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Abstract: Background and aims
The rhizosphere microbiome has been shown to contribute to nutrient acquisition,
protection against biotic and abiotic stresses and, ultimately, changes in the
development and physiology of plants. Here, using a controlled natural selection
approach, we followed the microbial dynamics in the soil of  Arabidopsis thaliana
infected with the foliar pathogen  Pseudomonas syringae  DC3000 (  Pst  ).
Methods
Plants were iteratively cultivated on a pasteurized soil inoculated with the soil microbial
community of the previous iteration isolated from the rhizosphere of plants infected with
Pst  (pst-line) or not (mock-line). Modification of soil microbial communities was
assessed through an amplicon-based metagenomic analysis targeting bacterial and
fungal diversity. Plant fitness and transcript abundance of stress hormone related
genes were also analysed.
Results
At the tenth and eleventh iterations, we observed a reduction in disease severity of
81% and 85% in pst-lines as compared to mock-lines. These changes were associated
with (i) a diminution of transcript abundance of salicylic acid related genes whereas
jasmonic acid, ethylene or abscisic acid related genes were not modified and (ii) a shift
in soil bacterial, but not in fungal, composition.
Conclusions
Our study suggests that these changes in soil bacterial composition are mediated by
plant-soil feedback in response to  Pst  and resulted in an activation of SA-related
immune response in the plant. This supports the concept of applying plant-soil
feedbacks to enhance soil suppressiveness against foliar pathogens.
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Abstract 31 

Background and aims 32 

The rhizosphere microbiome has been shown to contribute to nutrient acquisition, protection against biotic and 33 

abiotic stresses and, ultimately, changes in the development and physiology of plants. Here, using a controlled 34 

natural selection approach, we followed the microbial dynamics in the soil of Arabidopsis thaliana infected with 35 

the foliar pathogen Pseudomonas syringae DC3000 (Pst). 36 

Methods 37 

Plants were iteratively cultivated on a pasteurized soil inoculated with the soil microbial community of the 38 

previous iteration isolated from the rhizosphere of plants infected with Pst (pst-line) or not (mock-line). 39 

Modification of soil microbial communities was assessed through an amplicon-based metagenomic analysis 40 

targeting bacterial and fungal diversity. Plant fitness and transcript abundance of stress hormone related genes 41 

were also analysed. 42 

Results 43 

At the tenth and eleventh iterations, we observed a reduction in disease severity of 81% and 85% in pst-lines as 44 

compared to mock-lines. These changes were associated with (i) a diminution of transcript abundance of salicylic 45 

acid related genes whereas jasmonic acid, ethylene or abscisic acid related genes were not modified and (ii) a shift 46 

in soil bacterial, but not in fungal, composition.  47 

Conclusions 48 

Our study suggests that these changes in soil bacterial composition are mediated by plant-soil feedback in response 49 

to Pst and resulted in an activation of SA-related immune response in the plant. This supports the concept of 50 

applying plant-soil feedbacks to enhance soil suppressiveness against foliar pathogens.  51 

 52 

Keywords: controlled natural selection; plant-microbiome interactions; plant immunity; Pseudomonas syringae 53 

DC3000; salicylic acid; soil suppressiveness 54 

 55 

Introduction 56 

Plant growth and development is strongly influenced by its environment. Among biotic factors, plant pathogens 57 

constitute a major threat to agriculture and food security around the world. The outcome of plant-pathogen 58 

interaction is governed by complex mechanisms resulting from long-term evolutionary processes but also from 59 

short-term responses not directly related to plant defence mechanisms and relying on the interaction with other 60 
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organisms or changes in the environment (Mitter et al. 2013; Pieterse et al. 2016). Plants shapes their rhizosphere 61 

through exuded carbon and other metabolites (Bais et al. 2006; Doornbos et al. 2012). Upon pathogen attack, 62 

changes in root exudates composition, often termed as “cry for help”, help to recruit beneficial organisms such as 63 

plant growth promoting microbes (PGPM) enabling the assemblage of a protective rhizosphere microbiome (Rolfe 64 

et al. 2019) which can, in return, influence plant resistance to pathogen infection. Several studies already showed 65 

that recruitment of soil microorganisms can lead to soil suppressiveness; i.e. to a low level of disease development 66 

even though a virulent pathogen and susceptible host are present (Weller et al. 2002). Soil suppressiveness has 67 

been demonstrated for many soilborne disease like take-all of wheat, Fusarium wilts, potato scab or apple replant 68 

disease. Soil suppressiveness, relies on the selection of beneficial organisms by the plants  after repeated ulterior 69 

infections with the pathogen (Weller et al. 2002; Berendsen et al. 2012). However, the concept of soil 70 

suppressiveness is not restricted to soilborne pathogen and can be applied to other diseases even those caused by 71 

aboveground pathogens or pests (Pineda et al. 2017, 2020).  72 

 73 

For soilborne pathogens, the soil microbial community might influence disease severity through direct impact on 74 

pathogenic microorganisms (i.e. through competition or production of antimicrobial compounds) thus influencing 75 

the disease incidence and severity (Berendsen et al. 2012). On the contrary, the impact of soil microbial 76 

community on aboveground disease severity is mediated by systemic changes in plant development and defence 77 

responses, such as systemic acquired resistance (SAR) and induced systemic resistance (ISR). In general, SAR is 78 

induced during a compatible host-pathogen interaction whereas ISR is elicited by PGPM. SAR and ISR acts 79 

antagonistically and relies on the activation of complex salicylic acid (SA) and jasmonic acid-ethylene (JA-ET) 80 

signalling pathways respectively, leading to localized and systemic defences (Pieterse et al. 2009). Activation of 81 

SAR or priming of ISR confers to the plant a broad-spectrum tolerance or resistance to ongoing and subsequent 82 

infections by pathogens and pests. 83 

 84 

Thus, the soil microbiome has emerged as a key component of plant immunity, which has led to plant immunity 85 

no longer being seen as an innate genetic feature (Pieterse et al. 2016; Pineda et al. 2017). However, most of the 86 

studies about plant immunity to aboveground pathogens, conferred by beneficial microorganisms, focused on the 87 

impact of individual strains. Indeed, several soil microbial strains conferring a resistance in Arabidopsis thaliana 88 

to Pseudomonas syringae DC3000 (Pst) have already been identified (Mitter et al. 2013) and it was already shown 89 

that upon challenge by Pst, A. thaliana is able to recruit specific beneficial microbial strains to counteract 90 
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subsequent infections (Rudrappa et al. 2008; Yuan et al. 2018). Improvement of our knowledge, enhanced by the 91 

rapid development of inexpensive high-throughput DNA-sequencing, push towards integrating the role of soil 92 

microbiome in the understanding of plant immunity (Lemanceau et al. 2017).  93 

 94 

In this work, through natural selection in a controlled environment (Conner 2003) we investigated the contribution 95 

of soil microbiome to A.thaliana adaptation to the foliar pathogen Pst. To do so, plants were divided in two lines, 96 

depending on whether they were (i) inoculated with Pst or (ii) a saline buffer. Then, a new batch of plants were 97 

iteratively cultivated on a pasteurized soil inoculated with the soil microbial community of the previous iteration 98 

(whether inoculated with Pst or not) during eleven iterations. This allowed us to mimic the dynamics of a soil 99 

microbial community exposed to successive monocultures infected or not with Pst. The inoculation of the foliar 100 

pathogen, in one line and not the other, aimed at testing if the pathogen can induce a modification of soil microbial 101 

community mediated by the plant. Modification of soil microbial communities by the plant in response to Pst was 102 

assessed through an amplicon-based metagenomic analysis targeting bacterial and fungal diversity. Plant fitness 103 

and transcript abundance of stress hormone related genes were also analysed to finely describe plant response to 104 

(i) Pst and (ii) changes in soil microbial composition.  105 

 106 

Materials and Methods 107 

Experimental set-up 108 

 109 

Arabidopsis thaliana Col-0 seeds were surface-sterilized and stratified at 4°C for 2 days before sowing. Plants 110 

were cultivated in a growth chamber (Snijders, Netherlands) for 5 weeks at 22°C with daily cycles of 10 h light 111 

(100-130 μmol m-2 s-1) and 14 h dark and 70% relative humidity. Initially (iteration 0), plants were cultivated in 112 

pots filled with a mixture of vermicompost, pasteurized natural sandy soil and pasteurized TS3 Aquasave substrate 113 

(pH=6.0, Recipe-No.: 316; Klasman-Deilmann, Lithuania) in 1:2:7 (v:v:v) ratio. Only vermicompost, originating 114 

from vegetable residues, was not pasteurized to provide a primary source of rich, diverse and abundant microbial 115 

community (Pathma and Sakthivel 2013). For the natural soil (cambisol with moor from CEREEP station, Saint-116 

Pierre-Lès-Nemours, France), only the first 20 cm were sampled, excluding plant material before air-drying and 117 

sieving at 2 mm. Substrates were pasteurized for 72 h at 80 °C in a dry oven. 118 

 119 
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For the natural selection in a controlled environment experiment (Fig. 1), we established two “lines” (later denoted 120 

as pst-line and mock-line) of soil/plants microcosms (n=8), with one plant in each. After 4 weeks of growth, three 121 

leaves of each plant were inoculated with Pst or a saline buffer (10 mM MgCl2) for pst- and mock-line 122 

respectively. One week later, the disease severity on pst-lines was evaluated by quantification of Pst DC3000 in 123 

leaf tissues (as colony forming units, CFU). Since it was not technically possible to separate the soil from plant 124 

roots, the entire soil (including plants roots) from the different microcosm respective to their line, were retrieved 125 

and pooled. Pooling of the soil was done since it does not generates consistent inference bias (Allen et al. 2021) 126 

and eases preparation of new microcosms. After pooling, soil was mixed to be used as “inoculum” to inseminate 127 

the substrate for the next iteration. The cultivation substrate consisted of inoculum (pooled total soils from the 128 

previous iteration), pasteurized natural soil and pasteurized substrate TS3 in a ratio 1:2:7 (v:v:v). On these, 129 

Arabidopsis seeds were sown; this was performed for 11 iterations. Note that vermicompost, except for the first 130 

iteration, was not used for the rest of the controlled natural selection experiment as its physical and chemicals 131 

properties is difficult to standardize and characterize, which can lead to the introduction of non-controlled bias 132 

between two iterations. During iterations 1-6, plants were watered with demineralized water with no fertilizers; 133 

starting the 7th iteration plants were first watered with distilled water for 3 weeks and then with ¼ Steiner solution 134 

(Steiner 1961), due to the reinforcement of deficiency symptoms (symptoms that gradually got worse during the 135 

first generations). Substrate water content was kept at 60-80% of total water capacity (w:w). From the fourth to 136 

the last iteration, individual pictures of the plants were taken at 7 d.p.i. (days post inoculation with Pst). Total leaf 137 

area and rosette diameter was measured using ImageJ software (1.52v) and PHENOPSIS 3.0 ImageJ macro 138 

(Rymaszewski et al. 2018). 139 

 140 

Inoculation with pathogens and evaluation of disease severity 141 

 142 

The inoculation with Pseudomonas syringae pv. tomato DC3000 (Pst) was performed according to literature 143 

(Katagiri et al. 2002) with the following modifications: bacteria were cultivated overnight on LB medium plates 144 

containing 50 µg.µl-1 rifampicin. Bacteria were washed out from the plate and resuspended in 10 mM MgCl2 up 145 

to OD600=0.0005. Four-week-old plants were syringe-infiltrated with the suspension: three leaves at the similar 146 

developmental stage (middle age leaves: 8th-9th-10th leaves) were infiltrated according to (Berens et al. 2019). 147 

At 7 d.p.i., three discs (6 mm in diameter) were sampled on three leaves from each plant and pooled for evaluation 148 

of disease severity. The discs were homogenized in 10 mM MgCl2,  in a 2mL Eppendorf tube, with 1 g of 1.3 mm 149 
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silica beads using a FastPrep-24 instrument (MP Biomedicals, USA). The resulting homogenate was subjected to 150 

serial 10x dilutions and pipetted onto LB plates. Colonies were counted after 1–2 days of incubation at 28 °C.  151 

 152 

Plant gene expression 153 

Gene expression was monitored in plants of iterations 10 and 11, for both lines, 7 days post inoculation. Expression 154 

of defence-related genes was performed as in (Leontovyčová et al. 2019). Briefly, leaf discs (approximately 100 155 

µg fresh weight) were immediately frozen in liquid nitrogen. The tissue was homogenized similarly as for CFU 156 

quantification. Total RNA was isolated using Spectrum Plant Total RNA kit (Sigma-Aldrich, USA) and treated 157 

with a DNase DNA-free kit (Ambion, USA). Subsequently, 1 μg of RNA was converted into cDNA with M-MLV 158 

RNase H– Point Mutant reverse transcriptase (Promega Corp., USA) and an anchored oligo dT21 primer 159 

(Metabion, Germany). An equivalent of 6.25 ng of RNA was loaded into a 10-µl reaction with a SYBR Green 160 

qPCR Kit (ThermoFisher, USA). Gene expression was quantified by qPCR using a LightCycler 480 SYBR Green 161 

I Master kit and LightCycler 480 (Roche, Switzerland). The PCR conditions were 95 °C for 10 min followed by 162 

45 cycles of 95 °C for 10 s, 55 °C for 20 s, and 72 °C for 20 s. Melting curve analysis was then conducted. Relative 163 

gene expression was evaluated using ∆∆Ct, where the genes of interest were normalized to the housekeeping gene 164 

AtTIP41 and relative to the mock-line. Gene of interest are associated with stress-hormone signalling pathways: 165 

PR1, PR2, PR5 and ICS1 for SA-signalling pathway (Qi et al. 2018) ; PDF1.2, AOS, LOX2 for JA pathway (Leon-166 

Reyes et al. 2010); ACS2, ERF1 for ethylene pathway (Wang et al. 2002); ABI1 and LEA4-1 for ABA pathway 167 

(Dalal et al. 2009; Cao et al. 2017). A list of the primers is available in Supplementary Table S1. 168 

 169 

Soil DNA extraction and sequencing 170 

DNA was extracted from 500 mg of -20°C frozen soils following the (Griffiths et al. 2000) protocol with some 171 

modifications according to (Nicolaisen et al. 2008) and (Monard et al. 2013). Lysing Matrix E tubes (MP 172 

Biomedicals, California, USA) were used for the cell lysis and agitated at 30 m.s-1 for 3 min in a bead beater. 173 

Glycogen (0.1 mg) was added to precipitate nucleic acids for 2 h at 4 °C that were subsequently pelleted by 174 

centrifugation at 18 000 g for 30 min at 4 °C. Nucleic acids were resuspended in 50 µl of DNase–RNase-free 175 

water. 176 

 177 

Bacteria and fungi libraries were constructed according to the Illumina protocol "16S metagenomic sequencing 178 

library preparation" using a two steps polymerase chain reaction (PCR) approach. The following primer sets were 179 
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used for bacteria and fungi: 341F (5'-CCTACGGGNGGCWGCAG-3') and 785R (5'-180 

GACTACHVGGGTATCTAATCC-3') (Klindworth et al. 2013), ITS1f (5'-CTTGGTCATTTAGAGGAAGTAA-181 

3') (Gardes and Bruns 1993) and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3') (White et al. 1990), respectively. 182 

Each primer set contains a supplementary sequence, the overhang adapter: forward overhang (5'-183 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3') and reverse overhang (5'-184 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3'). PCRs were conducted in 25 µl containing each 185 

bacterial or fungal primer (0.2µM), 12.5µl 2X TransTaq® Hifi PCR SuperMix II (TransGen Biotech, Beijin, 186 

China), 2 µl of tenfold diluted DNA and ultrapure water to reach the final volume. The amplification conditions 187 

were as followed: for bacteria, 3 min at 95°C, 25 cycles of 30 s at 95°C, 30 s at 55°C and 30 s at 72°C and a final 188 

5 min extension step at 72°C; for fungi, 4 min at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 56°C and 189 

30 s at 72°C and a final 10 min extension step at 72°C. Two independent PCR replicates were performed for each 190 

sample, the PCR products were pooled and purified using the Agencourt® AMPure® XP beads system. The 191 

second PCR reaction attached specific indexes (i5, i7) to identify each sample and the Illumina sequencing 192 

adapters (P5, P7) using the Nextera XT index kit, 1X KAPA2G Robust mastermix (Kapa Biosystems, 193 

Wilmington, Massachusetts, USA) and the SmartChip technology (Wafergen, Fremont, USA). The amplification 194 

conditions consisted in 3 min at 95°C, followed by 8 cycles of 30 s at 95°C, 30 s at 55°C and 30 s at 72°C, and a 195 

final 5 min extension step at 72°C. After the polymerase chain reactions, pooled amplicons were collected from 196 

the chip(s) via centrifugation using single-use components supplied in the SmartChip TE Collection Kit and were 197 

purified with the Agencourt® AMPure® XP beads system. 198 

The amplified products of bacteria and fungi were quantified by qPCR (light cycler 480, Roche, Meylan, France) 199 

with, per well, 2.67 µl of PCR product, 4 µl of premix containing 2X of KAPA SYBR FAST qPCR Master Mix 200 

(KAPA library quantification kit for illumina, Kapa Biosystems, Wilmington, USA) and the Illumina primers P5 201 

(5’-AATGATACGGCGACCACCGA-3') and P7 (5’-CAAGCAGAAGACGGCATACGA-3'). The qPCR 202 

program consisted in 3 min at 95°C, followed by 45 cycles of 30 s at 95°C, 45 s at 60°C, 20 s at 72°C and a final 203 

melting curve step of 0.05 s at 95°C, 1 min at 65°C and an increase of 0.06°C/s from 65°C to 97°C. Then, the 204 

amplified products were combined in a unique pool in equimolar ratio and sequenced using 2x250 bp paired-end 205 

Illumina MiSeq with 15% PhiX at the ‘Human and Environmental Genomic' platform (Rennes, France). 206 

 207 

Amplicon-based metagenomic analysis 208 
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The sequence reads obtained after sequencing were analysed using Find Rapidly OTUs with Galaxy Solution 209 

(FROGS) pipeline at the Genotoul platform following the standard operation procedure. Unless specified 210 

otherwise, data were processed using default parameters. Briefly, reads were pre-processed to filter out sequences 211 

without primers, that are too small or of poor quality (ambiguous bases) and to trim the primers. Sequences were 212 

clustered using the Swarm algorithm (Mahé et al. 2014). Chimera sequences were detected and then removed. 213 

Clustered OTU were filtered to remove OTU that are present in at least two samples and containing at least 214 

0.00005% of all sequences. Taxonomy was assigned to OTU using SILVA (release 132) and UNITE (release 7.1) 215 

as reference database for 341F/785R and ITS1F/ITS2 reads respectively.  216 

 217 

Statistical and microbial community analyses 218 

All statistical analyses were performed using the R software (R Core Team 2020). Bacterial and fungal 219 

communities diversity analyses were performed with the R packages Phyloseq (McMurdie and Holmes 2013). 220 

Data were rarefied to 9220 and 14753 sequences/samples for bacteria (341F/785R) and fungi (ITS1F/ITS2) reads, 221 

respectively. Correspondence analysis was performed with the ade4 package (Thioulouse et al. 2018). To identify 222 

the OTUs the most associated with pst- and mock- lines, the 200 OTUs with the highest absolute contribution to 223 

the first axis were isolated. A specific subset of OTUs associated to the pst-line and the mock-line was obtained 224 

by filtering on the data of the eleventh iteration. For the pst-line, only the OTUs detected in all three replicates of 225 

the pst-line and not detected in at least one replicate of the mock-line were kept. For the mock-line, only the OTUs 226 

detected in all three replicates of the mock-line and not detected in at least one replicate of the pst-line were kept. 227 

This provided a specific set of 78 and 34 OTUs for pst- and mock-line respectively.  228 

 229 

Results 230 

Plant resistance to Pst but not growth increased between pst- and mock-line  231 

To determine the influence of the iterative inoculation of plants with a leaf pathogen on the associated rhizosphere 232 

microbial communities, we performed a natural selection in a controlled environment experiment (Fig. 1). One 233 

week after infiltration with Pst, inoculated leaves showed strong symptoms of infection (necrotic lesions 234 

surrounded by diffuse chlorosis) (Fig. 2a). On the contrary, for plants infiltrated with saline buffer, no leaf damage 235 

nor necrosis was observed (Fig. 2a). Plant growth (Fig. 2b), monitored through the projected leaf area (PLA) 236 

showed a progressive decrease starting from the fourth iteration up to the eighth. At the ninth iteration, PLA 237 

increased to values close to that of the fourth iteration and remained steady, up to the last iteration. For the fourth 238 
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and seventh iteration, we observed a significant difference in PLA between the plants of the pst- and the mock-239 

line (p-value < 0.05, Wilcoxon test). No significant differences (p-value > 0.05, Wilcoxon test) were observed for 240 

the other iterations. At the tenth and eleventh iterations, PLA of plants in the mock-line, inoculated with Pst did 241 

not differ from plants in the pst-line (Fig. 1b). For both 10th and 11th iterations in which additional plant of the 242 

mock line were used to compare plant susceptibility to the pathogen in both pst- and mock-lines, the number of 243 

bacteria was significantly lower (p-value < 0.05, Wilcoxon test) in plants from the pst-line versus those of the 244 

mock-line: -81% (Fig. 2c) and -85% (Supplementary Fig. S1) for iteration 10 and 11, respectively.  245 

 246 

Gene expression 247 

Among all tested genes, we detected a significant (p-value < 0.05, Wilcoxon test) differences between lines only 248 

in expression of genes associated with the SA-pathway (PR1, PR2 and PR5) and SA biosynthesis gene ICS1 (Fig. 249 

3 for i10 and Supplementary Fig. S2 for i11). The SA-related response was stronger in the mock line than in the 250 

pst-line in two subsequent iterations. For the other genes, no significant differences (p-value > 0.05, Wilcoxon 251 

test) in transcripts levels was detected between mock- and pst-lines (Fig. 3 for i10 and Supplementary Fig. S2 for 252 

i11).  253 

 254 

Rhizosphere microbiome community dynamics 255 

Soil bacterial and fungal diversity, assessed through the phylogenetic analysis of 16S rRNA and ITS gene 256 

amplicons, was strongly impacted at first by the experimental setup (Supplementary Fig. S3). For bacterial 257 

diversity, species richness almost doubled the first iteration, going from 365 to 645 and 698 for mock and pst-line 258 

respectively. Species richness then stabilized around 840 for the following iterations (three times more as 259 

compared to initial soil). A similar pattern was observed for fungal diversity, with an increased species richness 260 

from 28 to 110 for both mock and pst-line in the first iteration. Species richness strongly varied the next iterations, 261 

before decreasing from the sixth iteration. For the last three iterations, species richness was around 40 (1.5 times 262 

more as compared to initial soil). For bacterial communities, Shannon H-index, followed a similar pattern than 263 

species richness with an initial increase from 5 to 5.6 and remained stable for the following iterations. For fungal 264 

communities, Shannon H-index remained stable the first four iterations (around 2.4) before decreasing and 265 

reaching 1.3 the last iterations. 266 

 267 
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When comparing bacterial (Fig. 4a) and fungal (Fig. 4b) communities between two successive iterations within 268 

the same line (i.e. legacy effect), we observe that for both soil lines, shift in beta-diversity was the highest between 269 

the initial soil and the first iteration (i0-i1), with values around 0.63 and 0.72 for bacterial and fungal communities 270 

respectively. Between successive iteration beta-diversity then decreased in both lines through the experiment and 271 

remained low from the sixth to the last iteration for both lines (mock and pst) and bacterial and fungal 272 

communities. When compared, the dissimilarity in bacterial composition between the mock and pst-line for the 273 

same iteration (i.e. inter treatment dissimilarity), increased between the first and fourth iteration and then remained 274 

stable at high values till the end of the iteration process (Fig. 4c). Dissimilarity between bacterial communities of 275 

the same line (i.e. intra treatment dissimilarity) also increased during the first three iterations and then decreased 276 

and remained low for both mock- and pst-line (Fig. 4c). From the third and up to the last iteration, inter-treatment 277 

(mock vs. pst) dissimilarity was higher than the intra-treatment (mock or pst) dissimilarity. For fungal 278 

communities (Fig. 4d), an increase in both intra and inter-treatment dissimilarity was also observed in the first 279 

iterations. Intra and inter dissimilarity then decreased from i3 up to i11, with only a brief increase at i10 for the 280 

pst-line community (thus increasing the inter-treatment dissimilarity). As fungal communities did not appear to 281 

be impacted by Pst, we only consider bacterial communities in further analyses.  282 

 283 

Bacterial sub-community differences between pst- and mock- lines 284 

 285 

Correspondence analysis (CA, Fig. 5a) confirmed the strong influence of the experimental setup during the first 286 

iterations, as already shown by between successive iteration beta-diversity (Fig. 4a). In the CA map, samples are 287 

distributed according to their iterations, with samples from initial soil (i0) and first iteration (i1) contributing the 288 

most to both the first and second axis. Besides, the bacterial communities of i0 and i1 samples show a great 289 

divergence with those of following iterations (i2 to i11). The last iterations (i5 to i11) are joined on the CA map 290 

and contribute poorly to the first and second axis, showing a relative stabilization of microbial community 291 

structure (Fig. 4a and 4c). To have a better view of what happens for the last iterations, CA was performed using 292 

only the samples corresponding to the last four iterations (i8 to i11) (Fig. 5b). It shows a strong impact of the Pst 293 

inoculation on microbiome composition as samples are distributed along the first axis according to the line (pst or 294 

mock), with samples of the mock-line being mainly on the left and pst-line on the right. Interestingly, the second 295 

axis separates the samples according to their iterations, with samples of pst-line and mock-line for a given iteration 296 

nearly mirroring according to the second axis.  297 
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 298 

Following CA, we selected the OTUs that contribute the most, positively, or negatively, to the first axis. We 299 

identified (Fig. 6a) a specific set of 78 OTUs whose abundance increased through the iterative process in the pst-300 

line but not in the mock line. These OTUs which represented less than 1 % of the relative abundance during the 301 

first two iterations represented up to 11% in the last iteration. These OTUs were mostly related to the phyla 302 

Proteobacteria (4 %), Planctomycetes (3 %) and Bacteroides (1.8 %) (Fig. 6a) with families such as 303 

Tepidisphaeraceae, Xanthobacteraceae and Caedibacteraceae being the most abundant in pst-line but not in 304 

mock-line (Supplementary Table S2 and S3). In the mock-line, the abundance of these OTUs did not change and 305 

has remained broadly close to 1% during the whole experiment. In soils of the mock-line, we also identified a 306 

specific set of 34 OTUs (Fig. 6b) which abundance increased during the iterative process. These OTUs represented 307 

less than 2% of the relative abundance during the first two iterations and up to 4.4 % in the last iteration. These 308 

OTUs are mostly related to the phyla Proteobacteria (2.1 %) and Bacteroides (1.1 %). A decrease in the abundance 309 

of these OTUs was observed in soils iteratively exposed to Pst. They represented up to 2.5 % of the total abundance 310 

in the first iterations and dropped close to 0.5% in the last iterations.  311 

 312 

Discussion 313 

Susceptibility to Pst decreased in the line iteratively exposed to Pst  314 

Iterative exposure of soil to plants inoculated with Pst did not significantly impact plant growth and development 315 

as there were no differences between the mock- and pst-lines during the iterative process (Fig. 2b). However, from 316 

the 4th to the 8th iteration, plant growth decreased. This might be due to an uncontrolled environmental factor. 317 

This phenomenon might have been accentuated by the small pot size, chosen to maximize the volume occupied 318 

by the roots to increase the rhizosphere (and so the interactions with soil microorganisms). Fertilization of the 319 

plants with a Steiner solution, started at the seventh iteration, might have allowed them to overcome this effect in 320 

the last iterations (i9 to i11). Although no significant differences were observed between mock- and pst-lines 321 

regarding plant growth (except for iteration 4 and 7), plant susceptibility to Pst was strongly modulated. Plants 322 

grown on soils of iteration 10, i.e. soil microbiome that has been ten times consecutively exposed to plants exposed 323 

to Pst, appeared far less susceptible to the disease. This was shown by a decrease of 81 and 85 % in Pst density 324 

in pst-line as compared with mock-line, at iterations 10 and 11 respectively. Interestingly, the increased resistance 325 

in pst-line observed at the tenth and eleventh iterations was coupled with the lower transcription of PR1. PR1 is 326 

the canonical SA-responsive gene, used as an indicator of the triggering of SA signalling (Janda and Ruelland 327 
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2015). During Pst infection, SA signalling (i.e. PR1 expression) turns on rapidly (16-24 hpi) peaking around 48 328 

hpi and gradually decreasing afterwards (De Vos et al. 2005; Yang et al. 2015). The increased resistance at 7 dpi 329 

in pst-line, correlated with lower SA signalling at this very moment, might indicate that defence mechanisms were 330 

activated in pst-line allowing the plant to overcome the infection faster. This activation could be linked to the 331 

presence of PGPM or molecules inducing SA related defence mechanisms (Pieterse et al. 2009). For example, Pst 332 

infection resistance in A. thaliana plants induced by the PGPM Bacillus cereus AR156 and Burkholderia 333 

phytofirmans PsJN (Bp) is associated to higher levels of transcripts of SA related genes in the first stage of the 334 

infection but lower in the late stage of the infection as compared to non-elicited plants (Niu et al. 2011; Su et al. 335 

2017). On conditioned soils (i.e. by growing in the same soil, multiple generations of A. thaliana inoculated 336 

aboveground with Pst), a similar decrease of endogenous SA level was observed (Yuan et al. 2018). Conversely, 337 

we did not detect any significant differences in transcript abundance of JA-responsive (PFD1.2) or biosynthetic 338 

genes (AOS, LOX2), ET- (ACS2, ERF1) or ABA-associated (ABI1, LEA4-1) genes between pst- and mock-lines, 339 

consistently with the antagonistic role of those hormones (Robert-Seilaniantz et al. 2011). Even if we did not see 340 

any significant differences for other hormones than SA, involvement of other hormones like JA or ET cannot be 341 

totally excluded. There is more and more evidence of a strong interplay of plant hormones, even between 342 

antagonistic ones, to finely tune plant response to pathogens, with often a time-lagged regulation of hormones 343 

levels (Liu et al. 2016; Klessig et al. 2018). This interplay between plant hormones plays an important role in 344 

plant-microbiome interactions as several soil organisms can interact with plant hormone signalling, modulating 345 

in fine hormone levels and thus plant response to pathogens (Hase et al. 2003; Dodd et al. 2010; Puga-Freitas and 346 

Blouin 2015; Trivedi et al. 2021).   347 

 348 

Natural selection by the Pst-infected plants of a soil microbiome alleviating Pst associated symptoms 349 

Since new seeds were sown at the beginning of each iteration, and a fresh Pst inoculum was used for each 350 

infection, the effects observed on plant susceptibility could not be attributed to plant adaptation to the pathogen 351 

neither to the pathogen adaptation, as already observed in other studies (Luna et al. 2012; Meaden and Koskella 352 

2017). Modulation of plant susceptibility to Pst on the final iterations (i10 and i11) can therefore only be due to 353 

changes in soil biological, physical or chemical properties as a small proportion of soil was transferred between 354 

iterations (10 % of final volume). However, changes in soil physical and chemical properties were limited as soil 355 

was destructurated by breaking aggregates between two successive iterations and plants were fertilized using a 356 

nutritive solution after the seventh iteration. Soil biological properties, especially bacterial dynamics, thus 357 
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appeared as a key element in the alleviation of Pst susceptibility in our experiment. Bacterial and fungal 358 

communities tended to stabilize along the iterative process (Fig. 4a) as the legacy effect increases (i.e. for a same 359 

line, divergence between two successive iterations tended to decrease). Aboveground inoculation with Pst 360 

impacted bacterial communities (Fig. 4c) but not fungal communities (Fig. 4d). Enrichment of rhizospheric 361 

microorganisms following infections has been extensively reported in suppressive soils (Raaijmakers and Mazzola 362 

2016; Cordovez et al. 2019). On these soils, suppression of a specific subset of disease caused by soilborne 363 

phytopathogenic fungi, oomycetes, bacteria or nematodes is generally observed. It has been strongly suggested 364 

that this protection is mediated by changes in the soil microbiome composition (Sanguin et al. 2009; Mendes et 365 

al. 2011; Raaijmakers and Mazzola 2016). In our study, the iterative cultivation of plants on a pasteurized soil 366 

inoculated with the soil microbial community of the previous iteration (whether inoculated with Pst or not) acted 367 

as a driving force to shape soil microbiome composition. This resulted in the selection by the plant, likely through 368 

its root exudates (Bais et al. 2006; Rudrappa et al. 2008; Yuan et al. 2018), of bacterial families such as 369 

Burkholderiaceae, Caulobacteraceae, Sphingobacteriaceae and Sphingomonadaceae (Supplementary Table S2), 370 

that helped the plants to overcome the infection as already shown in other pathosystems (Chapelle et al. 2016). 371 

After ten iterations, this microbial community is stable and can be therefore transferred to a new soil. For soilborne 372 

pathogens, it have been demonstrated that specific suppressiveness of soils can be transferred to conducive ones 373 

by mixing small amounts (1 to 10 % w/w) of the suppressive soil into the conducive soil (Mendes et al. 2011; 374 

Raaijmakers and Mazzola 2016). A similar mixing ratio seems to be also valid for diseases aboveground pathogens 375 

as shown in our study comforting that the concept of soil suppressiveness can be extended to aboveground 376 

pathogen or pests. However, the soil community trait selected by the plants differs according to the type of 377 

pathogen (soilborne or foliar). For soilborne pathogens, modifications induced by soil microbiome likely lead to 378 

changes in physicochemical soil properties and activation of specific antagonistic traits that restrict pathogen 379 

infection such as production of antimicrobial compounds or siderophores (Raaijmakers et al. 2009; Schlatter et al. 380 

2017). For foliar pathogens, as in our study, such direct impact of soil microbiome on the pathogen seems unlikely. 381 

Here, the mechanisms involved is therefore systemic and indirect, and relies extensively in the modulation by soil 382 

microbiome of the plant immunity related to SA homeostasis as demonstrated in the current and previous studies 383 

(Yuan et al. 2018).  384 

 385 

To conclude, active shaping of soil microbiome by plant-soil feedbacks during pathogen infection allows to recruit 386 

a stable microbiome leading to a reduction in the susceptibility to the disease. This indirect mechanism could rely 387 
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upon a systemic response induced by soil organisms and is mediated in the plant through SA signalling. The use 388 

of similar controlled natural selection approaches could lead to the development of new agricultural strategies as 389 

the complex microbiomes obtained can be introduced to other soils via soil transplantation. Such approach needs 390 

to be associated to breeding strategies that optimize interactions with beneficial microbes, as plant interaction with 391 

soil organisms is a major driver of terrestrial ecosystems functioning. 392 
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 419 

Figure legends 420 

Fig. 1 Experimental set-up for the iterative exposure of soil microbiome to A. thaliana inoculated with the foliar 421 

pathogen Pst. Before starting the iterative process (iteration 0), plants were sown and grown for four weeks on 422 

pasteurized substrate mixed with vermicompost (providing the initial microbial inoculant). The iterative process 423 

was started (i1) by dividing the first batch of plants (i0) in two lines : i/ pst-line, infiltrated with a Pst strain, and 424 

ii/ mock-line, infiltrated with saline buffer (plain and empty red arrows respectively). This will allow to assess if 425 

the plant could recruit different microbial communities when exposed or not to a pathogen. Seven days after 426 

inoculation, disease susceptibility was assessed on the Pst-inoculated line. Then, for each pot of both lines, a small 427 

fraction of soil was collected and pooled with samples from the same line; an aliquot fraction of pooled soil was 428 

kept for further amplicon-based metagenomic analysis. Thus, pooled soil sample from the parental generation was 429 

used to inoculate a soil microbial community within the pasteurized substratum of the offspring one at a 1:9 (v:v) 430 

ratio to mimic the dynamics of a soil microbial community exposed to successive monocultures. A. thaliana seeds 431 

were sown on this inseminated soil to pursue the iterative process for eleven iterations. Each iteration is denoted 432 

in, with n, the iteration number ranging from 1 to 11 and consisting in the three following steps: i/ sowing of 433 

A.thaliana on soil inoculated with the microbial community of the previous iteration. After four weeks, ii/ leaves 434 

infiltration with Pst strain or a saline buffer (for pst- and mock-line respectively). Finally, iii/ soil collection, 435 

respective to its line, to prepare a new batch of soil and pursue the iterative process. For the tenth and eleventh 436 

iteration, five additional experimental set-ups were prepared for mock lines to assess disease susceptibility while 437 

continuing the iteration process. Green and blue colours are associated with pst- and mock-line respectively. Red 438 

colour is associated with the pathogen Pst and grey colour with initial soil before starting the iterative process. 439 

Soil microbial composition has been characterized for samples indicated with asterix 440 

 441 

Fig. 2 Leaf traits of Arabidopsis thaliana along the iterative process. (a) Representative images of plants from the 442 

tenth iteration, 7 days post inoculation (d.p.i.): mock (MgCl2) treated (left panel) and Pst inoculated (right panel). 443 

Red triangles point out mock or Pst infiltrated leaves (empty or plain triangle respectively). White scale bar 444 

represents 10 mm. (b) Evolution of rosette area. Boxplots show the total projected leaf area at 7 d.p.i for mock 445 

(blue) or pst (green) lines from iteration 4 to 11 (points indicates values for biological replicates, n=8). (c) Boxplot 446 

comparing pathogen resistance of plants from mock- (n=5) or pst-line (n=8) at the tenth iteration (i10; points 447 

indicates values for biological replicates, see also i11 in Supplementary Fig. S1). For each plant, three leaves were 448 
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infiltrated with Pst before CFU quantification at 7 d.p.i. Asterix indicates significant differences and “ns” indicates 449 

non-significant differences (**p-value < 0.01, *p-value < 0.05, ns p-value > 0.05, Wilcoxon test) 450 

 451 

Fig. 3 Impact of the soil microbiome on hormone related gene expression of Arabidopsis thaliana from mock- or 452 

pst-line upon Pst infection. (a-e) SA-related, (f-h) JA-related, (i-j) ABA related and (k-l) ET related gene 453 

expression at 7 d.p.i. Data are those from iteration 10. Boxplots show Log2 transformed differential expression 454 

levels (ΔΔCt) of the genes of interest normalized to the housekeeping gene AtTIP41 and relative to infected plants 455 

from the mock line (points indicates values for biological replicates, n=5 and n=8 for mock-line and pst-line 456 

respectively) at the tenth iteration. Symbols indicates significant differences (*p-value < 0.05, (.) p-value < 0.1), 457 

and “ns” indicates non-significant (p-value > 0.1) differences (Wilcoxon test) 458 

 459 

Fig. 4 Legacy and Pst effect on bacterial and fungal community structure along the iterative process. Bray-Curtis 460 

dissimilarity (Beta-diversity) between successive iterations (ith and (i+1)th) in pst- and mock-lines for bacterial (a) 461 

and fungal (b) community. Intra and inter group Bray-Curtis dissimilarity (Beta-diversity) for bacterial (c) and 462 

fungal (d) community. Green and blue solid lines represent the median (n=3) and intervals represent the minimum 463 

and maximum values for pst and mock treatment, respectively. Grey solid line represents the median (n=3) and 464 

intervals represent the minimum and maximum value of beta-diversity between pst and mock treatment 465 

 466 

Fig. 5 Community structure for bacteria along the experiment. (a) Correspondence analysis on bacterial diversity 467 

of i0 to i11. First and second axis account for 25 and 13 % of total variance respectively. (b) Correspondence 468 

analysis on bacterial diversity of iterations i8 to i11. First and second axis account for 21 and 16 % of total variance 469 

respectively. OTUs with the highest absolute contribution to the first axis are highlighted in blue and green, 470 

defining the soil bacterial sub-community of mock- and pst-lines respectively. Other OTU are shown in light grey. 471 

Symbols indicates the iteration: triangle for i8, inverted triangles for i9, squares for i10 and diamonds for i11. 472 

Mock- and pst-line barycenters are in blue and green respectively. 473 

 474 

Fig. 6 Main changes in the bacterial community in response to Pst inoculation. Relative abundance and phylum 475 

associated with (a) Pst treatment (78 OTUs) and (b) mock treatment (34 OTUs). Bar height represents the relative 476 

abundance (% of total abundance) of each OTU. Colour indicates taxonomic classification of OTUs at the phylum 477 

level 478 
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