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ABSTRACT

Seed-borne microorganisms can be pioneer taxa during germination and seedling emergence.
Still, the identity and phenotypic effects of these taxa that constitute a primary inoculum of
plant microbiota is mostly unknown. Here, we studied the transmission of bacteria from radish
seeds to seedlings using the inoculation of individual seed-borne strains and synthetic
communities (SynComs) under in vitro conditions. The SynComs were composed of highly
abundant and prevalent, sub-dominant or rare bacterial seed taxa. We monitored the
transmission of each strain alone or in communities using gyrB gene amplicon sequencing
and assessed their impacts on germination and seedling phenotype.

All strains and SynComs successfully colonized seedlings and we were able to reconstruct a
richness gradient (6, 8 and 12 strains) on both seeds and seedlings. Stenotrophomonas
rhizophila became dominant on seedlings of the three SynComs but most strains had variable
transmission success (i.e increasing, stable or decreasing during seed to seedling transition)
that also depended on the SynCom richness.

Some seed-borne strains (Pseudomonas viridiflava, Paenibacillus sp) had detrimental effects
on germination and seedling development. Abnormal seedling morphologies were also
observed with SynComs but their proportions decreased at the highest richness level.
Interestingly, the three bacterial strains identified as core taxa of radish seeds (Pseudomonas
viridiflava, Pantoea agglomerans, Erwinia persicina) were associated with detrimental effects
on seedling phenotypes either in isolation or in SynComs. These results confirm that the plant
core microbiome includes pathogenic and not only commensal or mutualistic taxa.
Altogether, these results show that SynCom inoculation can effectively manipulate seed and
seedling microbiota diversity and highlight strong fithness differences between native seed-
borne taxa in the colonization of these habitats.

Key-words: Plant microbiota, Seed-borne bacteria, Core microbiota, Synthetic community,
Phytobiome, Pathobiome
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INTRODUCTION
The impact of seed-borne pathogens on plant fithess has been extensively studied but the
influence of all the other commensal or mutualistic microorganisms living on/in seeds is mostly
unknown. Seed microbiota harbor diverse microbial communities that constitute a primary
inoculum for plant microbiota assembly that could originate from maternal transmission or
environmental sources during seed maturation (Chesneau et al. 2020, 2022). Still, the
influence of this primary inoculum on germination and seedling emergence have not been
established (Lamichhane et al. 2018). Moreover, many knowledge gaps remain regarding the
fraction of seed-borne taxa that can be transmitted to seedlings and the influence of the initial
seed microbiota composition on their transmission success.
Few studies investigated the transmission of seed microbiota to seedlings and they reported
a high variability in the contribution of seed taxa to plant microbiota depending on the soll
tested (Rochefort et al. 2021; Walsh et al. 2021). These studies had the advantage to work
directly on native seed communities but this comes with the limitation that the seed microbiota
had to be characterized on pools of seeds due to the insufficient microbial biomass and DNA
present on individual seeds. As a consequence, it is not possible to truly determine which
microbial taxa were transmitted from one seed to one seedling. Few studies attempted to
characterize the microbiota of individual seeds using culture-dependent (Mundt and Hinkle
1976; Newcombe et al. 2018) and culture-independent techniques (Bintarti et al. 2021;
Chesneau et al. 2022). These studies demonstrated a very high natural variability in microbiota
composition between individual seeds and a low bacterial richness. Hence, studying the
transmission of natural microbiota from seed to seedling and assessing their impacts on
seedling phenotype is extremely challenging. Controlled conditions with the inoculation of
known microbial assemblages are required to characterize the seed to seedling transmission
and establish causal links between microbiota and seedling phenotypes.
Recent studies using synthetic microbial communities (SynComs) to assess the role of the
microbiota on plant nutrition or resistance to pathogens have been performed on the
rhizosphere and phyllosphere compartments (e.g. Kwak et al. 2018; Carlstréom et al. 2019;
Finkel et al. 2020). But as for the rest of plant microbiome research, the seed compartment
has been neglected. Despite the crucial role of seeds for food production and maintenance of
plant biodiversity, microbiome studies on the seed compartment are still a minority (Shade,
Jacques and Barret 2017). One correlative study between seed microbiota structure and seed
germination of different rapeseed genotypes offers promising results about the key role of
microbiota in seed vigor (Rochefort et al. 2019). Recent studies are starting to be published
on the influence of seed microbiota composition on plant phenotypes using SynComs to infer
causal relationships. For instance, Figueiredo dos Santos et al. (2021) showed that seed
disinfection reduced maize germination rates that could be recovered after inoculation of a
SynCom on seeds. These reports encourage further investigations of the role of seed
microbiota in seedling microbiota assembly and fitness.
In this context, we set up seed inoculation experiments to address the following objectives:

- Characterize the transmission of individual seed-borne bacteria and synthetic bacterial

communities from seed to seedlings (here on radish plants)
- Determine whether individual seed-borne bacteria or synthetic bacterial communities
can impact seedling phenotype.

We selected 12 bacterial strains that are representative of radish seed microbiota that we
studied individually or in communities (mix of 6, 8, or 12 strains) to monitor their transmission
from seed to seedling and their impact on seedling phenotypes (germination, emergence) in
in vitro conditions.
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96

97 MATERIAL AND METHODS

98

99  Seed material and bacterial strains
100 The radish seeds (Raphanus sativus var. Flamboyant5) used for strain isolation and the
101 inoculation experiments were obtained from a field trial conducted in 2013 and 2014 at the
102  experimental station of the National Federation of Seed Multipliers (FNAMS, 47°28'012.42"N
103 - 0°23'44.30"W, Brain-sur-I'Authion, France).
104 A bacterial culture collection was obtained from a seed sample composed of approximately
105 1000 mature seeds (Torres-Cortés et al. 2019). Seed samples were soaked in 25 ml of
106  phosphate-buffered saline (PBS, Sigma-Aldrich) with Tween® 20 (0.05 % v/v, Sigma-Aldrich)
107 at 6°C under agitation (150 rpm) for 2h30. One hundred microliters of the suspension was
108 plated on tryptic soy agar 1/10 strength (TSA 10%) supplemented with cycloheximide (50
109 pg.mi-1, Sigma-Aldrich, Saint-Louis, Missouri, USA). Plates were incubated at 20°C during a
110  minimum 5 days. Isolated colonies were picked and grown on TSA 10% plates for 24-48 hours
111  to obtain pure cultures. The taxonomy of the isolated strains was determined using Sanger
112  sequencing of the gyrB gene. A total of 528 strains were obtained that represented the 4 main
113 phyla (Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria) found in radish seeds, for a
114  total of 11 assigned bacterial families and 17 genera.
115 To select strains representative of the radish seed bacterial community, we used the Seed
116  Microbiota Database (Simonin et al. 2022) originating from a meta-analysis that gathers re-
117  processed amplicon sequencing datasets from 50 plant species. We extracted from the
118 database all the radish seed datasets using the gyrB marker gene (studies all conducted in
119  ourteam). We obtained data from 7 independent studies on the Flamboyant5 genotype (n=295
120 seed samples). After filtering the ASVs with a low read number (<100 reads), we calculated
121  the prevalence and relative abundance of the ASVs across all samples. We then compared
122  the gyrB sequences of the ASVs of the database to the ones of the strains in our culture
123  collection to select a diverse set of strains in terms of phylogenetic diversity, abundance and
124  prevalence (see Result section and Figure 1).
125
126  Seed inoculation experiment
127  Subsamples of seeds (1g ~100 seeds) were surface-sterilized using the following protocol : 1
128  min sonication (40 Hertz), soaking for 1 min in 96° ethanol, 5 min in 2.6% sodium hypochlorite,
129 30 secin 96° ethanol and rinsed 3 times with sterile water. A subsample of 30 seeds was used
130 to verify the efficacy of the surface-sterilization by soaking the seeds under agitation (150 rpm)
131  for 2h30, plating on TSA 10% and incubating a minimum of 2 days at 20°C. The seeds were
132  dried on sterile paper before the inoculation.
133  Twelve bacterial strains of our culture collection conserved at the CIRM-CFBP were selected
134  to build a simplified seed radish bacterial community (more details in the Result section, Figure
135 1). The strains were either inoculated alone on seeds or as SynComs of 6, 8, or 12 strains.
136  The inoculation of the strains or SynComs were performed on subsamples of 30 seeds by
137  placing them for 30 minutes under agitation (70 rpm) at 20°C in a suspension at a final
138  concentration around 10" CFU/mL (Optical density 600 nm = 0.01) from fresh 24/48-hour
139 cultures. The inoculated seeds were then placed individually at the surface of a sterile cotton
140 pad moistened with 4 mL of sterile water in sterile glass tubes. A total of 30 seeds were sown
141 by condition (control, single strains or SynComs, total of 16 conditions) that were incubated
142  for 4 days in a growth chamber (photoperiod: 16h/8h, temperature 25/22°C).
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143 The bacterial cell density of the inocula and inoculated seeds (pool of 30 seeds) were
144  assessed by plating on TSA 10% (CFU/mL or /seed). In the SynCom experiment, an amplicon
145  sequencing approach was used to measure the relative abundance of the different strains in
146  the inocula, inoculated seeds and seedlings. Thus, 3 repetitions of 500 pL of the inocula and
147  of the macerate of inoculated seeds were stored at -80°C in a 96-well plate before DNA
148  extraction and library preparation for the gyrB gene amplicon sequencing.

149  After 4 days of growth, the phenotypes of the seedlings were determined and then the
150 seedlings were individually processed to assess bacterial cell density by plating and bacterial
151 community composition by amplicon sequencing. The effects on seedling phenotypes were
152 assessed using the protocol established by the International Seed Testing Association
153  (https://www.seedtest.org/en/home.html). Three types of phenotypes could be observed: non-
154 germinated seeds, normal seedling or abnormal seedling. A seedling was considered
155 abnormal if at least 50% of the cotyledons or leaves were necrotic or rotten, if the hypocotyl
156 or epicotyl were deformed, or if the root system was absent, stunted or rotten.

157  To measure the bacterial cell density of seedlings, each plant was crushed in a sterile plastic
158 bag (n=30 seedlings by condition), resuspended in 2 mL of sterile water and homogenized.
159 The seedling suspension was then serial-diluted and plated on TSA 10% to determine the
160 CFU by seedling and to assess the capacity of strains and SynComs to colonize seedlings.
161 The remaining seedling suspensions were stored at -80°C in a 96-well plate before DNA
162  extraction and library preparation for the gyrB gene amplicon sequencing.

163

164 Amplicon sequencing of seed and seedling bacterial community

165  DNA extraction was performed on the inocula, inoculated seeds and seedlings of the SynCom
166  conditions (control, 6-strain, 8-strain, 12-strain SynComs) with the NucleoSpin® 96 Food kit
167  (Macherey-Nagel, Duren, Germany) following the manufacturer's instructions.

168 The first PCR was performed with the primers gyrB_aF64/gyrB_aR553 (Barret et al. 2015),
169  which target a portion of gyrB gene in bacteria. PCR reactions were performed with a high-
170 fidelity Taq DNA polymerase (AccuPrimeTM Taq DNA Polymerase High Fidelity, Invitrogen,
171  Carlsbad, California, USA) using 5uL of 10X Buffer, 1uL of forward and reverse primers
172 (100uM), 0.2uL of Tag and 5 pl of DNA. PCR cycling conditions were done with an initial
173  denaturation step at 94°C for 3 min, followed by 35 cycles of amplification at 94°C (30 s), 55°C
174 (45 s) and 68°C (90 s), and a final elongation at 68°C for 10 min. Amplicons were purified with
175 magnetic beads (Sera-MagTM, Merck, Kenilworth, New Jersey). The second PCR was
176  conducted to incorporate lllumina adapters and barcodes. The PCR cycling conditions were:
177  denaturation at 94°C (1 min), 12 cycles at 94°C (1 min), 55°C (1 min) and 68°C (1 min), and
178 afinal elongation at 68°C for 10 min. Amplicons were purified with magnetic beads and pooled.
179  Concentration of the pool was measured with quantitative PCR (KAPA Library Quantification
180  Kit, Roche, Basel, Switzerland). Amplicon libraries were mixed with 5% PhiX and sequenced
181  with MiSeq reagent kits v2 500 cycles (lllumina, San Diego, California, USA). A blank
182  extraction kit control, a PCR-negative control and PCR-positive control (Lactococcus piscium,
183 a fish pathogen that is not plant-associated) were included in each PCR plate. The raw
184  amplicon sequencing data are available on the European Nucleotide Archive (ENA) with the
185  accession number PRJEB58635.

186  The bioinformatic processing of the amplicons was performed in R. In brief, primer sequences
187  were removed with cutadapt 2.7 (Martin 2011) and trimmed fastq files were processed with
188 DADA2 version 1.10 (Callahan et al. 2016). Chimeric sequences were identified and removed
189  with the removeBimeraDenovo function of DADA2. Amplicon Sequence Variant (ASV)
190 taxonomic affiliations were performed with a naive Bayesian classifier (Wang et al. 2007) with
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191  our in-house gyrB database (train_set gyrB v4.fa.gz) available upon request. Unassigned
192  sequences at the phylum level and parE sequences (a gyrB paralog) were filtered. After these
193 filtering steps, samples with less than 1000 reads were excluded from the study.

194

195

196  Statistics and microbial community analyses

197 All the scripts and datasets used to conduct the study are available on GitHub
198  (https://github.com/marie-simonin/Radish_SynCom). We assessed the effect of the
199 inoculation and sample type on the various univariate variables (e.g. seedling bacterial cell
200 density, strain relative abundance, ASV richness) using generalized mixed models (gim
201 function in Ime4 package) and post hoc comparisons were performed using the Tukey method
202  (warp.emm function in package emmeans).

203  The analyses on bacterial community structure based on the amplicon sequencing data were
204  done after rarefaction at 14116 reads per sample to conserve sufficient replicates while having
205 agood sampling depth. Diversity and community structure analyses were performedin R 3.6.2
206  using the phyloseq (v1.28.0), vegan (v2.5-7) and microbiome (v1.7.21) packages (Oksanen
207 et al. 2007; McMurdie and Holmes 2013; Lahti, Shetty and Blake 2017). The diversity of the
208 inocula, inoculated seeds and seedlings was characterized using ASV richness. The effects
209 of inoculation and sample types on bacterial community structure were assessed using Bray-
210  Curtis dissimilarity associated with a permutational multivariate analysis of variance (adonis
211  and pairwise.adonis functions, 999 permutations). Non-Metric Multidimensional Scaling
212  (NMDS) were used to plot the ordinations. The influence of the inoculation of community beta-
213  dispersion was assessed using the betadisper function in vegan based on Bray-Curtis
214  distance matrix and distance to centroid to each condition. The statistical effects were
215 evaluated using a permutation-based test of multivariate homogeneity of group dispersions
216 followed by a Tukey's honest significant differences test.

217  All figures were prepared using the ggplot2 (v3.3.3) package and the data management was
218 done using the dplyr (v1.0.4) and tidyverse (v1.3.0) packages in R.

219

220

221 RESULTS

222 1. Bacterial strain selection based on a meta-analysis of radish seed microbiota

223  We have selected twelve bacterial strains based on an original selection design based on a
224  meta-analysis on seed microbiota studies (Simonin et al. 2022). The twelve strains were
225  representative of the diversity and prevalence-abundance profiles of radish seed microbiota
226  (Figure 1A). The selection included three extremely abundant and prevalent taxa (i.e core
227 taxa, Figure 1A and 1B), but also five sub-dominant (relative abundance < 1.5% and
228 prevalence < 20%) and four rare taxa (prevalence < 20%). Ten strains belonged to
229  Gammaproteobacteria (Enterobacteriaceae, Erwiniaceae, Pseudomonadaceae,
230 Xanthomonadaceae) and the two remaining strains were from the Actinobacteria and Bacilli
231  classes (Figure 1B). In addition to selecting strains that were phylogenetically diverse, we also
232  included intra-species diversity with four strains of the Pseudomonas fluorescens subgroup
233  (Hesse et al., 2018) with contrasted prevalence and abundance profiles. The twelve strains
234  presented different gyrB gene sequences (subspecies level detection) to enable their
235 individual tracking using gyrB amplicon sequencing. The strains were studied in isolation and
236 in SynComs of 6, 8 and 12 strains (Figure 1B) to match the bacterial diversity observed on
237  individual radish seeds (median = 8 ASVs; Figure S1; Chesneau et al. 2022). We performed
238 anested design for the three diversity levels, with the 6-strain SynCom composed of two high
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239 prevalence strains, two intermediate and two low prevalence strains. The 8-strain and 12-
240  strain SynComs were built on this initial community with an increasing number of high-,
241  intermediate- and low-prevalence strains.

A. Prevalence-Abundance of selected taxa in radish seed microbiota
gyrB gene - Bacteria Taxa
100% a ® Enterobacter cancerogenus
x ® Erwinia persicina
- Other taxa
Paenibacillus sp
L ]
* Pantoea agglomerans
g - Plantibacter sp
o 10% ” ® Pseudomonas fluorescens 1
E- Pseudomonas fluorescens 2
g ® Pseudomonas fluorescens 3
< Pseudomonas fluorescens 4
% Pseudomonas viridiflava
= Stenotrophomonas rhizophila
1% # Xanthomonas campestris
0.1% 1.0% 10.0% i Cors
Mean Taxa (ASV) Relative Abundance
B. Identity of selected strains for SynCom experiments
. . Relative SynCom  SynCom
Strain Class Species Type Prevalence Abundance 2 strains 12 strains
CFBP13505 Gammaproteobacteria Pantoea agglomerans Core 96.3% 39.04% L [ ]
CFBP13507 Gammaproteobacteria Pseudomonas viridiflava Core 91.9% 10.86% [ ] [ ]
CFBP13511 Gammaproteobacteria Erwinia persicina Care 88.1% 4.42% [ ]
CFBP13509 Gammaproteobacteria Pseudomonas fluorescens subgroup 1 45.8% 1.03% [
CFBP13503 Gammaproteobacteria Stenotrophomonas rhizophila 42.7% 0.32% [ ) [
CFBP13528 Gammaproteobacteria Pseudomonas fluorescens subgroup 2 35.3% 1.60% [ ]
CFBP13506  Gammaproteobacteria Pseudomaonas fluorescens subgroup 3 28.5% 0.93% ° [ ]
CFBP13513  Actinobacteria Plantibacter sp 25.1% 0.05% [ ] [ ]
CFBP6650 Gammaproteobacteria Xanthomonas campestris 18.0% 0.28% | [ ]
CFBP13502 Gammaproteobacteria Pseudomonas fluorescens subgroup 4 17.6% 1.58% [ ]
CFBP13530 Gammaproteobacteria Enterobacter cancerogenus 11.2% 0.09% [ ] [ ]
243 CFBP13512 Bacilli Paenibacillus sp 10.2% 0.08% ® ®

244 Figure 1: Selection of bacterial strains representative of the radish seed microbiota. A. Prevalence and
245 relative abundance of bacterial ASVs (gyrB amplicon sequencing ) in radish seed microbiota (R. sativus
246 Flamboyant5) from seven independent studies (n=295 seed samples, 139 ASVs with minimum of 100 reads
247 in dataset). The colored points represent the taxa selected in this study and the triangle shapes represent
248 the taxa identified as members of the radish core seed microbiota. Data extracted from the Seed Microbiota
249 Database (Simonin et al. 2022). B. Identity of the strains isolated from radish seeds and used in the SynCom
250  experiments.

251

252 2. Transmission of single strains and synthetic communities from seed to
253 seedling

254 a. Bacterial colonization of seedlings by all strains and SynComs

255  Transmission of the twelve individual strains and the three SynComs to radish seedlings was
256 first assessed. When individual strains were seed-inoculated, they were all successfully
257  transmitted to seedlings with a median of 6.8 log CFU per seedling. The seedlings originating
258 from seeds inoculated with SynComs were colonized at similar levels of bacterial cell density
259  (median = 7.4 log CFU/seedling). Single strains and SynComs all reached around 7 log
260 CFU/seedling that appear to be the bacterial carrying capacity of a radish seedling in our
261 system. The control seedlings that originated from surface-sterilized seeds were below
262  detection limit or close to 2 log CFU/seedling, validating that the bacterial populations
263  observed on seedlings in the different conditions originated from our inocula.
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265 Figure 2: Seedling bacterial colonization for the different inoculation treatments (n=30 seedlings per
266 condition). CFU: Colony Forming Unit. The different letters represent the results of a post-hoc Tukey HSD
267  test.
268
269
270 b. Bacterial community structure of seeds and seedlings inoculated with
271 SynComs
272  We wanted to assess our ability to manipulate the seed and seedling bacterial community
273 using SynCom inoculation compared to non-inoculated control seeds. Using gyrB gene
274  amplicon sequencing, we validated that the SynCom inoculation led to a significant
275 maodification of seed and seedling bacterial community compared to the control condition
276  (pairwise adonis: P<0.007; Figure 3A). On the NMDS ordination, the three sample types
277  (inoculum, seed and seedling) clustered closely by SynCom indicating a high degree of
278  similarity, whereas the control seeds and seedlings were very dispersed. This observation was
279  further confirmed by a beta-dispersion analysis (distance to centroid) indicating that the
280 SynCom inoculation strongly reduced the variability in seed and seedling community structure
281  compared to the control condition (Figure 3B, 3C). We also confirmed that the three SynComs
282  were significantly distinct in the three types of samples (inocula, seeds, seedlings,Figure 3D),
283  with an expected structuration showing the 6 and 12-strain SynComs as the most different
284  and the 8-strain SynCom with an intermediate composition.
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Figure 3: A) Influence of SynCom inoculation and sample type on bacterial community structure visualized
through an NMDS ordination based on Bray-Curtis distances (stress = 0.155). Beta-dispersion assessed
using distance to centroid of the B) seed and C) seedling community structure in the control and SynCom
conditions. D) Bacterial community structure of the three SynComs in the inocula, seeds and seedlings
visualized through an NMDS ordination based on Bray-Curtis distances (stress = 0.165). The asterisks
represent the significativity of the Permanova test:***P<0.001, NS=Non-Significant. The different letters
represent the results of a post-hoc Tukey HSD test; two conditions with no letters in common are
statistically different.

c. Effect of SynCom inoculation on seed and seedling richness

We assessed the effect of SynCom inoculation on the bacterial richness of seeds and
seedlings. We verified that the SynCom inoculation enabled us to reconstruct a diversity
gradient on both seeds and seedlings (Figure 4A). The bacterial richness measured on seeds
and seedlings corresponded to the expected taxa richness present in the inocula (6, 8 or 12
ASVs). The control seeds were surface-disinfected but they still harbored a low bacterial
diversity likely of endophytic bacteria, including ASVs of strains included in the SynComs
because the strains selected have been isolated from the same radish genotype. Altogether,
these results show the efficacy of the SynCom inoculation on seeds to drive the bacterial
diversity of both seeds and seedlings.
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305
306 Figure 4: A) Bacterial taxa richness (ASV richness) of the inocula, inoculated seeds and seedlings in the
307 different conditions. B) Taxonomic profile of the inoculum, seeds and seedlings in the four different
308 conditions (control, 6 strains, 8 strains and 12 strains). Each stacked bar represents a sample.

309

310
311 d. Tracking of the transmission of the SynCom strains between the inoculum,
312 seeds and seedlings

313 Based on the unique gyrB ASV of the 12 strains, we were able to track their transmission
314  patterns from the inoculum to the seedling. First, we characterized the natural abundance of
315 the strain ASVs in the control seeds and seedlings. The 12 ASVs were naturally found in
316 control seeds and seedlings, especially the ASVs associated with the Pseudomonas
317  viridiflava, Pantoea agglomerans, Pseudomonas fluorescens 4 and Erwinia persicina strains
318  (Figure 4B). As already seen in Figure 3A, the SynCom inoculations led to completely different
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319 seed and seedling bacterial community compositions than in the control condition (Figure 4B).
320 Interestingly, we observed some differences in the abundance of strains between the inoculum
321 and the seed community profile (Figure 5A), indicating differences between strains for their
322 capacity to colonize the seed during inoculation (Figure 5B). For instance, the strain
323  Pseudomonas fluorescens 3 had a higher relative abundance on seeds (40-70%) compared
324  to the inocula (20-40%), while the strains Pseudomonas viridiflava and Stenotrophomonas
325 rhizophila had the opposite pattern (Figure 5B).

326  During the phenological transition from seed to seedling, we observed an important
327  restructuration of the bacterial community (Figure 4B). All the strains were able to transmit
328 from seeds to seedlings but with variable success depending on the SynCom richness and
329 the seedling individual (Figure 4B, 5). Across the three SynComs, Stenotrophomonas
330 rhizophila was the most successful seedling colonizer (mean relative abundance = 30 to 36%),
331 followed by Pantoea agglomerans but only in the 6- and 8-strain SynComs (mean relative
332 abundance = 34 and 25%). In contrast, the strain Pseudomonas fluorescens 3 that was
333 dominant on seeds strongly decreased in abundance on seedlings (11 to 24%).

334

335 We analyzed the fate of each strain during the seed to seedling transmission across the three
336 SynComs and we grouped the strains in three categories: increasers, stable, decreasers
337  (Figure 5C). We identified four 'increaser' strains and three of them presented this positive
338 transmission pattern across the three SynComs (Stenotrophomonas rhizophila,
339 Pseudomonas viridiflava, Paenibacillus sp). In contrast, four 'decreaser’ strains were identified
340  with three of them with a consistent negative transmission pattern (Pseudomonas fluorescens
341 3, Xanthomonas campestris, Plantibacter sp.). Finally, four strains presented a stable
342  transmission or a variable profile depending on the inoculated SynCom. For instance, Pantoea
343 agglomerans and Enterobacter cancerogenus had a stable transmission in the 6- or 8-strain
344  SynComs, but decreased in the 12-strain SynCom. Interestingly, the 4 strains of
345 Pseudomonas fluorescens tested presented contrasted transmission patterns or abundance
346  profiles and were found in the three categories (increaser, stable or decreaser). Another
347 interesting result was that the four strains identified as "increasers" were not the best seed
348  colonizers after inoculation (Figure 5A, 5B). Inversely, some of the best seed colonizers
349  (Pseudomonas fluorescens 3) were identified as "decreasers" on seedlings, indicating
350 contrasted strain fithess depending on the plant phenological stage.

351 We also analyzed the influence of the SynCom composition on the ability of each strain to
352  colonize seedlings compared to their initial relative abundance on seeds (i.e ratio of relative
353 abundance seedling / seed, Figure 5D). We observed that the SynCom richness strongly
354 influenced the abundance patterns of the strains. Most strains had a lower seedling
355 colonization in the 12-strain SynCom (e.g. Pantoea agglomerans, Enterobacter
356  cancerogenus), with the exception of Stenotrophomonas rhizophila (Figure 5D). Some strains
357 had a higher seedling colonization in the 6-strain SynCom than the 8-strain SynCom
358 (Pseudomonas viridiflava, Paenibacillus sp, Stenotrophomonas rhizophila). Altogether, these
359 results indicate strong fitness differences between strains in the seed and seedling habitat,
360 thatis highly dependent on the surrounding community.

361
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Figure 5: A. Relative abundance patterns of each strain during the transmission from inoculum to seed (A)
and from seed to seedling (C) in synthetic bacterial communities. B. Ability of each strain to colonize: (B)
seeds compared to their initial relative abundance in the inocula: ratio of relative abundance seed /
inoculum, and (D) seedlings compared to their initial relative abundance on seeds: ratio of relative
abundance seedling / seed.

3. Effect of single bacterial strains or synthetic communities on seedling
phenotype

a. Some strains and SynComs increase the proportion of abnormal seedlings and
non-germinated seeds

The impact of the inoculation of single strains or SynComs on seedling phenotypes was
assessed based on the proportion of non-germinated seeds, normal and abnormal seedlings
observed (Figure 6). In the control condition, we observed a low proportion of non-germinated
(7%) and abnormal seedlings (7%). Several individual strains and the three SynComs caused
detrimental effects on germination and seedling phenotypes. In particular, Pseudomonas
viridiflava, Paenibacillus sp and two of the SynComs (6 and 8 strains) presented large
proportions of abnormal seedlings (60 to 73%). The conditions that had the highest proportion
of non-germinated seeds were the strains Enterobacter cancerogenus (21%), Xanthomonas
campestris (20%), Pantoea agglomerans (20%) and the three SynComs (17 to 20%). The
conditions that presented the highest proportion of normal seedlings were Stenotrophomonas
rhizophila (90%), Plantibacter sp (87%) and the four Pseudomonas fluorescens strains (73 to
90%).
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experiment (Credit: Guillaume Chesneau).

b. Modifications in the composition of seedling microbiota between normal and
abnormal seedlings
Next, we analyzed if the seedling bacterial community structure was different depending on
the seedling phenotype (Figure 7A). The seedling phenotype was a significant driver of
seedling microbiota, especially in the 12-strain SynCom (interaction Condition x Phenotype,
P=0.006), for which the number of normal and abnormal seedlings was more balanced (14
normal vs 10 abnormal). In the 12-strain SynCom, we analyzed if some strains had a
significantly higher or lower relative abundance in abnormal seedlings (Figure 7B). The strains
Enterobacter cancerogenus and Erwinia persicina were more abundant in abnormal
seedlings, while Pseudomonas viridiflava and Xanthomonas campestris were less abundant.
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Figure 7: Influence of seedling phenotype (normal or abnormal) on A) bacterial community structure
(stress=0.17) and B) on the strain relative abundance on the 12-strain SynCom. The asterisks represent the
significativity of the Permanova test or post-hoc Tukey test: *P<0.05; **P<0.01; ***P<0.001.
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406 DISCUSSION

407

408 Community- and strain-specific patterns of seedling transmission of seed-borne
409 bacteria

410 Using inoculation experiments of bacterial SynComs, we studied the relative ability of
411  communities composed of diverse strains naturally present in radish seed microbiota to
412  colonize seedlings. All SynComs and the individual strains were able to colonize seedlings at
413  high cell density levels, indicating their capacity to survive the major environmental changes
414  that represent germination and seedling emergence compared to the seed habitat. The
415 SynComs inoculations enabled to successfully reconstruct a richness gradient (6, 8 and 12
416  strains) on both seeds and seedlings and to significantly modulate plant microbiota
417  composition. An important result was that SynCom inoculation allowed to strongly reduce the
418 natural variability of seed and seedling microbiota structure (beta-dispersion) and obtain more
419 homogeneous microbial community compositions between replicates compare to native
420 communities (Moroenyane et al. 2021; Walsh et al. 2021). This is a prerequisite to study the
421  transmission of microorganisms from seed to seedling and establish causal relationship
422  between seed microbiota and plant microbiota or phenotype. The inoculation of the three
423  different SynComs on seeds led to the assembly of significantly distinct seedling bacterial
424  communities at the expected richness levels. However, the relative abundance of the strains
425 changed drastically from the inocula to seeds and then to seedlings. Some strains like
426 Pseudomonas fluorescens 3 were excellent seed colonizers, while others had a reduced
427  abundance compared to the inocula (ex: Stenotrophomonas rhizophila). These differences in
428 seed colonization can be due to contrasted adhesion capacity of strains related to the
429  secretion of large adhesins (i.e LapA, LapF) and the presence of flagella (DeFlaun et al. 1994;
430 Yousef-Coronado, Travieso and Espinosa-Urgel 2008; Duque et al. 2013).

431 Interestingly, the best seed colonizers were not the best seedling colonizers. On the opposite,
432  all the strains that declined during the inocula-seed transition phase increased in the seed-
433 seedling transition (i.e "increasers"). In particular, Stenotrophomonas rhizophila became
434  dominant on seedlings of the three SynComs. These results indicate that the bacterial traits
435  required to colonize seeds or seedlings are different. Moreover, these findings show that being
436  dominant on seeds does not provide an advantage to become dominant on seedlings. These
437  findings are in line with Rochefort et al. (2021) and Chesneau et al. (2022) demonstrating a
438 low transmission success of abundant seed taxa to seedlings in natural microbial
439  communities.

440  Additionally, we observed that SynCom richness influenced the seedling transmission of the
441  strains, indicating an important role of biotic interactions in seedling microbiota assembly. The
442  ability of each strain to colonize seedlings compared to their initial relative abundance on
443  seeds (i.e ratio of relative abundance seedling / seed) was strongly modified depending on
444  the SynCom considered. For instance, Pantoea agglomerans had a positive seedling
445  colonization success in the 6- and 8-strain SynComs and a negative one in the 12-strain
446  SynCom. These SynCom-specific patterns of each strain are likely driven by exploitative and
447  interference competition between individuals but the specific mechanisms involved here are
448  difficult to identify in a community context in planta (Hibbing et al. 2010; Granato, Meiller-
449  Legrand and Foster 2019).

450  Our experiments included four different strains of Pseudomonas fluorescens to compare the
451  intra-specific patterns of seedling transmission. Both seed and seedling colonization patterns
452  were highly strain-specific. We observed all possible outcomes depending on the
453  Pseudomonas fluorescens strain considered (increasers, stable or decreasers). This result

13


https://www.zotero.org/google-docs/?yI3G91
https://www.zotero.org/google-docs/?yI3G91
https://www.zotero.org/google-docs/?yI3G91
https://www.zotero.org/google-docs/?yI3G91
https://www.zotero.org/google-docs/?yI3G91
https://www.zotero.org/google-docs/?1cf9hc
https://www.zotero.org/google-docs/?1cf9hc
https://www.zotero.org/google-docs/?1cf9hc
https://www.zotero.org/google-docs/?1cf9hc
https://www.zotero.org/google-docs/?1cf9hc
https://www.zotero.org/google-docs/?1cf9hc
https://www.zotero.org/google-docs/?16Y9bl
https://www.zotero.org/google-docs/?16Y9bl
https://www.zotero.org/google-docs/?16Y9bl
https://www.zotero.org/google-docs/?16Y9bl
https://doi.org/10.1101/2023.02.14.527860
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.14.527860; this version posted February 14, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

454  suggests important differences between strains in traits involved in habitat colonization and
455  competitive interactions, that prevent any generalization of these observations at the species
456  level.

457  Altogether, these results show that SynCom inoculation can effectively manipulate seed and
458  seedling microbiota diversity and highlight strong fitness differences between native seed-
459  borne taxa in the colonization of these habitats.

460

461  Detrimental effects of seed-borne bacteria on seedling phenotype

462 We observed that individual seed-borne bacteria or synthetic bacterial communities can
463  impact germination and seedling morphology. Some seed-borne strains and SynComs had
464  detrimental effects on germination and seedling development. In isolation Pseudomonas
465 viridiflava and Paenibacillus sp strongly increased the proportion of abnormal seedlings.
466  Pseudomonas viridiflava is a very common plant-associated bacteria with various life-styles
467  (endophytes, epiphytes, saprotrophs) that can also be pathogenic to a large diversity of hosts
468 (Lipps and Samac 2022). Pseudomonas viridiflava is frequently seed-transmitted and can
469  cause germination arrest or symptoms on seedlings, including in radish (Shakya and Vinther
470  1989; Samad et al. 2017). Paenibacillus strains are mainly recognised for their biocontrol
471  capacities against various bacterial or fungal pathogens (Ryu et al. 2006; Ling et al. 2011),
472  but one report indicate root damages caused by this bacteria under gnotobiotic conditions like
473  in our study (Rybakova et al. 2016). Another important observation was that the three bacterial
474  strains identified as seed core taxa (Pseudomonas viridiflava, Pantoea agglomerans, Erwinia
475  persicina) were associated with detrimental effects on seedling phenotypes either in isolation
476  orin SynComs. These results confirm that the plant core microbiome includes pathogens and
477  opportunistic pathogens and not only commensal or mutualistic taxa (Simonin et al. 2020).
478  Abnormal seedling phenotypes were also observed with SynComs but their proportions
479  decreased at the highest richness level (12 strains). This observation could be explained by a
480 “dilution” of the negative effects of the detrimental strains as the diversity increased and their
481 relative abundances decreased. Still surprisingly, the strains enriched in abnormal seedlings
482  in the 12-strain SynCom had not been identified as detrimental in isolation (Enterobacter
483  cancerogenus and Erwinia persicina). Furthermore, we found that Pseudomonas viridiflava
484  and the seed-borne pathogen Xanthomonas campestris were even reduced in abundance in
485 abnormal seedlings in this condition. We can propose different hypotheses to explain these
486  results. One is that the strains responsible for the abnormal phenotypes are different when
487  inoculated in a community (Enterobacter cancerogenus and Erwinia persicina) or in isolation
488  (Pseudomonas viridiflava and Paenibacillus). Another hypothesis is that Enterobacter
489  cancerogenus and Erwinia persicina are opportunistic taxa that are enriched in abnormal
490 seedlings (e.g necrotrophy or “cry for help” of the plant) but are not responsible for the altered
491  phenotype.

492  Additionally, we show that the inoculation of multiple strains with potential pathogenic effects
493 (i.e pathobiome) do not have additive effects that could have led to an absence of germination
494  or 100% of abnormal seedlings. The reduction of detrimental effects in the 12-strain SynCom
495  experimentally confirms the importance of bacterial interactions in plant disease development
496 in a pathobiome context (Bass et al. 2019). Increasing microbial interactions with higher
497  SynCom diversity is a promising leverage for reducing the impact of deleterious bacterial
498  strains.

499  Further research is needed to determine the functional role of these seed core taxa especially
500 during seed development and the conditions of expression of their detrimental effects under
501 natural conditions.
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502  Altogether, these results indicate that this synthetic ecology approach is valuable to better
503 understand the role of seed microbiota for plant health and the context dependency of disease
504  expression in a community setting. This approach permitted identifying several seed core
505 bacteria with detrimental effects on germination and seedlings but also to characterize the
506 transmission success of diverse bacterial strains (i.e increasers, stable, decreasers) to
507  seedlings in three community contexts.
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DATA AVAILABILITY

The raw amplicon sequencing data are available on the European Nucleotide Archive (ENA)
with the accession number PRJEB58635.

All the scripts (bioinformatics, analyses, figures) and datasets used to conduct the study are
available on GitHub (https://github.com/marie-simonin/Radish_SynCom).
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Figure S1: Observed ASV richness of individual mature seeds of radish (Flamboyant5). The
data were obtained from Chesneau et al. (2022) based on 149 seeds analyzed. The horizontal
line represents the median value at 8 ASVs per seed.
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