strains.
Some single-nucleotide polymorphisms were identified for some
strains and were artificially increasing inoculum richness. They
were, thus removed before downstream analyses. All R scripts em-
ployed in this work are available on GitHub (https://github.com/
GontranArnault/BeanSeedSynCom?2023).

Statistical analyses and microbiota analysis

Microbial community analyses were conducted using the Phy-
loseq package v1.44.0 (Mc Murdie and Holmes 2013) using R. Fig-
ures were visualized using ggplot2 v3.4.3. Alpha diversity anal-
yses were performed with a coverage-based rarefaction as rec-
ommended by Chao and Jost (2012) using iNEXT package v2.6.4
(Hsieh et al. 2016). Beta diversity analyses were made using Bray—
Curtis distance and permutational multivariate analysis of vari-
ance [adonis2 function of vegan v2.6.4 (Oksanen et al. 2019), 999
permutations] after a rarefaction at 10000 reads per sample for
experiments 1 and 3 and 6000 reads for experiments 2 (see rar-
efaction curves in Figure S2, Supporting Information). Beta diver-
sity was visualized using Principal Coordinate Analysis (PCoA).
For Fig. 6(A), ASVs of the SynCom strains were removed to vi-
sualize the recruited communities’ assembly. For mean compar-
isons, ANOVA followed by post hoc Tukey tests were conducted
when the conditions of application were met. Otherwise, Kruskal—
Wallis followed by pairwise Wilcoxon tests were conducted. P-
values were corrected using Benjamini-Hochberg method when
multiple comparisons were conducted.

To assess the relative contribution of native seed microbiota,
potting soil and SynComs, a microbial source tracking analysis
was conducted using the fast expectation-maximization micro-
bial source tracking FEAST v0.1.0 package with a maximum iter-
ation of 1000 (Shenhav et al. 2019). FEAST employed a microbial
community as the sink and multiple potential sources to deter-
mine the respective contributions of each potential source to the
sink microbial community. Control seed, inoculated seed and pot-
ting soil microbiota were considered as sources of microorganisms
and seedling were considered as sink. The algorithm also iden-
tified an unexplained fraction, named ‘unknown’ source, which
represented strains found in the sink but originating from poten-
tial unsampled sources.

The phylosignal package v1.3 (Keck et al. 2016) was used to con-
firm the observed phylogenetic pattern between strain families
and their colonization capacity of both seed and seedling. To do
so, a phylogenetic tree was constructed using automlst (commit
b116031) with default parameters and 1000 bootstrap replicates (-
bs 1000) (Alanjary et al. 2019). The local indicator of Phylogenetic
Association index (lipaMoran) was calculated using the lipaMoran
function. This index allowed us to test the positive or negative au-
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tocorrelations between the measured parameters (relative abun-
dance on seed, seedling, and their ratio) and the phylogenetic po-
sition of a given strain. Fig. 1(B) was assembled using iTol.

Changes in the relative abundance of bacterial communities
of rhizospheres from experiment 2 were evaluated employing
a linear model through the CornCob package v0.3.2 using tax-
atree_models function (after a log? transformation) and taxa-
tree_plots function for visualization.

Results

Seed colonization by SynCom depends on both
mass effect and SynCom composition but not
seed disinfection

A first SynCom, composed of 14 bacterial strains representative
of the taxonomic diversity of our strain collection (SynCom14),
was inoculated at three different concentrations on either sur-
face sterilized or unsterilized bean seeds (Fig. 1, Exp1l). Seed dis-
infection did not influence the number of CFU on seed after Syn-
Com14 inoculation (Fig. 2A). All ASVs of SynCom14 were found
on inoculated seeds. Furthermore, a few additional ASVs native
to the seeds were detected (Fig. 2B). They accounted for less than
4% of the relative abundance and mainly belonged to Erwini-
aceae, Pseudomonadaceae, and Enterobacteriaceae (Figure S10,
Supporting Information). Bacterial richness (number of ASVs) was
similar between native and disinfected seeds except for the lowest
inoculated SynCom14 concentration (10> CFU/ml) where disinfec-
tion reduced the number of ASVs (Wilcoxon test, P-value < .05,
Fig. 2B). Finally, seed community composition was significantly
impacted by SynCom concentrations (PERMANOVA, R? = 45.7%,
P-value < .001), while seed disinfection was not driving changes
in community composition (Fig. 2C).

In a second independent experiment with nonsterilized seeds,
changes in community sizes were correlated with the initial Syn-
Com14 concentrations (Linear model, R? = 94%, P-value < .001,
Fig. 2D). SynCom strains’ ASVs were detected on control seed sam-
ples (83% of relative abundance), as they are members of the na-
tive bean seed microbiota (Figs 2E and 4). The ASVs corresponding
to the strains assembled in the SynCom14 represented on average
96% of the cumulative abundance of bacterial taxa detected on
seeds, ranging from 92% at the lowest concentration (10° CFU/ml)
to 98% at the highest concentration (108 CFU/ml) (Fig. 2E).

In a third experiment, 12 SynComs were designed with four
gradual levels of richness (3, 5, 8, and 11 strains). ASVs of the
corresponding strains ranged from 89% (SynCom 5C) to 99.9% of
the seed relative abundance (SynCom 3C, Fig. 2F). As expected,
seed community composition was significantly explained by the
SynCom inoculation (PERMANOVA, R? = 96.7%, P-value < .001)
(Fig. 2G).

Overall, these results showed that seed microbiota composi-
tions were modified by the SynCom inoculation and that SynCom
concentration and composition were the main drivers of the over-
all seed composition.

Seedling colonization by SynComs is driven by
mass effects and initial SynCom composition

To find out whether the compositional changes observed in the
seed persist during emergence, seedling microbiota were charac-
terized 7 days post SynCom inoculation. The level of seedling col-
onization was estimated by monitoring the cumulative relative
abundance of ASVs corresponding to strains assembled in the
SynComs. ASVs of SynCom14 were detected on control seedlings
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at a low level (< 1%). In inoculated condition, ASVs of Syn-
Com14 inoculation represented on average 87% of the seedling
relative abundance, ranging from 75% to 93% depending on in-
oculum concentration (Fig. 3A). A significant increase of Syn-
Com14 ASVs’ relative abundance was observed between control,
10° and 10° CFU/ml before reaching a plateau (Wilcoxon test,
Pvalue < .05, Fig. 3A). Hence, seedling bacterial composition was
successfully modified by SynCom inoculation. According to beta-
dispersion (distance to centroid) the variability in seedling com-
munity structure was significantly reduced following SynCom14
inoculation compared to non-inoculated seeds (Fig. 3C). More-
over, seedling community composition was significantly influ-
enced by SynCom14 inoculation (PERMANOVA; R? from 35.9% at
10° CFU/ml to 51.9% at 10’ CFU/ml, P-values < .001; Figure S6,
Supporting Information) and concentration (PERMANOVA; R? =
11.65%, P-value < .001, Fig. 3E).

To assess whether SynCom richness and composition could
modify seedling microbiota composition, 12 SynComs of increas-
ing strain richness were seed-inoculated at the same initial con-
centration (107 CFU/ml; Figure S9A). On average, SynComs ASVs
represented 80% of seedling microbiota (Fig. 3B). While SynComs
colonizations of seedlings were more variable (29% for SynCom
5C to 95% for SynCom 8C), a very low influence of initial SynCom
richness was detected (Linear model, R? = 12.7%, P-value < .001;
Figure S3, Supporting Information). In contrast the initial SynCom
composition resulted in different seedling colonization (Pairwise
Wilcoxon tests, P-value < .05, Fig. 3B). The most prominent exam-
ple concerned the three SynComs composed of five strains with
~80% of cumulative relative abundance for SynComs 5A and 5B
and ~30% for SynCom 5C (Fig. 3B). Even if SynComs were inoc-
ulated at 10’ CFU/ml, the seeds post-inoculation showed differ-
ent community sizes (Kruskal-Wallis, P-value < .01; Figure S9,
Supporting Information). Interestingly, the differences in seedling
colonization were correlated with the community size of inocu-
lated seeds (Linear model, R? = 44.94%, P-value < .001, Fig. 3D).
Thus, one important parameter that could predict bacterial col-
onization of seedling was its community size on seed. Seedlings
inoculated with the same SynCom clustered together and the PER-
MANOVA confirmed that 79.84% (P-value < .001) of the variance
was explained by the SynCom inoculation (Fig. 3D). Also, pairwise
PERMANOVA confirmed that seedlings inoculated with the differ-
ent SynComs showed distinct microbial communities, highlight-
ing the efficiency of the method to manipulate seedling micro-
biota (Figure S7, Supporting Information).

Overall, these results showed that seedling microbiota of com-
mon bean could be deeply modified using SynCom inoculation on
seeds and that this inoculation procedure greatly modified com-
munity composition observed on seedlings.

Strains show heterogeneous transmission
capacities from seed to seedling

Based on the unique gyrB ASV of each inoculated strain, we
tracked the strain transmission from the inoculum to the seedling
of experiment 3 (Fig. 4). All the strains’ ASVs were detected in at
least two samples and were thus kept during the filtering process,
except for the Pedobacter sp (CFBP9032) strain. Also, Bacillus mega-
terium (CFBP9010) was not detected in the inoculum of SynCom 8A
and Frigobacterium sp (CFBP9029) was not detected in the inoculum
of SynCom 8B but were further detected on seeds or seedlings (see
Figure S9B, Supporting Information).

The different SynCom panels confirmed the observation made
on the overall community structures: seeds and seedlings inoc-

ulated with SynComs showed very different taxonomic profiles
depending on the inoculated SynCom (Fig. 4). In particular, each
SynCom condition showed very distinct taxonomic profiles even
at strain level. Also, taxonomic compositions of the SynComs
were significantly distinct between the seeds and the seedlings,
highlighting the variability in strains’ ability to colonize the dif-
ferent habitats (PERMANOVA, R? from 28.6% for SynCom 5B to
79.9% for SynCom 11C, Fig. 4). For instance, in SynComs 8C and
11A, Stenotrophomonas rhizophila (CFBP9006) had a reduced relative
abundance from inoculum to seeds but then increased from seeds
to seedlings. For a given strain in each SynCom, the transmis-
sion rate from seed to seedlings was assessed based on presence
of ASV in each habitat (Fig. S5A). This transmission rate was not
correlated with the relative abundance of the strain in the inocu-
lum (Figure S9C, Supporting Information). We identified 16 strains
that had a transmission rate to seedlings of 100% in each Syn-
Com tested. These strains are from the genera Kosakonia, Leclercia,
Pantoea, Pseudomonas, Rhizobium, Siccibacter, and Stenotrophomonas.
On the other hand, Microbacterium sp (CFBP9034) and Bacillus sp
(CFBP9009) strains had a transmission success of 0%. Some inter-
mediate strains had interesting patterns: their transmission suc-
cess was variable depending on the SynCom tested. For instance,
Sphingomonas sp (CFBP9021) had a transmission rate of 75% in Syn-
Com 8B and SynCom SA and had a transmission rate of 0% in
SynCom 11A. This example highlights the importance of strain
interactions during seedling microbiota assembly (Fig. SA).

To go further, we assessed the ability of each strain to colonize
seedlings compared to their initial relative abundance on seeds,
depending on the SynComs, using this ratio: log10(% Relative
abundance on seedling/% relative abundance on seed) (Fig. 5B).
Some strains were always found to be better seedling coloniz-
ers, including Pseudomonas koreensis subgroup (CFBP9003), Pseu-
domonas syringae (CFBP8979), Stenotrophomonas sp (CFBP8994), S.
rhizophila (CFBP9006), Chryseobacterium sp (CFBP8996), Massilia sp
(CFBP9012), and Pseudomonas fluorescens subgroup (CFBP8992). On
the other hand, some strains were found to be better seed col-
onizers, including Pseudomonas coleopterorum (CFBP8982), Curtobac-
terium sp (CFBP9011), Pseudomonas putida group (CFBP8984), Leclercia
sp (CFBP8987), Bacillus thuringiensis (CFBP9014), Pseudomonas virid-
iflava (CFBP8985), P. coleopterorum (CFBP8977), and Siccibacter turi-
censis (CFBP8990). Finally, some strains had variable behaviors de-
pending on the SynCom composition. For instance, the Rhizobium
sp (CFBP9020) was a better seed colonizer in the SynCom 3A and
5C but a better seedling colonizer in the SynCom 11A.

Additionally, we found that the seedling relative abundance of
an ASV in a given SynCom was correlated with its relative abun-
dance in seed (Linear model, R? = 73.4%, P-value < .001, Fig. 5C).
Thus, the seedling relative abundance of a given ASV could be pre-
dicted based on its relative abundance on seeds. This confirms at
the strain level that high seed colonization leads to high seedling
colonization. A phylogenetic pattern was observed in this corre-
lation: Enterobacteriaceae and Erwiniaceae (purple) were highly
abundant on both seed and seedling. Bacillaceae (blue) and Mi-
crobacteriaceae (grey) were depleted in seed and seedling micro-
biota (below the y = x dashed line), while Stenotrophomonas sp
(CFBP8994) and S. rhizophila (CFBP9006) were enriched in seedling
microbiota (red, Xandomonadaceae, above the y = x dashed line).
This phylogenetic pattern was confirmed statistically using the
local indicator of Phylogenetic Association index (P-value < .05,
Fig. 5D). In particular, the three Bacillaceae exhibited a signifi-
cantly low relative abundance in seedlings, whereas Erwiniaceae
and Enterobacteriaceae strains were high colonizers of both seeds
and seedlings (P-value < .05, Fig. 5D). Interestingly, Pseudomon-
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Figure 4. Influence of SynCom composition on taxonomic profiles of inocula, seeds, and seedlings from experiment 3. Relative abundance of
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versus seedling and reported in each corresponding panel.
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Figure 5. Transmission of each strain from seed to seedling. (A) Transmission rate to the seedlings of each strain in the different SynComs of
experiment 3 (8 seeds/treatment). (B) Strain’s ability to colonize seedlings compared to their initial relative abundance on seeds, depending on the
SynCom composition of experiment 3 (8 seeds and 8 seedlings/treatment). The following ratio was calculated to assess this trait: log10(% relative
abundance on seedling/% relative abundance on seed). (C) Linear model between each ASV relative abundance on seeds compared to their relative
abundance on seedlings (R? = 73.4%, P-value < .001). y = x dashed line was plotted to see if an ASVs is enriched or depleted in seedlings compared to
its relative abundance on seeds (above or under the y = x dashed line, respectively). (D) Phylogenetic pattern of strains colonization ability to colonize
seeds and seedlings. Phylosignal package was used to test the significance of the observed phylogenetic signal. The red barplots show the significantly
(P-value < .05) enriched or depleted strains based on local indicator of Phylogenetic Association index (lipaMoran), using the lipaMoran function.
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adaceae were phylogenetically divided in two subgroups of dif-
ferential colonization capacities: P. syringae (CFBP8979), P. fluo-
rescens subgroup (CFBP8992), and P. koreensis subgroup (CFBP9003)
were significantly more abundant in seedling while P. putida group
(CFBP8984) and P. coleopterorum (CFBP8982 & CFBP8977) were less
abundant in seedlings (Fig. 5D).

To conclude, we confirm that the relative abundance of a strain
on seeds is a good predictor of its future relative abundance on
seedling. However, strains showed different capacities of seed and
seedling colonization depending on their phylogeny.

SynCom inoculation influences seedling and
rhizosphere microbiota recruitment from
environmental sources

The fast expectation-maximization microbial source tracking al-
gorithm (FEAST) was employed to evaluate the relative contribu-
tions of various inoculum sources to the seedling microbiota, in-
cluding potting soil, native seed microbiota, and inoculated seed
microbiota (Fig. 6A). Overall, the SynCom inoculation significantly
decreased the unknown source proportion compared to control
seedlings (Fig. 6A; Figure S4, Supporting Information). The na-
tive seed microbiota had a significantly increased contribution
in SynComs 3A and 5C and a significantly decreased contribu-
tion in SynComs 3B, 5A, 8C, 11B, and 11C compared to the control
(pairwise Wilcoxon, P-value < .05, Fig. 6A; Figure S4, Supporting
Information). The potting soil contribution was on average 4.9%
(ranging from 0.9% in SynCom 8A to 12.8% in SynCom 5C) and
was not significantly different between all the conditions (pair-
wise Wilcoxon; Figure S4A, Supporting Information). Except for
SynCom 3A and SynCom 5C, the inoculated seed had more con-
tribution to seedling microbiota compared to native seed or pot-
ting soil sources (Wilcoxon tests, Fig. 6A; Figure S4B, Supporting
Information). Also, native seed microbiota had a higher con-
tribution to seedling microbiota compared to potting soil only
for SynCom 3A and SynCom 8A (pairwise Wilcoxon; Figure S4B,
Supporting Information). In the control seedlings, native seed and
potting soil microbiota contributed equally to the seedling mi-
crobiota (pairwise Wilcoxon; Figure S4B, Supporting Information).
Overall, SynCom composition influenced the contribution of
the different microbial sources driving seedling microbiota
assembly.

Although seedling microbiota was mainly composed of Syn-
Com strains, about 20% of taxa were derived from other envi-
ronmental sources. This provides an opportunity to assess the
role of SynCom composition on recruitment of these taxa. Af-
ter removing ASVs of SynComs strains, the similarities between
seedling communities were assessed with Bray-Curtis distances
(Fig. 6B). Even in the absence of SynCom members, the inoculation
of SynComs remained an important driver of seedling commu-
nity structure (PERMANOVA, R? = 38.76%, P-value = .001, Fig. 6B).
Taxonomic profile of the recruited microbiota was described but
showed no clear pattern (Figure S5A, Supporting Information).
In seedlings derived from uninoculated seeds (control), one ASV
of Enterobacter cloacae was highly abundant (56% of seedling mi-
crobiota; Figure S5B, Supporting Information). The relative abun-
dance of this ASV decreased in seedling from seeds inoculated
with SynComs ranging from 0.012% in SynCom 8C to 16% in Syn-
Com 3A (Figure S5B, Supporting Information).

Next, we assessed the effects of SynCom inoculation on seeds
on the rhizosphere microbiota. The potting soil bacterial com-
munities were studied on day 7 without seedling (no seedling),
with a seedling that had not been inoculated (control seedling),
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and with a seedling inoculated with one SynCom (SynCom14,
Exp 2). Permanova analysis showed that 55% of the variance
was explained by the inoculation while 26% was explained by
the seedling presence itself (Fig. 7A). ASVs corresponding to
SynCom14 members had a cumulative relative abundance of
< 0.2% in the rhizospheres of control and inoculated plants
(Fig. 7B). Hence, SynCom14 members did not colonize and/or
persist in the surrounding soil 7 days post-inoculation. Never-
theless, the inoculation of SynCom14 led to significant differ-
ences in taxonomic composition of the rhizospheres (Fig. 7C).
For instance, inoculation of SynCom14 on seeds led to an in-
creased relative abundance of Paraburkholderia, Castellaniella, and
Chitinophaga and a decreased relative abundance of Devosia, Rhod-
oferax, and Pseudolabrys compared to the control condition (Fig. 7C).
Thus, SynCom14 inoculated on seed at day O induced modifi-
cations on seedling rhizosphere composition at day 7 without
colonizing it.

Discussion

The use of SynCom to study ecological processes
during seed and seedling microbiota assembly

Microbiota characterization on individual seeds demonstrated
their low carrying capacity, their high variability in terms of diver-
sity and composition (Chesneau et al. 2022, Simonin et al. 2022).
Therefore, it is difficult to establish causality between seed mi-
crobiota composition and seedling microbiota composition. Here,
we showed that common bean seed can be colonized by con-
trasted SynCom concentrations and compositions, validating our
first hypothesis (H1). This SynCom inoculation method could be
an interesting strategy for improving our understanding of seed
to seedling microbiota transmission and the ecological processes
involved in plant microbiota assembly (Vorholt et al. 2017). Espe-
cially, our metabarcoding approach using gyrB gene enables the
tracking of individual strains within different niches and in dif-
ferent plant species (Simonin et al. 2023). Among the 36 strains
selected in our study only two have the same gyrB ASV com-
pared with 19 with the v4 region of 16S rRNA gene (Figure S8,
Supporting Information). This microbiota engineering method en-
ables more accurate sources-sink analysis by deeply decreasing
the unknown source fraction contributing to seedling microbiota
assembly in native seed communities (Rochefortet al. 2021, Kim et
al. 2022). Using this method, we showed that the primary source of
microorganisms for the seedling was not the potting soil but was
the inoculated seed. The seed microbiota can thus be an impor-
tant source of microorganisms for seedling microbiota assembly,
as reported by previous studies (Johnston-Monje et al. 2021, Mo-
roenyane et al. 2021).

Strong changes in community composition are observed dur-
ing seed germination and seedling emergence (Barret et al. 2015).
These microbiota shifts are mainly described as a consequence of
a deep modification in plant physiology that leads to the selection
of specific microorganisms (Torres-Cortés et al. 2018, Chesneau et
al. 2022). Indeed, during seed germination, diverse seed exudates
are secreted in the surrounding soil, which influences the micro-
bial communities and form the spermosphere (Nelson 2018, Aziz
et al. 2021). Also, neutral events such as dispersion and mass ef-
fect are expected to play a role during seedling microbiota assem-
bly but are less described. In this context, the method exposed
here is interesting to decipher the relative importance of neutral
and selective processes during seed and seedling microbial com-
munity assemblies. Indeed, by manipulating the concentration of
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Figure 6. SynCom effect on environmental taxa recruitment of seedlings. (A) To assess the relative contribution of native seed microbiota, potting soil,
and inoculated seed, a microbial source tracking analysis was conducted using FEAST. Control seed, inoculated seed, and potting soil microbiota were
considered as sources of microorganisms and seedling were considered as sink. (See detailed boxplot for each source and SynCom and associated
statistics in Figure S4, Supporting Information). (B) Influence of SynComs on seedling bacterial communities recruited from other sources (potting soil,
air, and water) visualized through a PCoA ordination based on Bray-Curtis distances (PERMANOVA; SynCom: R? = 38.76%, P-value < .001).

inoculum and varying the composition and richness of multiple
SynComs we were able to better characterize the importance of
mass effect and selection processes during seedling emergence.

Mass effects during seed and seedling
colonization

In our study model (common bean), seeds are colonized on aver-
age by 102 CFU/seed (Chesneau et al. 2022), which may explain
why SynCom inoculated over 10° CFU/ml had completely taken

over the native seed-borne community. In a coalescence frame-
work, it means that mass effect could be more important than
the priority effects that the native strains could have benefited
from (Debray et al. 2022). Overall, we showed that despite the low
natural carrying capacity observed on seed, common bean seeds
can be colonized by different SynCom sizes, which is interesting
for both theoretical and applicative frameworks.

Seed microbiota contributions to seedling microbiota under
natural conditions is very variable from one study to another
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(Johnston-Monje et al. 2021, Rochefort et al. 2021, Walsh et al.
2021, Chesneau et al. 2022). One reason is that in natural condi-
tions, when seed meets the soil, it also meets the soil microbiota
and a diversity of possible community coalescences. Rillig et al.
(2015) expose that one important parameter to predict the coales-
cence outcome is the mixing ratio of the two communities. In our
case, we deliberately manipulated the inoculum concentration of
the seed microbiota to vary this ratio. By doing so, we showed that
mass effect was a key factor of the community coalescence out-
come, as expected in hypothesis (H2). Indeed, SynCom contribu-
tion to seedling microbiota was correlated with inoculated seed
community size. In the same way, strains relative abundance on
seedlings were correlated with their relative abundance on seeds.
Thus, it seems that a minimum abundance in seed is needed to be
able to colonize seedlings. In the same idea, Darrasse et al. (2007)
showed that to effectively infect a seedling with Xanthomonas citri
pv. fuscans, a minimum of 10*> CFU/bean seed was needed (Dar-
rasse et al. 2007). Arias et al. (2020) also confirmed that a min-
imum population size of Xanthomonas vasicola pv. vasculorum on
seed was necessary to effectively colonize the plant.

To conclude, we show that mass effects drive seed and seedling
microbiota assemblies (H2). Through mass effect, the seed micro-
biota has an advantage during seedling colonization compared to
microorganisms from other environmental sources. This is a very
promising result that shows that seedling microbiota can be mod-
ulated using a limited amount of inoculum on seed that is suffi-
clent to outcompete soil microorganisms (Rocha et al. 2019).

Selection processes during seed and seedling
colonization

SynComs inoculated at the same concentration (107 CFU/ml)
but of different compositions show different seed colonization
capacities. At the strain level, we also observed variable seed
colonization capacities. It means that selection processes also
occurred during seed colonization. These differences between
strains mainly depend on their phylogenetic affiliation. For in-
stance, Enterobacteriaceae are significantly enriched in seeds.
These variations in seed colonization may arise from differences
in the adhesive capabilities of strains, which are influenced by
the secretion of prominent adhesins (Espinosa-Urgel et al. 2000,
Duque et al. 2013). The selection that occurred during seed colo-
nization seems to be the main bottleneck of seedling colonization,
as we previously showed that being abundant on seed was impor-
tant to colonize seedling. From an applied point of view, it could
be thus interesting to develop specific seed coatings for strains
with low seed colonization capacities (Rocha et al. 2019). These
coatings could include binding molecules, prebiotic, and specific
nutrients to maintain strain of interest on seeds.

Even if generally, the relative abundance of a strain on seed
can predict its relative abundance on seedling, we also show that
strains have contrasting seedling colonization capacities support-
ing our hypothesis (H3). These differences between strains depend
on their phylogenetic groups. Torres-Cortés et al. (2018) showed
that bacteria having copiotrophic strategies with rapid growth
have better seedling colonization capacities via competitive ex-
clusion processes. Consistently with our results, they showed that
Enterobacteriales and Pseudomonadales were enriched during
seedling emergence. In particular, we show that an E. cloacae was
dominating the control seedling microbiota. Enterobacter cloacae
was detected on seed but at a low relative abundance (5%), has al-
ready been described as an obligatory plant endophyte in another
study (Madmony et al. 2005) and presents opportunistic charac-

teristics with genes implied in colonization processes and copi-
otrophic strategy (Guérin et al. 2020, Roberts et al. 1992). These dif-
ferent observations suggest that redundant copiotrophic strate-
gles of these strains increase their fitness during spermosphere
formation and seedling emergence. Indeed, the multiple nutrients
that are released during these events gives them clear advantages
that select them.

Beyond intrinsic strain capacity to colonize seedling, we also
show that biotic interactions are involved during seedling micro-
biota assembly. For instance, Frigoribacterium sp (CFBP9029) and Mi-
crobacterium sp (CFBP9034) have a better seedling colonization in
SynCom 8B and 11A than in SynCom 5C. Interestingly, their im-
proved seedling colonization appears in SynCom with a higher
richness level. This might highlight some facilitating processes
(e.g. niche expansion) from the other strains (Li et al. 2019). On
the contrary, Sphingomonas sp (CFBP9021) is never transmitted in
SynCom 11A but has a transmission rate of 75% in SynCom 5A
and 8B, which might highlight some exclusion through interfer-
ence (i.e. antagonism) or exploitative (i.e. niche occupation) com-
petition (Hibbing et al. 2010). Thus, strain colonization is SynCom
dependent, as previously demonstrated in other plant habitats or
ecosystems (Jones et al. 2022, Simonin et al. 2023). This confirms
the complexity of biotic interactions during the seedling micro-
biota assembly and within SynComs and it entails considering
these interactions when designing SynCom for microbiota engi-
neering. To further dissect the respective contributions of strain
identity and biotic interactions, it would be pertinent to con-
duct inoculations with individual strains. In this way, ecological
mechanisms, such as facilitation or exclusion, could potentially
be more thoroughly described during the seed to seedling micro-
biota assembly. This knowledge could enhance the design of Syn-
Coms with increased colonization capacity and the potential to
limit seed transmission of some pathogens.

Overall, multiple selection processes also occurred during seed
and seedling colonization. Strains showed variable seed and
seedling colonization that depend on their phylogenetic affiliation
and biotic interactions within the SynCom also influence the col-
onization success of the different strains. More studies are needed
to elucidate the relative importance of host selection, environ-
mental filtering, and biotic interactions during seedling micro-
biota assembly. Also, further investigations are needed to better
characterize strain transmission pathways in plant tissues and
their stability during the plant development.

Impact of seed microbiota on rhizosphere and
seedling community assembly

We showed that SynComs inoculated on seed induce changes on
the overall recruited communities from environmental sources
(e.g. soil, native seed community, H4). Seed microbiota is expected
to highly interact with soil microbiota during the spermosphere
assembly which in return influences the overall rhizosphere and
plant microbiota assemblies (Aziz et al. 2021, Olofintila and Noel
2023). Johnston-Monje et al. (2016) showed that most seedling rhi-
zosphere bacteria were seed derived. On the contrary, we showed
that our SynCom strains contribution to the rhizosphere is low (<
0.2%) and identical to the control. Guo et al. (2021) also showed
that contribution of seed microbiota to the assembly of the rhi-
zosphere microbiota was negligible (Guo et al. 2021). In our case,
even if the SynCom14 strain contribution was low, the overall rhi-
zosphere community assembly was modified (H4). This modifica-
tion could arise from the priority effect of the inoculated strains
on the initial spermosphere microbiota assembly (Aziz et al. 2021)
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and subsequent developing rhizosphere community. Our results
are consistent with Ridout et al. (2019) showing a similar pat-
tern with seed endophytes that influence the rhizosphere colo-
nization of secondary symbionts through priority effect. The en-
gineered seed communities could have changed the whole rhizo-
sphere assembly through niche modification, biotic interactions
and/or host control modification (Xu et al. 2023). For instance,
Kong et al. (2021) showed that the inoculation of a plant using
a specific Bacillus amyloliquefaciens strain could induce changes in
volatile organic compounds emission that led to deep rhizosphere
modification (Kong et al. 2021). In the same way, co-inoculation of
Mesorhizobium ciceri and Bacillus subtilis on seed induced changes in
root exudates and rhizosphere microbiota assembly of chickpea
(Shcherbakova et al. 2017). Rhizosphere assembly modification
could also come from biotic interactions during the coalescence
between the SynCom and the potting soil communities (Rocca et
al. 2021, Aziz et al. 2021). Then, because the rhizosphere is one of
the main sources of microorganisms for plant microbiota (Xiong
et al. 2021), it could be a factor explaining the differences ob-
served in the recruited communities between the different Syn-
Coms. Indeed, we also showed that the extensive seedling micro-
biota assembly was modified by the SynCom inoculation on seeds.
In this context, we can argue that multiple successive selective
processes led to the extensive rhizosphere and seedling micro-
biota assembly changes. At first glance, the SynCom can indeed
colonize seedling and rhizosphere and interact with native com-
munities. Then, through seedling physiological modification, the
entire seedling and rhizosphere niches could be modified leading
to differences in microbial colonization. Overall, our study shows
that seed microbiota, through priority effect, is of great interest
for microbiota engineering to modulate the overall seedling and
rhizosphere microbiota assemblies.

From a risk assessment point of view, the low colonization
capacity of the inoculated seed microbiota into the rhizosphere
could be taken as an advantage point. Indeed, the SynCom strains
showed low environmental invasion capacities while still modify-
ing the recruitment of native bacteria from the environment.

Conclusions and prospects

We presented a simple and effective seedling microbiota engi-
neering method using SynCom inoculation on bean seeds. The
method was successful using a wide diversity of SynCom compo-
sitions (13 SynComs) and strains (36 strains) that are representa-
tive of the common bean seed microbiota. First, this method en-
ables the modulation of seed composition and community size,
even in a coalescence context with the native seed microbiota
(i.e. unsterilized seeds). Then, this SynCom colonization was ef-
fective in a second coalescence event with unsterilized potting
soil. SynComs contributed on average to 80% of the seedlings’ mi-
crobiota. We showed that the mass effect was the main driver of
seedling microbiota colonization. Additionally, individual strains
showed variable seed and seedling colonization capacities that
mostly depended on their phylogenetic affiliation. Finally, through
priority effects, the engineered seed microbiota modified the over-
all seedling and rhizosphere microbiota assemblies.

However, some questions remain unanswered, in particular on
the fate of the strains in the different seedling compartments and
their stability during the plant development (Abdelfattah et al.
2023). Some studies reported that seed microbiota tend to colonize
preferably the aerial parts of the plants, while roots were more col-
onized by soil microorganisms (Moroenyane et al. 2021, Kim et al.
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2022). These results are coherent with the low colonization of our
strains in the rhizosphere but deserve more investigations.

Additionally, our inoculation experiments were limited to a sin-
gle potting soil substrate. Walsh et al. (2021) showed that seed mi-
crobiota transmission to seedlings is influenced by the resident
soil microbiota composition. Thus, it is crucial to explore diverse
soils in future investigations. In this sense, Rocha et al. (2019) re-
ported that only 25% of the seed coating experiments were con-
ducted in field condition. Moreover, recent studies discuss the
challenges of transferring laboratory-developed methods into real
field conditions (Kaminsky et al. 2019, Russ et al. 2023). In this con-
text, we are convinced that it will be necessary to employ more
holistic approaches that consider both abiotic and biotic param-
eters of these diverse environments (Awasthi 2019). These steps
are important to determine the robustness and generalizability of
our method in manipulating seedling microbiota effectively under
multiple field conditions.

Author contributions

MBarret, AS and MS applied for funding. GA, CM, AP, AS, MBarret
and MS designed the research. GA, CM, AP performed the experi-
ments with contributions from A-S P and MS. GA did the bioinfor-
matics and statistical analyses with contribution from MB, MBar-
ret and MS. MB assembled the genomes with contributions from
GA. GA prepared figures and wrote the manuscript with contribu-
tions from MBarret, AS and MS. All authors edited and approved
the manuscript.

Acknowledgements

This research was conducted through the OSMOSE project (2020-
2022) in the framework of the regional programme ‘Objectif Végé-
tal, Research, Education and Innovation in Pays de la Loire’,
supported by the French Region Pays de la Loire, Angers Loire
Métropole and the European Regional Development Fund. This
work was also part of the 3rd Programme for Future Investments
(France2030) and operated by the SUCSEED project (ANR- 20-
PCPA-0009) funded by the ‘Growing and Protecting crops Differ-
ently’ French Priority Research Program (PPR-CPA), part of the
national investment plan operated by the French National Re-
search Agency (ANR). We thank Muriel Bahut (ANAN platform,
SFR Quasav) for amplicon sequencing.

Supplementary data
Supplementary data is available at FEMSEC Journal online.

Conflict of interest: The authors declare that they have no conflicts of
interest.

References

Abdelfattah A, Tack AJM, Lobato C et al. From seed to seed: the
role of microbial inheritance in the assembly of the plant micro-
biome. Trends Microbiol 2023;31:346-55. https://doi.org/10.1016/j.
tim.2022.10.009.

Alanjary M, Steinke K, Ziemert N. AutoMLST: an automated web
server for generating multi-locus species trees highlighting nat-
ural product potential. Nucleic Acids Res 2019;47:W276-82. https:
//doi.org/10.1093/nar/gkz282.

Arias SL, Block CC, Mayfield DA et al. Occurrence in seeds and po-
tential seed transmission of Xanthomonas vasicola pv. vasculorum

202 1dy 9| UO Jasn sajueld Sop Uoleloljawy 19 anbijauag op qeT VHNI Ad 6€12E92//Z09B1/F/00 L /9191LE/09SWS}/WO09"dNO"D1WSPED.//:SA)Y WOy PAPEOjUMOQ


https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://doi.org/10.1016/j.tim.2022.10.009
https://doi.org/10.1093/nar/gkz282

16 | FEMS Microbiology Ecology, 2024, Vol. 100, No. 4

in maize in the United States. Phytopathology 2020;110:1139-46.
https://doi.org/10.1094/PHYTO-08-19-0306-R.

Armanhi JSL, de Souza RSC, Biazotti BB et al. Modulating drought
stress response of maize by a synthetic bacterial community.
Front Microbiol 2021;12:747541.

Arnault G, Mony C, Vandenkoornhuyse P. Plant microbiota dysbiosis
and the Anna Karenina principle. Trends Plant Sci 2023;28:18-30.
https://doi.org/10.1016/j.tplants.2022.08.012.

Awasthi A. Field-specific microbial consortia are feasible: a response
to Kaminsky et al. Trends Biotechnol 2019;37:569-72. https://doi.or
g/10.1016/].tibtech.2019.03.002.

Aziz U, Rehmani MS, Wang L et al Toward a molecular
understanding of rhizosphere, phyllosphere, and spermo-
sphere interactions in plant growth and stress response. Crit Rev
Plant Sci 2021;40:479-500. https://doi.org/10.1080/07352689.2022.
2031728.

Baas P, Bell C, Mancini LM et al. Phosphorus mobilizing consortium
Mammoth P™ enhances plant growth. Peer] 2016;4:€2121. https:
//doi.org/10.7717/peerj.2121.

Barret M, Briand M, Bonneau S et al. Emergence shapes the structure
of the seed microbiota. Appl Environ Microb 2015;81:1257-66. http
s://doi.org/10.1128/AEM.03722-14.

Callahan BJ, McMurdie PJ, Rosen MJ et al. DADA2: high-resolution
sample inference from Illumina amplicon data. Nat Methods
2016;13:581-3. https://doi.org/10.1038/nmeth.3869.

Cassan F, Perrig D, Sgroy V et al. Azospirillum brasilense Az39 and
Bradyrhizobium japonicum E109, inoculated singly or in combina-
tion, promote seed germination and early seedling growth in corn
(Zea mays L.) and soybean (Glycine max L.). Eur J Soil Biol, Ecology
and application of Azospirillum and other plant growth promot-
ing bacteria (PGPB) 2009;45:28-35. https://doi.org/10.1016/j.ejsobi
.2008.08.005.

Chao A, Jost L. Coverage-based rarefaction and extrapolation: stan-
dardizing samples by completeness rather than size. Ecology
2012;93:2533-47. https://doi.org/10.1890/11-1952.1.

Chen T, Nomura K, Wang X et al. A plant genetic network for prevent-
ing dysbiosis in the phyllosphere. Nature 2020;580:653-7. https:
//doi.org/10.1038/s41586-020-2185-0.

Chesneau G, Laroche B, Préveaux A et al. Single seed microbiota:
assembly and transmission from parent plant to seedling. mBio
2022;e01648-22. https://doi.org/10.1128/mbio.01648-22.

Darrasse A, Bureau C, Samson R et al. Contamination of bean seeds
by Xanthomonas axonopodis pv. phaseoli associated with low bac-
terial densities in the phyllosphere under field and greenhouse
conditions. Eur J Plant Pathol 2007;119:203-15. https://doi.org/10.1
007/510658-007-9164-2.

Debray R, Herbert RA, Jaffe AL et al. Priority effects in microbiome
assembly. Nat Rev Micro 2022;20:109-21. https://doi.org/10.1038/
$41579-021-00604-w.

Duque E, de la Torre J, Bernal P et al. Identification of reciprocal ad-
hesion genes in pathogenic and non-pathogenic Pseudomonas. En-
viron Microbiol 2013;15:36-48. https://doi.org/10.1111/j.1462-2920.
2012.02732.x.

Durdn P, Thiergart T, Garrido-Oter R et al. Microbial interking-
dom interactions in roots promote arabidopsis survival. Cell
2018;175:973-83. https://doi.org/10.1016/j.cell.2018.10.020.

Espinosa-Urgel M, Salido A, Ramos JL. Genetic analysis of func-
tions involved in adhesion of Pseudomonas putida to seeds. ] Bac-
teriol 2000;182:2363-9. https://doi.org/10.1128/JB.182.9.2363-2369
.2000.

Figueiredo dos Santos L, Fernandes Souta J, de Paula Soares C et al.
Insights into the structure and role of seed-borne bacteriome

during maize germination. FEMS Microbiol Ecol 2021;97:fiab024.
https://doi.org/10.1093/femsec/fiab024.

Guérin F, Lallement C, Goudergues B et al. Landscape of in vivo
fitness-associated genes of Enterobacter cloacae complex. Front Mi-
crobiol 2020;11:1609. https://doi.org/10.3389/fmicb.2020.01609.

Guo J, Ling N, Li Y et al. Seed-borne, endospheric and rhizospheric
core microbiota as predictors of plant functional traits across rice
cultivars are dominated by deterministic processes. New Phytol
2021;230:2047-60. https://doi.org/10.1111/nph.17297.

Hibbing ME, Fuqua C, Parsek MR et al. Bacterial competition: surviv-
ing and thriving in the microbial jungle. Nat Rev Micro 2010;8:15-
25. https://doi.org/10.1038/nrmicro2259.

Hsieh TC, Ma KH, Chao A. INEXT: an R package for rarefaction and
extrapolation of species diversity (Hill numbers). Methods Ecol Evol
2016;7:1451-6. https://doi.org/10.1111/2041-210X.12613.

Johnston-Monje D, Gutiérrez JP, Lopez-Lavalle LAB. Seed-transmitted
bacteria and fungi dominate juvenile plant microbiomes. Front
Microbiol 2021;12:737616.

Johnston-Monje D, Lundberg DS, Lazarovits G et al. Bacterial popu-
lations in juvenile maize rhizospheres originate from both seed
and soil. Plant Soil 2016;405:337-55. https://doi.org/10.1007/s111
04-016-2826-0.

Jones EW, Carlson JM, Sivak DA et al. Stochastic microbiome assem-
bly depends on context. Proc Natl Acad Sci 2022;119:€2115877119.
https://doi.org/10.1073/pnas.2115877119.

Kaminsky LM, Trexler RV, Malik R] et al. The inherent conflicts in de-
veloping soil microbial inoculants. Trends Biotechnol 2019;37:140-
51. https://doi.org/10.1016/j.tibtech.2018.11.011.

Kaur S, Egidi E, Qiu Z et al. Synthetic community improves crop
performance and alters rhizosphere microbial communities. J
Sustain Agric Environ 2022;1:118-31. https://doi.org/10.1002/sae2
.12017.

Keck F, Rimet F, Bouchez A et al. phylosignal: an R package to
measure, test, and explore the phylogenetic signal. Ecol Evol
2016;6:2774-80. https://doi.org/10.1002/ece3.2051.

Kim H, Jeon J, Lee KK et al. Longitudinal transmission of bacterial
and fungal communities from seed to seed in rice. Commun Biol
2022;5:1-14. https://doi.org/10.1038/s42003-022-03726-w.

Kong HG, Song GC, Sim H-J et al. Achieving similar root microbiota
composition in neighbouring plants through airborne signalling.
ISME J 2021;15:397-408. https://doi.org/10.1038/s41396-020-007
59-z.

Li M, Weil Z, Wang J et al. Facilitation promotes invasions in plant-
associated microbial communities. Ecol Lett 2019;22:149-58. http
s://doi.org/10.1111/ele.13177.

Li Z, Bai X, Jiao S et al. A simplified synthetic community rescues
Astragalus mongholicus from root rot disease by activating plant-
induced systemic resistance. Microbiome 2021;9:217. https://doi.
0rg/10.1186/540168-021-01169-9.

Liu H, Qiu Z, Ye ] et al. Effective colonisation by a bacterial synthetic
community promotes plant growth and alters soil microbial com-
munity. J Sustain Agric Environ 2021;1:30-42. https://doi.org/10.100
2/sae2.12008.

Liu X, Mei S, Salles JF. Inoculated microbial consortia perform better
than single strains in living soil: a meta-analysis. Appl Soil Ecol
2023;190:105011. https://doi.org/10.1016/j.apsoil.2023.105011.

Madmony A, Chernin L, Pleban S et al. Enterobacter cloacae, an obliga-
tory endophyte of pollen grains of Mediterranean pines. Folia Mi-
crobiol 2005;50:209-16. https://doi.org/10.1007/BF02931568.

Malacrino A, Abdelfattah A, Berg G et al. Exploring microbiomes for
plant disease management. Biol Cont 2022;169:104890. https://do
1.org/10.1016/j.biocontrol.2022.104890.

202 1dy 9| UO Jasn sajueld Sop Uoleloljawy 19 anbijauag op qeT VHNI Ad 6€12E92//Z09B1/F/00 L /9191LE/09SWS}/WO09"dNO"D1WSPED.//:SA)Y WOy PAPEOjUMOQ


https://doi.org/10.1094/PHYTO-08-19-0306-R
https://doi.org/10.1016/j.tplants.2022.08.012
https://doi.org/10.1016/j.tibtech.2019.03.002
https://doi.org/10.1080/07352689.2022.2031728
https://doi.org/10.7717/peerj.2121
https://doi.org/10.1128/AEM.03722-14
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.ejsobi.2008.08.005
https://doi.org/10.1890/11-1952.1
https://doi.org/10.1038/s41586-020-2185-0
https://doi.org/10.1128/mbio.01648-22
https://doi.org/10.1007/s10658-007-9164-2
https://doi.org/10.1038/s41579-021-00604-w
https://doi.org/10.1111/j.1462-2920.2012.02732.x
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1128/JB.182.9.2363-2369.2000
https://doi.org/10.1093/femsec/fiab024
https://doi.org/10.3389/fmicb.2020.01609
https://doi.org/10.1111/nph.17297
https://doi.org/10.1038/nrmicro2259
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1007/s11104-016-2826-0
https://doi.org/10.1073/pnas.2115877119
https://doi.org/10.1016/j.tibtech.2018.11.011
https://doi.org/10.1002/sae2.12017
https://doi.org/10.1002/ece3.2051
https://doi.org/10.1038/s42003-022-03726-w
https://doi.org/10.1038/s41396-020-00759-z
https://doi.org/10.1111/ele.13177
https://doi.org/10.1186/s40168-021-01169-9
https://doi.org/10.1002/sae2.12008
https://doi.org/10.1016/j.apsoil.2023.105011
https://doi.org/10.1007/BF02931568
https://doi.org/10.1016/j.biocontrol.2022.104890

Marin O, Gonzélez B, Poupin MJ. From microbial dynamics to func-
tionality in the rhizosphere: a systematic review of the oppor-
tunities with synthetic microbial communities. Front Plant Sci
2021;12:650609. https://doi.org/10.3389/fpls.2021.650609.

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnetjournal 2011;17:10-2. https:
//doi.org/10.14806/ej.17.1.200.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data.
PLoS ONE 2013;8:e61217. https://doi.org/10.1371/journal.pone.0
061217.

Moroenyane I, Tremblay J, Yergeau E. Soybean microbiome recovery
after disruption is modulated by the seed and not the soil micro-
biome. Phytobiomes J 2021;5:418-31. https://doi.org/10.1094/PBIO
MES-01-21-0008-R.

Nelson EB. The seed microbiome: origins, interactions, and impacts.
Plant Soil 2018;422:7-34. https://doi.org/10.1007/s11104-017-328
9-7.

Oksanen J, Blanchet FG, Friendly M et al. vegan: community Ecology
Package. CRAN, 2019.

Olofintila OF, Noel ZA. Soybean and cotton spermosphere soil micro-
biome shows dominance of soilborne copiotrophs. Microbiol Spectr
2023;e00377-23. https://doi.org/10.1128/spectrum.00377-23.

Pal G, Kumar K, Verma A et al. Seed inhabiting bacterial endophytes
of maize promote seedling establishment and provide protection
against fungal disease. Microbiol Res 2022;255:126926. https://doi.
0rg/10.1016/j.micres.2021.126926.

Prjibelski A, Antipov D, Meleshko D et al. Using SPAdes De Novo As-
sembler. Curr Protoc Bioinformatics 2020;70:€102. https://doi.org/10
.1002/cpbi.102.

Ridout ME, Schroeder KL, Hunter SS et al. Priority effects of
wheat seed endophytes on a rhizosphere symbiosis. Symbiosis
2019;78:19-31. https://doi.org/10.1007/513199-019-00606-6.

Rillig M, Antonovics J, Caruso T et al. Interchange of entire communi-
ties: microbial community coalescence. Trends Ecol Evol 2015;30.
https://doi.org/10.1016/j.tree.2015.06.004.

Roberts DP, Sheets CJ, Hartung JS. Evidence for proliferation of En-
terobacter cloacae on carbohydrates in cucumber and pea spermo-
sphere. Can ] Microbiol 1992;38:1128-34. https://doi.org/10.1139/
m92-185.

Rocca J, Muscarella M, Peralta A et al. Guided by microbes: apply-
ing community coalescence principles for predictive microbiome
engineering. mSystems 2021;6. https://doi.org/10.1128/mSystems
.00538-21.

Rocha I, Ma Y, Souza-Alonso P et al. Seed coating: a tool for de-
livering beneficial microbes to agricultural crops. Front Plant Sci
2019;10:1357.

Rochefort A, Simonin M, Marais C et al. Transmission of seed and soil
microbiota to seedling. mSystems 2021;6:€00446-21. https://doi.or
g/10.1128/mSystems.00446-21.

Russ D, Fitzpatrick CR, Teixeira PJPL et al. Deep discovery in-
forms difficult deployment in plant microbiome science. Cell
2023;186:4496-513. https://doi.org/10.1016/j.cell.2023.08.035.

Schmitz L, Yan Z, Schneijderberg M et al. Synthetic bacterial com-
munity derived from a desert rhizosphere confers salt stress
resilience to tomato in the presence of a soil microbiome.
ISME ] 2022;16:1-14. https://doi.org/10.1038/s41396-022-01238-3.

Arnaultetal. | 17

Shayanthan A, Ordofiez PAC, Oresnik IJ. The role of synthetic mi-
crobial communities (SynCom) in sustainable agriculture. Front
Agron 2022;4:896307.

Shcherbakova EN, Shcherbakov AV, Andronov EE et al. Combined pre-
seed treatment with microbial inoculants and Mo nanoparticles
changes composition of root exudates and rhizosphere micro-
biome structure of chickpea (Cicer arietinum L.) plants. Symbiosis
2017;73:57-69. https://doi.org/10.1007/s13199-016-0472-1.

Shenhav L, Thompson M, Joseph TA et al. FEAST: fast expectation-
maximization for microbial source tracking. Nat Methods
2019;16:627-32. https://doi.org/10.1038/s41592-019-0431-x.

Shmida A, Wilson MV. Biological determinants of species diversity. J
Biogeogr 1985;12:1. https://doi.org/10.2307/2845026.

Simonin M, Briand M, Chesneau G et al. Seed microbiota revealed by
a large-scale meta-analysis including 50 plant species. New Phytol
2022;234:1448-63. https://doi.org/10.1111/nph.18037.

Simonin M, Préveaux A, Marais C et al. Transmission of synthetic seed
bacterial communities to radish seedlings: impact on microbiota
assembly and plant phenotype. Peer Commun J 2023;3. https://do
i.org/10.24072/pcjournal.329.

Srinivasan K, Mathivanan N. Biological control of sunflower necro-
sis virus disease with powder and liquid formulations of plant
growth promoting microbial consortia under field conditions. Biol
Control 2009;51:395-402. https://doi.org/10.1016/j.biocontrol.200
9.07.013.

Torres-Cortés G, Bonneau S, Bouchez O et al. Functional microbial
features driving community assembly during seed germination
and emergence. Front Plant Sci 2018;9:902.

Trivedi P, Mattupalli C, Eversole K et al. Enabling sustainable
agriculture through understanding and enhancement of micro-
biomes. New Phytol 2021;230:2129-47. https://doi.org/10.1111/np
h.17319.

Vannier N, Agler M, Hacquard S. Microbiota-mediated disease resis-
tance in plants. PLoS Pathog 2019;15:e1007740. https://doi.org/10
.1371/journal.ppat.1007740.

Vannier N, Mesny F, Getzke F et al. Genome-resolved metatranscrip-
tomics reveals conserved root colonization determinants in a
synthetic microbiota. Nat Commun 2023;14:8274. https://doi.org/
10.1038/541467-023-43688-z.

Vorholt JA, Vogel C, Carlstrom CI et al. Establishing causality: oppor-
tunities of synthetic communities for plant microbiome research.
Cell Host Microbe 2017;22:142-55. https://doi.org/10.1016/j.chom.2
017.07.004.

Walsh CM, Becker-Uncapher I, Carlson M et al. Variable influences of
soil and seed-associated bacterial communities on the assembly
of seedling microbiomes. ISME ] 2021;15:2748-62. https://doi.org/
10.1038/s41396-021-00967-1.

Wang Q, Garrity GM, Tiedje JM et al. Naive Bayesian classifier for rapid
assignment of TRNA sequences into the new bacterial taxonomy.
Appl Environ Microb 2007;73:5261-7. https://doi.org/10.1128/AEM.
00062-07.

Xiong C, Zhu Y-G, Wang J-T et al. Host selection shapes crop
microbiome assembly and network complexity. New Phytol
2021;229:1091-104. https://doi.org/10.1111/nph.16890.

Xu'Y, Chen Z, Li X et al. Mycorrhizal fungi alter root exudation to
cultivate a beneficial microbiome for plant growth. Funct Ecol
2023;37:664-75. https://doi.org/10.1111/1365-2435.14249.

Received 17 November 2023; revised 29 January 2024; accepted 18 March 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

202 1dy 9| UO Jasn sajueld Sop Uoleloljawy 19 anbijauag op qeT VHNI Ad 6€12E92//Z09B1/F/00 L /9191LE/09SWS}/WO09"dNO"D1WSPED.//:SA)Y WOy PAPEOjUMOQ


https://doi.org/10.3389/fpls.2021.650609
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1094/PBIOMES-01-21-0008-R
https://doi.org/10.1007/s11104-017-3289-7
https://doi.org/10.1128/spectrum.00377-23
https://doi.org/10.1016/j.micres.2021.126926
https://doi.org/10.1002/cpbi.102
https://doi.org/10.1007/s13199-019-00606-6
https://doi.org/10.1016/j.tree.2015.06.004
https://doi.org/10.1139/m92-185
https://doi.org/10.1128/mSystems.00538-21
https://doi.org/10.1128/mSystems.00446-21
https://doi.org/10.1016/j.cell.2023.08.035
https://doi.org/10.1038/s41396-022-01238-3
https://doi.org/10.1007/s13199-016-0472-1
https://doi.org/10.1038/s41592-019-0431-x
https://doi.org/10.2307/2845026
https://doi.org/10.1111/nph.18037
https://doi.org/10.24072/pcjournal.329
https://doi.org/10.1016/j.biocontrol.2009.07.013
https://doi.org/10.1111/nph.17319
https://doi.org/10.1371/journal.ppat.1007740
https://doi.org/10.1038/s41467-023-43688-z
https://doi.org/10.1016/j.chom.2017.07.004
https://doi.org/10.1038/s41396-021-00967-1
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1111/nph.16890
https://doi.org/10.1111/1365-2435.14249
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions and prospects
	Author contributions 
	Acknowledgements
	Supplementary data
	References

