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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 effecti v e seedling micr obiota engineering method using SynCom inoculation on seeds. The method was 
successful using a wide di v ersity of SynCom compositions and bacterial strains that ar e r e pr esentati v e of the common bean seed 

microbiota. First, this method enables the modulation of seed microbiota composition and community size. Then, SynComs strongly 
outcompeted nati v e seed and potting soil micr obiota and contributed on av era ge to 80% of the seedling micr obiota. 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 

assemb l y of seedling and rhizosphere microbiota through priority effects. This study shows that SynCom inoculation on seeds r e p- 
resents a promising approach to study plant microbiota assembly and its consequence on plant fitness. 

Ke yw ords: seed microbiota; seedling microbiota; transmission; microbiota engineering; Synthetic Community 

 

 

 

 

 

c  

f  

1  

c  

b  

S  

i  

fi
n

s  

o  

e  

d  

t
j  

d  

d  

m  

d  

T
t  

t  

p  

H  

f  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/100/4/fiae027/7632139 by IN
R

A Lab de G
enetique et Am

elioration des Plantes user on 16 April 2024
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 impr ov e 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- 
tur al fr ame work (Triv edi et al. 2021 ). One way to modulate the 
composition of the plant microbiota is to assemble se v er al cul- 
tur ed micr oor ganisms (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 impr ov e 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 , Marín et al. 2021 ), root (Durán 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, (ii) capacity of SynCom members to colonize plant tissues,
and (iii) ability to compete with nativ e comm unities (Rocca et al.
2021 ). This latter phenomenon is called community coalescence 
(Rillig et al. 2015 , Rocca et al. 2021 ). It is gener all y difficult to 
predict the outcome of a coalescence e v ent since the resulting 
community depends on both neutral (e.g . dispersal and drift) and 

nic he-based pr ocesses (e.g . host selection and biotic inter actions).
One important parameter that could influence the outcome of 
Recei v ed 17 November 2023; revised 29 J an uar y 2024; accepted 18 Mar c h 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( http://cr eati v ecommons.org/licenses/by/4.0/ ), which
provided the original work is properly cited.
ommunity coalescence is the flow of individuals created by dif-
er ences in comm unity size, i.e . mass effect (Shmida and Wilson
985 ). For instance, Chen et al. ( 2020 ) sho w ed that SynCom con-
entration was a k e y factor that influenced both the SynCom sta-
ility in plant tissues and the micr obial inter actions within the
ynCom. Hence, SynCom inoculation r epr esents a pr omising tool
n a gricultur e but mor e r esearc h is needed to impr ov e their ef-
ciency and yield more predictable coalescence outcomes with 

ativ e comm unities. 
Plant microbiota engineering using SynCom inoculation on 

eed is gaining attention as a potential way to reduce the amount
f inoculum needed (Rocha et al. 2019 ). Indeed, through priority
ffect (i.e . the effect of order and timing of species immigration
uring community assembly) seed could be a r ele v ant v ector to
ransmit beneficial microbiota to seedlings and change the tra- 
ectory of plant microbiota assembly (Debray et al. 2022 ). Still, to
ate, onl y fe w studies hav e used SynComs on seed (Figueir edo
os Santos et al. 2021 , Armanhi et al. 2021 , Kaur et al. 2022 , Si-
onin et al. 2023 ), despite the potential use of seed coating to

eliv er beneficial micr oor ganisms to cr ops (Roc ha et al. 2019 ).
he first studies involving simple consortia (often composed of 
wo strains) inoculated onto seeds hav e demonstr ated the poten-
ial of this a ppr oac h in enhancing seed germination and seedling
henotype (Srinivasan and Mathivanan 2009 , Cassán et al. 2009 ).
o w e v er, these consortia wer e composed of str ains not deriv ed

rom the seeds and the ecological processes associated with the
ssembly of the seed and seedling microbiota were not investi-
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ated. Additionall y, seed micr obiota has been shown to promote
eedling growth and protection against fungal disease (Pal et al.
022 ). T hus , seed-borne taxa r epr esent an untapped microbial re-
ource to impr ov e plant pr otection and yield. Seeds harbor a spe-
ific microbiota with reduced microbial community size (i.e. num-
er of individuals) and species richness (i.e. number of species)
ompared to other plant compartments (Guo et al. 2021 ) and show
ignificant variations between seeds (Chesneau et al. 2022 ). More-
v er, se v er al studies report that only a fraction of the seed micro-
iota is transmitted to the seedlings (Rochefort et al. 2021 , Walsh
t al. 2021 , Abdelfattah et al. 2023 , Chesneau et al. 2022 ). In this
ense, Walsh et al. ( 2021 ) argue that seed inoculants may exhibit
 educed effectiv eness in highl y div ersified and populated soil due
o mass effect. On the contr ary, Mor oen yane et al. ( 2021 ) con-
end that through priority effect, the seed microbiota could be a
romising candidate for microbiota engineering. T hus , the ecolog-

cal processes involved in the assembly of the seedling microbiota
eed to be further investigated. In this study, we employed a Syn-
om a ppr oac h on seeds to gain a better understanding of the role
f these ecological processes, with a focus on mass effect and se-
ection processes. 

We hypothesize that both seed and seedling microbiota can
e drived by SynCom inoculation on seed (H1). To validate this
ypothesis, we compared the inoculation impact of 13 bacterial
ynComs on common bean seeds ( Phaseolus vulgaris L.) (Fig. 1 A)
n seed and seedling microbiota assembly. We then tested the
ass effect hypothesis proposing that SynCom colonization of

eed and seedling increases with SynCom inoculum concentra-
ion (H2). Also, we hypothesize that through selection processes
ynCom strains exhibit varying colonization capacities for both
eeds and seedlings (H3). To examine this hypothesis, 12 SynComs
f variable species richness and composition were designed and
eed inoculated (Fig. 1 B). Finally, we hypothesized the priority
ffects of seed inoculum influencing the recruited communities
f both seedling and rhizosphere (H4). To explore this hypothesis,
e compared the effect of one SynCom on rhizosphere assembly
nd the effect of different SynComs on the recruited seedling
ommunities. 

aterials and methods 

lant material and constitution of the 

ulture-based collection of seed bacterial strains 

ight genotypes (Flavert, Linex, Facila, Contender, Vanilla, Deezer,
ezer, and Caprice) of common bean ( P. vulgaris ) were grown on
he field in 2020 by the National Federation of Seed Multiplicatiers
FN AMS) on tw o locations [Condom, Gers (43.956991, 0.392127)
nd Brain sur l’Authion, Maine-et-Loire (47.470532, −0.394526),
rance]. These seed samples were used to obtain a collection of
acterial isolates from both seeds and seedlings. To isolate strains
rom seedlings germinated under gnotobiotic conditions, 30 seeds
er condition were grown in cotton soaked with 4 ml of sterile wa-
er (growth for 7 days at 25 ◦C, 16 h of day, 8 h of night) and the
eedlings were then crushed and homogenized with 2 ml of ster-
le water. The seeds were soaked in 2 ml of sterilized water per
ram of fresh material at 4 ◦C with agitation (220 r/m) overnight
 ∼16 h). Suspensions were plated on tryptic soy agar (TSA) 10%
trength and incubated at 18 ◦C for 7 da ys . Isolated colonies were
hen picked based on morphotypes and grown in TSB in 96-well
lates for 4 days at 18 ◦C. A total of 1276 strains from these differ-
nt seed and seedling samples were collected and stored at −80 ◦C
n 40% gl ycer ol. Genotyping of the 1276 isolates was performed by

etabarcoding of the gyrB bacterial marker gene (Illumina MiSeq).
o assess the r epr esentativ eness of our strain collection, the total
acterial community composition of the seed (8 genotypes × 2
roduction sites × 3 replicates = 48 seed samples) and seedling (8
enotypes × 2 prod × 1 rep = 16 seedling samples) samples was
 har acterized in par allel b y metabar coding of the gyrB marker fol-
owing the protocol established by Barret et al. ( 2015 ) (see detailed

ethods below). 
From the 1276 isolates, 36 strains were selected (and deposited

n the CIRM-CFBP strain collection). These strains were selected
ccor ding to tw o criteria: (i) abundance and pr e v alence of
heir gyrB sequences in the seed/seedling microbiota ( Figure S1B ,
upporting Information ; Fig. 1 B) and (ii) phylogenetic diversity. For
he latter criterion, maximum-likelihood phylogenetic inference
as based on the alignment of 1276 gyrB sequences ( Figure S1A ,
upporting Information ). The selected str ains r epr esented 46.2%
f the r elativ e abundance of the seed microbiota and 11 distinct
hylogenetic families (Fig. 1 B). The DN A of these bacteria w as
xtracted using the Wizard ® Genomic DNA Purification Kit
Pr omega). Genomes wer e sequenced at the BGI (China) using
NBSEQ technology and assembled with Spades v3.15.3 using

he default k-mer parameters (-k 21, 33, 55, 77, 99, and 127) and
he following options: –cov-cutoff auto, –isolate (Prjibelski et al.
020 ). Genomes ar e av ailable on NCBI using the BioProject ID
RJNA1041598. 

esign and inoculation of SynCom on seeds 

ll experiments were performed using a commercial seed lot of
lavert genotype from Vilmorin-Mikado (France). Strain popula-
ion sizes and SynCom sizes (measured in colony-forming units—
FU) of the inocula and inoculated seeds wer e v erified by dilution
nd plating on 10% strength TSA. Throughout the manuscript, we
av e c hosen to consistentl y use the term comm unity size when
eferring to the number of individuals (i.e . the number of bacte-
ial cells estimated using CFU). For each experiment, the control
ondition corresponded to the inoculation with sterile water. Con-
rol seeds were characterized using three batches of 25 seeds to
btain 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-
ation protocol for bean seeds (experiment 1, Fig. 1 A). In particular,
e tested the influence of mass effects (using variable inoculum

oncentration) and seed surface disinfection on SynCom’s capac-
ty to colonize seeds using a SynCom composed of 14 strains (here-
fter SynCom14). SynCom14 was designed to be as r epr esentativ e
f the common bean seed microbiota as possible . T he majority
f bacterial families (9 out of 11) of the selected str ains wer e in-
luded and SynCom14 ASVs accounted for a cum ulativ e r elativ e
bundance of 17.45% within the native common bean seed micro-
iota. 

Seeds were surface-sterilized using this protocol: sonicated for
 min (40 Hz), soaked during 1 min in 96 ◦ ethanol, 5 min in 2.6%
odium hypochlorite, and 30 s in 96 ◦ ethanol, and rinsed three
imes with sterile water. SynCom14 was inoculated at different
oncentrations: 10 5 , 10 6 , and 10 7 CFU/ml. To do so, each strain
as resuspended in water by scr atc hing a 48 h culture of 10%
SA. Eac h str ain was then adjusted to an OD (600 nm) of ∼0.1
nd SynCom was pr epar ed by adding equivolume of each strain.
erial dilutions were made to obtain the final concentrations
nd strain and SynCom concentrations were checked using dilu-
ion and plating on 10% strength TSA. SynCom inoculations were

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
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(A)

(B)

Figure 1. Design of the different experiments, strain selection, and SynCom compositions. (A) Ov ervie w 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 ric hness. Relativ e abundance and pr e v alence of each strain in the original seed samples are plotted 
on the right side. Se v en str ains wer e selected while they were not detected using the metabarcoding a ppr oac h. P anel A was cr eated with Bior ender.com. 
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erformed by placing the seeds in a sterile container and adding
 ml of inoculum (sterile water for control) per gram of seed for
0 min under agitation (70 r/m) at 18 ◦C. Excess inocula were then
 emov ed using a sterile strainer, and seeds were dried for 30 min
nder laminar flow. The microbial community size that binds the
eed post-inoculation (CFU/seed) was measured using 36 seeds
er condition (12 seeds per replicate × 3 independent experiment
 eplicates). Inoculated seeds wer e individuall y soaked in 2 ml of
terile water at 4 ◦C under agitation (220 r/m) overnight ( ∼16 h).
uspensions were then plated on TSA 10% strength and incubated
t 18 ◦C for 4 days before counting CFUs (Fig. 1 A). Microbiota pro-
ling was performed on 24 seeds per condition (8 seeds × 3 bio-

ogical 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
eed and potting soil communities during the establishment of
eedling microbiota in a coalescence framework (experiment 2,
ig. 1 A). To do so, nonsterile potting soil ( ∼ 10 7 CFU/g) was used
nd SynCom14 was inoculated as explained before at four dif-
erent inoculum concentrations (10 5 , 10 6 , 10 7 , and 10 8 CFU/ml).
 total of 120 seeds per condition were germinated in nonsterile
otting soil during 7 days in a growth chamber (16 h day at 23 ◦C,
 h night at 20 ◦C, 70% humidity) to assess SynCom14 contribution
o seedling microbiota. The microbial community size that binds
he seed post-inoculation (CFU/seed) was measured as described
efore for 8 seeds per condition. We also assessed the effects of
ynCom inoculation on seeds on the rhizospher e micr obiota. To
o so, the potting soil bacterial communities were studied with-
ut seedling (no seedling), with 7 day seedlings that have not been
noculated (control seedling), and with seedlings inoculated with
ynCom14 at 10 6 CFU/ml. The adhering soil to seedling roots was
onsidered as rhizosphere and conserved at −80 ◦C before DNA
xtr action. Micr obiota pr ofiling was done on 8 seeds, 16 seedlings
nd 4 potting soil/rhizosphere per condition. 

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

A thir d experiment w as designed to test the effect of niche-
ased selection using se v er al SynCom compositions and of four
e v els of richness (3, 5, 8, and 11 strains) to match the natural bac-
erial div ersity observ ed on common bean matur e seeds (Ches-
eau et al. 2022 ). For eac h giv en ric hness, str ains wer e dr awn
 andoml y and without replacement using a pool of 33 strains
see Fig. 1 C for SynComs composition and Figure S1 ( Supporting
nformation ) for strain selection]. The 33 strains were chosen to
void including two strains with the same ASV, ensuring distinct
yrB ASV for strain tracking. 

A total of 40 seeds per condition were inoculated using a 10 7 

FU/ml suspension following the same pr ocedur e described be-
ore and let grown in the same condition as described for experi-

ent 2. Microbiota profiling was done on the inocula, 8 seeds and
 seedlings per condition. We also measured the microbial com-
unity size that binds the seed post-inoculation (CFU/seed) as de-

cribed before for 8 seeds per condition. Even if SynComs were in-
culated at 10 7 CFU/ml, the seeds post-inoculation sho w ed differ-
nt community sizes (Kruskal–Wallis, P -value < .001; Figure S9A ,
upporting Information ). This outcome was used to validate the
ypothesis of mass effects (Fig. 3 D), as pr e viousl y demonstr ated
sing experiment 2 (Fig. 3 A). 
lant gro wth, DN A extr action, and gyrB gene 

equencing taxonomic classification 

he follo wing metabar coding a ppr oac h was performed on the in-
cula, inoculated seeds and seedlings of the different SynComs.
or inocula, 200 μl of eac h fr esh inoculum was instantly stored
t −80 ◦C before DNA extraction. For inoculated seeds, individual
eeds were soaked in 2 ml of water overnight ( ∼16 h) at 6 ◦C under
gitation (220 r/m), 200 μl of each suspension obtained was stored
t −80 ◦C before DNA extraction and suspension were plated to as-
ess community size on seeds. 

After 7 days of gr owth (BBCH sta ge 12, two full leaves unfolded),
eedling r oots wer e cleaned of potting soil excess by hand shak-
ng and using sterilized water. Whole seedling samples were first
rushed with a roller. Then 2 ml of sterilized water was added
nd the samples were ground for 30 s using a stomacher. DNA
as extracted using 200 μl of the crushed suspension with the
ucleoSpin ® 96 Food kit (Mac her ey-Na gel, Dür en, German y) fol-

owing the manufacturer’s instructions. For potting soil and rhi-
ospher e c har acterization, four r eplicates of 200 mg per condition
er e extr acted using DN A Po w erSoil kit from Qiagen following the
anufacturer’s instructions. 
To ensure accurate strain traceability, we conducted a com-

arison between gyrB and 16S (V4 region) utilizing genomic data
see Figure S8 ( Supporting Information ) legend for more details].
otabl y, while 19 str ains exhibited identical 16S (V4) sequences,
nly two strains shared the same gyrB sequence. Consequently,
e opted for the utilization of gyrB to effectively track our strains
cross inocula, seeds , seedlings , and rhizosphere samples . T he
rst PCR was performed with the primers gyrB_aF64/gyrB_aR553

Barret et al. 2015 ), which target a portion of gyrB gene in bacteria.
CR r eactions wer e performed with a high-fidelity Taq DNA poly-
er ase (AccuPrimeTM Taq DNA pol ymer ase Pol ymer ase System,

nvitrogen, Carlsbad, California, USA) using 5 μl of 10X Buffer, 1 μl
f forw ar d and r e v erse primers (100 μM), 0.2 μl of Taq and 5 μl of
N A. PCR c ycling conditions w ere done with an initial denatura-

ion step at 94 ◦C for 3 min, follo w ed b y 35 c ycles of amplification
t 94 ◦C (30 s), 55 ◦C (45 s) and 68 ◦C (90 s), and a final elongation at
8 ◦C for 10 min. Amplicons were purified with magnetic beads
Ser a-Ma gTM, Merc k, K enil worth, Ne w J ersey). T he second PCR
as conducted to incor por ate Illumina adapters and barcodes.
he PCR cycling conditions wer e: denatur ation at 94 ◦C (2 min), 12
ycles at 94 ◦C (1 min), 55 ◦C (1 min), and 68 ◦C (1 min), and a final
longation at 68 ◦C for 10 min. Amplicons were purified with mag-
etic beads and pooled. Concentration of the pool was measured
ith quantitative PCR (KAPA Library Quantification Kit, Roche,
asel, Switzerland). Amplicon libraries were mixed with 10% PhiX
nd sequenced with three MiSeq reagent kits v2 500 cycles (Illu-
ina, San Diego, California, USA). A blank extr action kit contr ol, a

CR-negativ e contr ol and PCR-positiv e contr ol ( Lactococcus piscium ,
 fish pathogen that is not plant-associated) were included in each
CR plate . T he ra w amplicon sequencing data are available on the
uropean Nucleotide Archive (ENA) with the accession number
RJEB59714. 

The bioinformatic processing of the amplicons originating from
he bacterial strain collection and SynCom experiments was per-
ormed in R. In brief, primer sequences wer e r emov ed with cu-
adapt 2.7 (Martin 2011 ) and trimmed fastq files were processed
ith D AD A2 v1.22.0 (Callahan et al. 2016 ). Chimeric sequences
ere identified and removed with the remo veBimeraDeno vo func-

ion of D AD A2. Amplicon Sequence Variant (ASV) taxonomic affil-
ations were performed with a naive Bayesian classifier (Wang et

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
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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 Tuk e y 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 2 = 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 2 = 

94%, P -value < .001, 8 seeds/treatment). (E) Cum ulativ e r elativ e 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) 
cum ulativ e r elativ e abundance of SynComs ASVs from experiment 3 (SynCom colonization) in seeds (8 seeds/treatment). The different letters 
r epr esent 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 2 = 96.66%, P -value < .001, 8 
seeds/treatment). 
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Figure 3. Influence of SynCom mass effect and composition on seedling microbiota assembly. (A) and (B) Cumulative relative abundance of SynComs 
ASVs (SynCom colonization) in seedlings from experiments 2 (A) (16 seedlings/treatment) and 3 (8 seedlings/treatment) (B). The different letters 
r epr esent 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 Tuk e y 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 2 = 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 2 = 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 2 = 79.84%, P -value < .001). 
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al. 2007 ) with our in-house gyrB database (train_set_gyrB_v5.fa.gz) 
available upon request. Unassigned sequences at the phylum 

le v el and parE sequences (a g yrB par alog) wer e filter ed. Then, to 
r emov e 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- 
ciall y incr eased the ric hness of the dataset. These ASVs wer e com- 
ing from the potting soil samples and might r e v eal some PCR er- 
ror, maybe due to chemical interactions between the polymerase 
and persistent soil molecules. To tr ac k our SynCom str ains, onl y 
ASVs with 100% of identity were considered to be our strains.
Some single-nucleotide pol ymor phisms wer e identified for some 
str ains and wer e artificiall y incr easing inoculum ric hness . T hey 
wer e, thus r emov ed befor e downstr eam anal yses. All R scripts em- 
plo y ed in this work are available on GitHub ( https://github.com/ 
GontranArnault/BeanSeedSynCom2023 ). 

Sta tistical anal yses and microbiota anal ysis 

Micr obial comm unity anal yses wer e conducted using the Phy- 
loseq pac ka ge v1.44.0 (Mc Murdie and Holmes 2013 ) using R. Fig- 
ur es wer e 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 pac ka ge v2.6.4 
(Hsieh et al. 2016 ). Beta diversity analyses were made using Bray–
Curtis distance and perm utational m ultiv ariate anal ysis of v ari- 
ance [adonis2 function of vegan v2.6.4 (Oksanen et al. 2019 ), 999 
permutations] after a rarefaction at 10 000 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 follo w ed b y post hoc Tuk e y tests were conducted 

when the conditions of application were met. Otherwise, Kruskal–
Wallis follo w ed b y pairwise Wilcoxon tests w ere conducted. P - 
v alues wer e corr ected using Benjamini–Hoc hber g method when 

multiple comparisons were conducted. 
To assess the r elativ e contribution of native seed microbiota,

potting soil and SynComs, a microbial source tr ac king anal ysis 
was conducted using the fast expectation–maximization micro- 
bial source tr ac king FEAST v0.1.0 pac ka ge with a maxim um iter- 
ation of 1000 (Shenhav et al. 2019 ). FEAST emplo y ed a microbial 
community as the sink and multiple potential sources to deter- 
mine the r espectiv e contributions of eac h potential source to the 
sink micr obial comm unity. Contr ol seed, inoculated seed and pot- 
ting soil microbiota were considered as sources of microorganisms 
and seedling wer e consider ed as sink. The algorithm also iden- 
tified an unexplained fraction, named ‘unknown’ source, which 

r epr esented str ains found in the sink but originating fr om poten- 
tial unsampled sources. 

The phylosignal pac ka ge v1.3 (K ec k 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 bootstr a p r eplicates (- 
bs 1000) (Alanjary et al. 2019 ). The local indicator of Phylogenetic 
Association index (lipaMoran) was calculated using the lipaMoran 

function. This index allo w ed us to test the positive or negative au- 
ocorrelations between the measured parameters (relative abun- 
ance on seed, seedling, and their ratio) and the phylogenetic po-
ition of a given strain. Fig. 1 (B) was assembled using iTol. 

Changes in the r elativ e abundance of bacterial communities
f rhizospheres from experiment 2 were evaluated employing 
 linear model through the CornCob pac ka ge v0.3.2 using tax-
tree_models function (after a log2 transformation) and taxa- 
ree_plots function for visualization. 

esults 

eed colonization by SynCom depends on both 

ass effect and SynCom composition but not 
eed disinfection 

 first SynCom, composed of 14 bacterial strains re presentati ve
f the taxonomic diversity of our strain collection (SynCom14),
as inoculated at three different concentrations on either sur- 

ace sterilized or unsterilized bean seeds (Fig. 1 , Exp1). Seed dis-
nfection did not influence the number of CFU on seed after Syn-
om14 inoculation (Fig. 2 A). All ASVs of SynCom14 were found
n inoculated seeds . Furthermore , a few additional ASVs native
o the seeds were detected (Fig. 2 B). They accounted for less than
% of the r elativ e abundance and mainly belonged to Erwini-
ceae , Pseudomonadaceae , and Enter obacteriaceae ( Figur e S10 ,
upporting Information ). Bacterial richness (number of ASVs) was 
imilar between native and disinfected seeds except for the lo w est
noculated SynCom14 concentration (10 5 CFU/ml) where disinfec- 
ion reduced the number of ASVs (Wilcoxon test, P -value < .05,
ig. 2 B). Finall y, seed comm unity composition was significantl y
mpacted by SynCom concentrations (PERMANOVA, R 

2 = 45.7%,
 -value < .001), while seed disinfection was not driving changes
n community composition (Fig. 2 C). 

In a second independent experiment with nonsterilized seeds,
hanges in community sizes were correlated with the initial Syn-
om14 concentrations (Linear model, R 

2 = 94%, P -value < .001,
ig. 2 D). SynCom strains’ ASVs were detected on control seed sam-
les (83% of r elativ e abundance), as they are members of the na-
ive bean seed microbiota (Figs 2 E and 4 ). The ASVs corresponding
o the strains assembled in the SynCom14 represented on average 
6% of the cum ulativ e abundance of bacterial taxa detected on
eeds, r anging fr om 92% at the lo w est concentration (10 5 CFU/ml)
o 98% at the highest concentration (10 8 CFU/ml) (Fig. 2 E). 

In a third experiment, 12 SynComs were designed with four
r adual le v els of ric hness (3, 5, 8, and 11 strains). ASVs of the
orr esponding str ains r anged fr om 89% (SynCom 5C) to 99.9% of
he seed r elativ e abundance (SynCom 3C, Fig. 2 F). As expected,
eed community composition was significantly explained by the 
ynCom inoculation (PERMANOVA, R 

2 = 96.7%, P -value < .001)
Fig. 2 G). 

Ov er all, these r esults sho w ed that seed microbiota composi-
ions were modified by the SynCom inoculation and that SynCom
oncentration and composition were the main drivers of the over- 
ll seed composition. 

eedling colonization by SynComs is dri v en by 

ass effects and initial SynCom composition 

o find out whether the compositional changes observed in the
eed persist during emergence, seedling microbiota were charac- 
erized 7 days post SynCom inoculation. The le v el of seedling col-
nization was estimated by monitoring the cum ulativ e r elativ e
bundance of ASVs corresponding to strains assembled in the 
ynComs. ASVs of SynCom14 were detected on control seedlings 

https://github.com/GontranArnault/BeanSeedSynCom2023
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
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t a low le v el ( < 1%). In inoculated condition, ASVs of Syn-
om14 inoculation r epr esented on av er a ge 87% of the seedling
 elativ e abundance, r anging fr om 75% to 93% depending on in-
culum concentration (Fig. 3 A). A significant increase of Syn-
om14 ASVs’ r elativ e abundance was observ ed between contr ol,
0 5 and 10 6 CFU/ml befor e r eac hing a plateau (Wilcoxon test,
 value < .05, Fig. 3 A). Hence, seedling bacterial composition was
uccessfully modified by SynCom inoculation. According to beta-
ispersion (distance to centroid) the variability in seedling com-
 unity structur e was significantl y r educed following SynCom14

noculation compared to non-inoculated seeds (Fig. 3 C). More-
v er, seedling comm unity composition was significantl y influ-
nced by SynCom14 inoculation (PERMANOVA; R 

2 from 35.9% at
0 5 CFU/ml to 51.9% at 10 7 CFU/ml, P -values < .001; Figure S6 ,
upporting Information ) and concentration (PERMANOVA; R 

2 =
1.65%, P -value < .001, Fig. 3 E). 

To assess whether SynCom richness and composition could
odify seedling microbiota composition, 12 SynComs of increas-

ng strain richness were seed-inoculated at the same initial con-
entr ation (10 7 CFU/ml; Figur e S9A ). On av er a ge, SynComs ASVs
 epr esented 80% of seedling microbiota (Fig. 3 B). While SynComs
olonizations of seedlings were more variable (29% for SynCom
C to 95% for SynCom 8C), a very low influence of initial SynCom
ichness was detected (Linear model, R 

2 = 12.7%, P -value < .001;
igure S3 , Supporting Information ). In contrast the initial SynCom
omposition resulted in different seedling colonization (Pairwise
ilcoxon tests, P -value < .05, Fig. 3 B). The most prominent exam-

le concerned the three SynComs composed of five strains with
80% of cum ulativ e r elativ e abundance for SynComs 5A and 5B
nd ∼30% for SynCom 5C (Fig. 3 B). Even if SynComs were inoc-
lated at 10 7 CFU/ml, the seeds post-inoculation sho w ed differ-
nt community sizes (Kruskal–Wallis, P -value < .01; Figure S9 ,
upporting Information ). Inter estingl y, the differ ences in seedling
olonization were correlated with the community size of inocu-
ated seeds (Linear model, R 

2 = 44.94%, P -value < .001, Fig. 3 D).
 hus , one important parameter that could predict bacterial col-
nization of seedling was its community size on seed. Seedlings
noculated with the same SynCom clustered together and the PER-

ANOVA confirmed that 79.84% ( P -value < .001) of the variance
 as explained b y the SynCom inoculation (Fig. 3 D). Also, pairwise
ERMANOVA confirmed that seedlings inoculated with the differ-
nt SynComs sho w ed distinct microbial communities, highlight-
ng the efficiency of the method to manipulate seedling micro-
iota ( Figure S7 , Supporting Information ). 

Ov er all, these r esults sho w ed that seedling microbiota of com-
on bean could be deeply modified using SynCom inoculation on

eeds and that this inoculation pr ocedur e gr eatl y modified com-
unity composition observed on seedlings. 

tr ains sho w heterogeneous tr ansmission 

apacities from seed to seedling 

ased on the unique g yrB ASV of eac h inoculated str ain, we
r ac ked the str ain tr ansmission fr om the inoculum to the seedling
f experiment 3 (Fig. 4 ). All the strains’ ASVs were detected in at
east two samples and were thus k e pt during the filtering process,
xcept for the Pedobacter sp (CFBP9032) strain . Also, Bacillus mega-
erium (CFBP9010) was not detected in the inoculum of SynCom 8A
nd Frigobacterium sp (CFBP9029) was not detected in the inoculum
f SynCom 8B but were further detected on seeds or seedlings (see
igure S9B , Supporting Information ). 

The different SynCom panels confirmed the observation made
n the ov er all comm unity structur es: seeds and seedlings inoc-
lated with SynComs sho w ed very different taxonomic profiles
epending on the inoculated SynCom (Fig. 4 ). In particular, each
ynCom condition sho w ed very distinct taxonomic profiles even
t strain level. Also, taxonomic compositions of the SynComs
er e significantl y distinct between the seeds and the seedlings,
ighlighting the variability in strains’ ability to colonize the dif-

er ent habitats (PERMANOVA, R 

2 fr om 28.6% for SynCom 5B to
9.9% for SynCom 11C, Fig. 4 ). For instance, in SynComs 8C and
1A, Stenotrophomonas rhizophila (CFBP9006) had a reduced relative
bundance from inoculum to seeds but then increased from seeds
o seedlings. For a given strain in each SynCom, the transmis-
ion rate from seed to seedlings was assessed based on presence
f ASV in each habitat (Fig. 5 A). This transmission rate was not
orrelated with the relative abundance of the strain in the inocu-
um ( Figure S9C , Supporting Information ). We identified 16 strains
hat had a transmission rate to seedlings of 100% in each Syn-
om tested. These str ains ar e fr om the gener a Kosakonia , Leclercia ,
antoea , Pseudomonas , Rhizobium , Siccibacter , and Stenotrophomonas .
n the other hand, Microbacterium sp (CFBP9034) and Bacillus sp

CFBP9009) strains had a transmission success of 0%. Some inter-
ediate strains had interesting patterns: their transmission suc-

ess was variable depending on the SynCom tested. For instance,
phingomonas sp (CFBP9021) had a transmission rate of 75% in Syn-
om 8B and SynCom 5A and had a transmission rate of 0% in
ynCom 11A. This example highlights the importance of strain
nteractions during seedling microbiota assembly (Fig. 5 A). 

To go further, we assessed the ability of eac h str ain to colonize
eedlings compared to their initial relative abundance on seeds,
epending on the SynComs, using this ratio: log10(% Relative
bundance on seedling/% r elativ e abundance on seed) (Fig. 5 B).
ome str ains wer e al ways found to be better seedling coloniz-
rs, including Pseudomonas koreensis subgroup (CFBP9003), Pseu-
omonas syringae (CFBP8979), Stenotrophomonas sp (CFBP8994), S.
hizophila (CFBP9006), Chryseobacterium sp (CFBP8996), Massilia sp
CFBP9012), and Pseudomonas fluorescens subgroup (CFBP8992). On
he other hand, some strains were found to be better seed col-
nizers, including Pseudomonas coleopterorum (CFBP8982), Curtobac-
erium sp (CFBP9011), Pseudomonas putida group (CFBP8984), Leclercia
p (CFBP8987), Bacillus thuringiensis (CFBP9014), Pseudomonas virid-
flava (CFBP8985), P. coleopterorum (CFBP8977), and Siccibacter turi-
ensis (CFBP8990). Finally, some strains had variable behaviors de-
ending on the SynCom composition. For instance, the Rhizobium
p (CFBP9020) was a better seed colonizer in the SynCom 3A and
C but a better seedling colonizer in the SynCom 11A. 

Additionally, we found that the seedling r elativ e abundance of
n ASV in a given SynCom was correlated with its relative abun-
ance in seed (Linear model, R 

2 = 73.4%, P -value < .001, Fig. 5 C).
 hus , the seedling r elativ e abundance of a giv en ASV could be pre-
icted based on its r elativ e abundance on seeds . T his confirms at
he strain level that high seed colonization leads to high seedling
olonization. A phylogenetic pattern was observed in this corre-
ation: Enterobacteriaceae and Erwiniaceae (purple) were highly
bundant on both seed and seedling. Bacillaceae (blue) and Mi-
r obacteriaceae (gr ey) wer e depleted in seed and seedling micro-
iota (below the y = x dashed line), while Stenotrophomonas sp
CFBP8994) and S. rhizophila (CFBP9006) were enriched in seedling

icr obiota (r ed, Xandomonadaceae, above the y = x dashed line).
his phylogenetic pattern was confirmed statistically using the

ocal indicator of Phylogenetic Association index ( P -value < .05,
ig. 5 D). In particular, the three Bacillaceae exhibited a signifi-
antl y low r elativ e abundance in seedlings, wher eas Erwiniaceae
nd Enter obacteriaceae str ains wer e high colonizers of both seeds
nd seedlings ( P -value < .05, Fig. 5 D). Inter estingl y, Pseudomon-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
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Figure 4. Influence of SynCom composition on taxonomic profiles of inocula, seeds, and seedlings from experiment 3. Relative abundance of 
inoculated strains in the inocula, seeds, and seedlings. Eac h stac ked bar r epr esents a sample. Onl y ASVs of the SynCom str ains ar e color ed, the blac k 
part r epr esents uninoculated envir onmental taxa (e.g. potting soil and nativ e seed micr obiota). Per SynCom condition, one inoculum, 8 inoculated 
seeds, and 8 seedlings were characterized using amplicon sequencing of the gyrB gene. For the control condition (not inoculated), 3 seed batches of 25 
seeds and 8 individual seedlings were characterized. For each treatment, a PERMANOVA was conducted to compare SynCom composition on seed 
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/% r elativ e abundance on seed). (C) Linear model between each ASV relative abundance on seeds compared to their relative 
abundance on seedlings ( R 2 = 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 r elativ e abundance on seeds (abov e or under the y = x dashed line, r espectiv el y). (D) Phylogenetic pattern of strains colonization ability to colonize 
seeds and seedlings. Phylosignal pac ka ge 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 wer e phylogeneticall y divided in two subgr oups of dif- 
ferential colonization capacities: P. syringae (CFBP8979), P. fluo- 
rescens subgroup (CFBP8992), and P. koreensis subgroup (CFBP9003) 
wer e significantl y mor e abundant in seedling while P. putida group 
(CFBP8984) and P. coleopterorum (CFBP8982 & CFBP8977) were less 
abundant in seedlings (Fig. 5 D). 

To conclude, we confirm that the r elativ e abundance of a strain 

on seeds is a good predictor of its future relative abundance on 

seedling. Ho w e v er, str ains sho w ed differ ent ca pacities 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 tr ac king al- 
gorithm (FEAST) was employed to e v aluate the r elativ e contribu- 
tions of various inoculum sources to the seedling microbiota, in- 
cluding potting soil, native seed microbiota, and inoculated seed 

micr obiota (Fig. 6 A). Ov er all, the SynCom inoculation significantl y 
decreased the unknown source proportion compared to control 
seedlings (Fig. 6 A; Figure S4 , Supporting Information ). The na- 
tiv e seed micr obiota had a significantl y incr eased 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. 6 A; Figure S4 , Supporting 
Information ). The potting soil contribution was on av er a ge 4.9% 

(r anging fr om 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. 6 A; Figure S4B , Supporting 
Information ). Also, nativ e seed micr obiota 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- 
cr obiota (pairwise Wilcoxon; Figur e S4B , Supporting Information ).
Ov er all, 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 . T his pro vides 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 comm unities wer e assessed with Br ay–Curtis distances 
(Fig. 6 B). Even in the absence of SynCom members, the inoculation 

of SynComs remained an important driver of seedling commu- 
nity structure (PERMANOVA, R 

2 = 38.76%, P -value = .001, Fig. 6 B).
Taxonomic profile of the recruited microbiota was described but 
sho w ed 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- 
cr obiota; Figur e S5B , Supporting Information ). The r elativ e 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- 
m unities wer e studied on day 7 without seedling (no seedling),
with a seedling that had not been inoculated (control seedling),
nd with a seedling inoculated with one SynCom (SynCom14,
xp 2). Permanova analysis sho w ed that 55% of the variance
as explained by the inoculation while 26% was explained by

he seedling presence itself (Fig. 7 A). ASVs corresponding to
ynCom14 members had a cum ulativ e r elativ e abundance of
 0.2% in the rhizospheres of control and inoculated plants

Fig. 7 B). Hence, SynCom14 members did not colonize and/or
ersist in the surrounding soil 7 days post-inoculation. Ne v er-
heless, the inoculation of SynCom14 led to significant differ- 
nces in taxonomic composition of the rhizospheres (Fig. 7 C).
or instance, inoculation of SynCom14 on seeds led to an in-
r eased r elativ e abundance of Paraburkholderia , Castellaniella , and
hitinophaga and a decreased relative abundance of Devosia , Rhod-
ferax , and Pseudolabrys compared to the control condition (Fig. 7 C).
 hus , SynCom14 inoculated on seed at day 0 induced modifi-
ations on seedling rhizosphere composition at day 7 without 
olonizing it. 

iscussion 

he use of SynCom to study ecological processes 

uring seed and seedling microbiota assembly 

icr obiota c har acterization on individual seeds demonstr ated
heir low carrying capacity, their high variability in terms of diver-
ity and composition (Chesneau et al. 2022 , Simonin et al. 2022 ).
her efor e, it is difficult to establish causality between seed mi-
robiota composition and seedling microbiota composition. Here,
 e sho w ed that common bean seed can be colonized by con-

rasted SynCom concentrations and compositions, validating our 
rst hypothesis (H1). This SynCom inoculation method could be 
n interesting strategy for improving our understanding of seed 

o seedling microbiota transmission and the ecological processes 
nvolved in plant microbiota assembly (Vorholt et al. 2017 ). Espe-
ially, our metabarcoding approach using gyrB gene enables the 
r ac king of individual strains within different niches and in dif-
erent plant species (Simonin et al. 2023 ). Among the 36 strains
elected in our study only two have the same gyrB ASV com-
ared with 19 with the v4 region of 16S rRNA gene ( Figure S8 ,
upporting Information ). This microbiota engineering method en- 
bles more accurate sources-sink analysis by deeply decreasing 
he unknown source fraction contributing to seedling microbiota 
ssembly in native seed communities (Rochefort et al. 2021 , Kim et
l. 2022 ). Using this method, we showed that the primary source of
icr oor ganisms for the seedling was not the potting soil but was

he inoculated seed. The seed microbiota can thus be an impor-
ant source of micr oor ganisms for seedling microbiota assembly,
s reported by previous studies (Johnston-Monje et al. 2021 , Mo-
 oen yane et al. 2021 ). 

Str ong c hanges in comm unity composition ar e observ ed dur-
ng seed germination and seedling emergence (Barret et al. 2015 ).
hese microbiota shifts are mainly described as a consequence of
 deep modification in plant physiology that leads to the selection
f specific micr oor ganisms (Torr es-Cortés et al. 2018 , Chesneau et
l. 2022 ). Indeed, during seed germination, diverse seed exudates
r e secr eted in the surr ounding soil, whic h influences the micr o-
ial communities and form the spermosphere (Nelson 2018 , Aziz
t al. 2021 ). Also, neutral events such as dispersion and mass ef-
ect are expected to play a role during seedling microbiota assem-
l y but ar e less described. In this context, the method exposed
ere is interesting to decipher the relative importance of neutral
nd selective processes during seed and seedling microbial com- 
unity 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 2 = 38.76%, P -value < .001). 
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noculum and varying the composition and richness of multiple
ynComs we were able to better characterize the importance of
ass effect and selection processes during seedling emergence. 

ass effects during seed and seedling 

olonization 

n our study model (common bean), seeds are colonized on aver-
ge by 10 2 CFU/seed (Chesneau et al. 2022 ), which may explain
hy SynCom inoculated over 10 6 CFU/ml had completely taken
v er the nativ e seed-borne comm unity. In a coalescence fr ame-
ork, it means that mass effect could be more important than

he priority effects that the native strains could have benefited
r om (Debr ay et al. 2022 ). Ov er all, w e sho w ed that despite the lo w
atur al carrying ca pacity observ ed on seed, common bean seeds
an be colonized by different SynCom sizes, which is interesting
or both theoretical and applicative frameworks. 

Seed microbiota contributions to seedling microbiota under
atural conditions is very variable from one study to another

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae027#supplementary-data
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Figure 7. Effect of SynCom14 on rhizosphere community. (A) Potting soil bacterial community structure visualized through a PCoA ordination based 
on Bray–Curtis distances. The potting soil bacterial communities were studied without seedling (no seedling), with a seedling from a non-inoculated 
seed (control seedling), and with a seedling coming from inoculated-seed with the SynCom14 (PERMANOVA; SynCom: R 2 = 54.84%, P -value < .001; 
seedling effect: R 2 = 25.52%, P -value < .001). (B) Cumulati ve relati ve abundance of SynCom14 ASVs in rhizospheres of control and inoculated seedlings 
(NS: non significant Wilcoxon test). (C) Changes in the r elativ e abundance of bacterial genera of rhizospheres of inoculated seedlings (SynCom14) or in 
control seedlings (not inoculated) at the different taxa levels using a linear model. Labels of the corresponding genera were plotted only if adjusted 
P -value < .05 and if estimate was below and above 0.01. 
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Johnston-Monje et al. 2021 , Rochefort et al. 2021 , Walsh et al.
021 , Chesneau et al. 2022 ). One reason is that in natural condi-
ions, when seed meets the soil, it also meets the soil microbiota
nd a diversity of possible community coalescences. Rillig et al.
 2015 ) expose that one important parameter to predict the coales-
ence outcome is the mixing ratio of the two communities. In our
ase, we deliber atel y manipulated the inoculum concentr ation of
he seed microbiota to vary this ratio. By doing so, we showed that

ass effect was a k e y factor of the community coalescence out-
ome, as expected in hypothesis (H2). Indeed, SynCom contribu-
ion to seedling microbiota was correlated with inoculated seed
ommunity size. In the same way, strains relative abundance on
eedlings were correlated with their relative abundance on seeds.
 hus , it seems that a minimum abundance in seed is needed to be
ble to colonize seedlings. In the same idea, Darrasse et al. ( 2007 )
ho w ed that to effectiv el y infect a seedling with Xanthomonas citri
v. fuscans , a minimum of 10 3 CFU/bean seed was needed (Dar-
asse et al. 2007 ). Arias et al. ( 2020 ) also confirmed that a min-
mum population size of Xanthomonas vasicola pv. vasculorum on
eed was necessary to effectiv el y colonize the plant. 

To conclude, we show that mass effects drive seed and seedling
icr obiota assemblies (H2). Thr ough mass effect, the seed micr o-

iota has an adv anta ge during seedling colonization compared to
icr oor ganisms fr om other envir onmental sources . T his is a very

r omising r esult that shows that seedling micr obiota can be mod-
lated using a limited amount of inoculum on seed that is suffi-
ient to outcompete soil micr oor ganisms (Roc ha et al. 2019 ). 

election processes during seed and seedling 

olonization 

ynComs inoculated at the same concentration (10 7 CFU/ml)
ut of different compositions show different seed colonization
apacities. At the strain level, we also observed variable seed
olonization capacities. It means that selection processes also
ccurred during seed colonization. These differences between
tr ains mainl y depend on their ph ylogenetic affiliation. F or in-
tance, Enter obacteriaceae ar e significantl y enric hed in seeds.
hese variations in seed colonization may arise from differences

n the adhesive capabilities of strains, which are influenced by
he secretion of prominent adhesins (Espinosa-Urgel et al. 2000 ,
uque et al. 2013 ). The selection that occurred during seed colo-
ization seems to be the main bottleneck of seedling colonization,
s we pr e viousl y sho w ed that being abundant on seed was impor-
ant to colonize seedling. From an applied point of view, it could
e thus interesting to develop specific seed coatings for strains
ith low seed colonization capacities (Rocha et al. 2019 ). These

oatings could include binding molecules , prebiotic , and specific
utrients to maintain strain of interest on seeds. 

Even if generally, the relative abundance of a strain on seed
an predict its relative abundance on seedling, we also show that
tr ains hav e contr asting seedling colonization ca pacities support-
ng our hypothesis (H3). These differences between strains depend
n their phylogenetic gr oups. Torr es-Cortés et al. ( 2018 ) sho w ed
hat bacteria having copiotrophic strategies with rapid growth
ave better seedling colonization capacities via competitive ex-
lusion pr ocesses. Consistentl y with our r esults, they sho w ed that
nterobacteriales and Pseudomonadales were enriched during
eedling emergence. In particular, we show that an E. cloacae was
ominating the control seedling microbiota. Enterobacter cloacae
as detected on seed but at a low r elativ e abundance (5%), has al-

eady been described as an obligatory plant endophyte in another
tudy (Madmony et al. 2005 ) and presents opportunistic c har ac-
eristics with genes implied in colonization processes and copi-
tr ophic str ategy (Guérin et al. 2020 , Roberts et al. 1992 ). These dif-
er ent observ ations suggest that r edundant copiotr ophic str ate-
ies of these str ains incr ease their fitness during spermosphere
ormation and seedling emergence. Indeed, the multiple nutrients
hat ar e r eleased during these e v ents giv es them clear adv anta ges
hat select them. 

Beyond intrinsic strain capacity to colonize seedling, we also
how that biotic interactions are involved during seedling micro-
iota assembly. For instance , F rigoribacterium sp (CFBP9029) and Mi-
robacterium sp (CFBP9034) have a better seedling colonization in
ynCom 8B and 11A than in SynCom 5C. Inter estingl y, their im-
r ov ed seedling colonization appears in SynCom with a higher
ic hness le v el. This might highlight some facilitating pr ocesses
e.g . niche expansion) from the other strains (Li et al. 2019 ). On
he contrary, Sphingomonas sp (CFBP9021) is never transmitted in
ynCom 11A but has a tr ansmission r ate of 75% in SynCom 5A
nd 8B, which might highlight some exclusion through interfer-
nce (i.e . antagonism) or exploitative (i.e. niche occupation) com-
etition (Hibbing et al. 2010 ). T hus , strain colonization is SynCom
ependent, as pr e viousl y demonstr ated in other plant habitats or
cosystems (Jones et al. 2022 , Simonin et al. 2023 ). This confirms
he complexity of biotic interactions during the seedling micro-
iota assembly and within SynComs and it entails considering
hese interactions when designing SynCom for microbiota engi-
eering. To further dissect the r espectiv e contributions of strain

dentity and biotic interactions, it would be pertinent to con-
uct inoculations with individual strains. In this way, ecological
ec hanisms, suc h as facilitation or exclusion, could potentially

e mor e thor oughl y described during the seed to seedling micro-
iota assembly. This knowledge could enhance the design of Syn-
oms with increased colonization capacity and the potential to

imit seed transmission of some pathogens. 
Ov er all, m ultiple selection pr ocesses also occurr ed during seed

nd seedling colonization. Strains sho w ed variable seed and
eedling colonization that depend on their phylogenetic affiliation
nd biotic interactions within the SynCom also influence the col-
nization success of the different strains. More studies are needed
o elucidate the r elativ e importance of host selection, environ-

ental filtering, and biotic interactions during seedling micro-
iota assembl y. Also, further inv estigations ar e needed to better
 har acterize str ain tr ansmission pathways in plant tissues and
heir stability during the plant de v elopment. 

mpact of seed microbiota on rhizosphere and 

eedling community assembly 

e sho w ed that SynComs inoculated on seed induce changes on
he ov er all r ecruited comm unities fr om envir onmental sources
e.g . soil, nativ e seed comm unity, H4). Seed micr obiota is expected
o highl y inter act with soil micr obiota during the spermospher e
ssembl y whic h in r eturn influences the ov er all rhizospher e and
lant microbiota assemblies (Aziz et al. 2021 , Olofintila and Noel
023 ). Johnston-Monje et al. ( 2016 ) sho w ed that most seedling rhi-
osphere bacteria were seed derived. On the contrary, we showed
hat our SynCom strains contribution to the rhizosphere is low ( <
.2%) and identical to the control. Guo et al. ( 2021 ) also sho w ed
hat contribution of seed microbiota to the assembly of the rhi-
ospher e micr obiota was negligible (Guo et al. 2021 ). In our case,
 v en if the SynCom14 strain contribution was low, the ov er all rhi-
ospher e comm unity assembl y was modified (H4). This modifica-
ion could arise from the priority effect of the inoculated strains
n the initial spermosphere microbiota assembly (Aziz et al. 2021 )



Arnault et al. | 15 

 

 

 

 

 

2  

s

g  

c  

s  

s  

p  

d  

c
fi  

t  

h  

e  

a
o  

m

A
M  

a  

m  

m
r  

G  

t  

t

A
T
2  

t  

s  

M
w  

(  

P  

e  

n  

s  

S

S
S

C  

i

R
A  

 

A  

 

A  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/100/4/fiae027/7632139 by IN
R

A Lab de G
enetique et Am

elioration des Plantes user on 16 April 2024
and subsequent de v eloping rhizospher e comm unity. Our r esults 
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- 
spher e assembl y thr ough nic he modification, biotic inter actions 
and/or host control modification (Xu et al. 2023 ). For instance,
Kong et al. ( 2021 ) sho w ed that the inoculation of a plant using 
a specific Bacillus am yloliquef aciens str ain 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 
(Shc herbak ov a et al. 2017 ). Rhizospher e assembl y 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 micr oor ganisms 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 successi ve selecti ve 
processes led to the extensive rhizosphere and seedling micro- 
biota assembl y c hanges . At first glance , the SynCom can indeed 

colonize seedling and rhizosphere and interact with native com- 
munities . T hen, 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 micr obiota, thr ough priority effect, is of great interest 
for microbiota engineering to modulate the overall seedling and 

rhizospher e micr obiota 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 adv anta ge point. Indeed, the SynCom strains 
sho w ed lo w en vironmental in v asion ca pacities 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 . T he 
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,
e v en 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 av er a ge to 80% of the seedlings’ mi- 
crobiota. We sho w ed that the mass effect w as the main driver of 
seedling micr obiota colonization. Additionall y, individual str ains 
sho w ed 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. 

Ho w e v er, some questions r emain unanswer ed, in particular on 

the fate of the strains in the different seedling compartments and 

their stability during the plant de v elopment (Abdelfattah et al.
2023 ). Some studies reported that seed microbiota tend to colonize 
pr efer abl y the aerial parts of the plants, while roots were more col- 
onized by soil micr oor ganisms (Mor oen yane et al. 2021 , Kim et al.
022 ). These r esults ar e coher ent with the low colonization of our
trains in the rhizosphere but deserve more in vestigations . 

Additionally, our inoculation experiments were limited to a sin- 
le potting soil substrate. Walsh et al. ( 2021 ) sho w ed that seed mi-
r obiota tr ansmission to seedlings is influenced by the resident
oil microbiota composition. T hus , it is crucial to explore diverse
oils in future in vestigations . In this sense , Rocha et al. ( 2019 ) re-
orted that only 25% of the seed coating experiments were con-
ucted in field condition. Mor eov er, r ecent studies discuss the
hallenges of transferring laboratory-developed methods into real 
eld conditions (Kaminsky et al. 2019 , Russ et al. 2023 ). In this con-
ext, we are convinced that it will be necessary to employ more
olistic a ppr oac hes that consider both abiotic and biotic param-
ters of these div erse envir onments (Awasthi 2019 ). These steps
re important to determine the robustness and generalizability of 
ur method in manipulating seedling micr obiota effectiv el y under
ultiple field conditions. 
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