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Abstract 18 

Recently, small RNAs have been shown to play important roles in cross-kingdom 19 

communication, notably in plant-pathogen relationships. Plant miRNAs were even shown to 20 

regulate gene expression in the gut microbiota. But what impact do they have on the plant 21 

microbiota? Here we hypothesized that plant miRNAs can be found in the rhizosphere of 22 

plants, where they are taken up by rhizosphere bacteria, influencing their gene expression, 23 

thereby shaping the rhizosphere bacterial community. We found plant miRNAs in the 24 

rhizosphere of Arabidopsis thaliana and Brachypodium distachyon. These plant miRNAs 25 

were also found in rhizosphere bacteria, and fluorescent synthetic miRNAs were taken up by 26 

cultivated bacteria. A mixture of five plant miRNAs modulated the expression of more than a 27 

hundred genes in Variovorax paradoxus, whereas no effect was observed in Bacillus 28 

mycoides. Similarly, when V. paradoxus was grown in the rhizosphere of Arabidopsis that 29 

overexpressed a miRNA, it changed its gene expression profile. The rhizosphere bacterial 30 

communities of Arabidopsis mutants that were impaired in their miRNA or small RNA 31 

pathways differed from wildtype plants. Similarly, bacterial communities of Arabidopsis 32 

overexpressing specific miRNAs diverged from control plants. Finally, the growth and the 33 

abundance of specific ASVs of a simplified soil community were affected by exposure to a 34 

mixture of synthetic plant miRNAs. Taken together, our results support a paradigm shift in 35 

plant-bacteria interactions in the rhizosphere, adding miRNAs to the plant tools shaping 36 

microbial assembly.  37 

 38 

Keywords: plant miRNAs, rhizosphere, bacterial communities, Variovorax, transcriptomics.  39 
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Introduction 40 

MicroRNAs (miRNAs) are small ~21nt non-coding RNAs that control target gene 41 

expression, through sequence complementarity. Their roles in plants vary from regulating 42 

developmental processes to responding to abiotic and biotic stresses. Plants also use 43 

miRNAs to interact with pathogens: for example, cotton plants use them to inhibit the fungal 44 

pathogen Verticillium dahlia [1] and Arabidopsis thaliana and tomato to inhibit another fungal 45 

pathogen, Botrytis cinerea [2-4]. The more general role of plant miRNAs in shaping the 46 

microbiota is, however, not known. We had hypothesized that miRNAs could be a novel, key 47 

mediator in the rhizosphere [5], as it was shown to be in the mammalian gut. In mice and 48 

human, both intestinal miRNAs and ingested plant-derived miRNAs regulate gut bacterial 49 

gene expression and growth, shaping the gut microbiota [6, 7] [8]. 50 

Arabidopsis roots contain many miRNAs, of which over half are expressed in a 51 

tissue-specific manner, with several being enriched at the root tip, in the early meristematic 52 

zone [9]. This zone is also a recognized hotspot for plant-driven microbial selection [10]. The 53 

current paradigm is that the plant selects the rhizospheric microbiota through 54 

rhizodeposition, including exudates such as sugars, peptides, amino acids, nucleic acids, 55 

nucleotides, fatty acids or secondary metabolites [11]. Here, we hypothesize that plant 56 

miRNAs 1) can be found in the rhizosphere of plants, 2) are taken up by rhizosphere 57 

bacteria, 3) influence the gene expression of rhizosphere bacteria, and 4) shape the 58 

bacterial community. We report several independent experiments designed to test these 59 

hypotheses.   60 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 17, 2024. ; https://doi.org/10.1101/2022.07.26.501597doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.26.501597
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Methods 61 

The full method description is available as supplementary material. 62 

Detection of plant miRNAs in the rhizosphere and roots. 63 

For rhizosphere analyses, triplicate Arabidopsis thaliana (Col-0) and Brachypodium 64 

distachyon (Bd21-3) were grown for a month, alongside unplanted soils. For root analyses, 65 

we grew ten replicated Aradidopsis thaliana (Col-0) plants for 21 days, with unplanted 66 

controls. RNA was extracted from the plant roots and rhizosphere and from the unplanted 67 

soils and sent for small RNA sequencing. Sequences between 18 and 27 nucleotides were 68 

mapped against Arabidopsis and Brachypodium genomes and were assigned to known 69 

miRNAs. From these miRNAs we constructed an abundance table that was used to compare 70 

the rhizosphere to the unplanted controls. Rhizospheric and root miRNAs were defined as 71 

the miRNAs that had at least 10 reads for each of the rhizosphere or root samples and a 72 

maximum of one read across all the bulk soil samples. 73 

 74 

Internalization of plant miRNAs by bacteria. 75 

Detection of plant miRNAs in rhizospheric bacteria. 76 

We extracted bacterial cells from the rhizosphere soil of one-month old A. thaliana (Col-0) 77 

using a Nycodenz gradient. RNA was extracted from the bacterial pellet [12], sequenced and 78 

processed as described above, but with a lower threshold because of the lower number of 79 

plant miRNA sequences retrieved. Only the miRNAs that were represented by at least 5 80 

reads in each rhizosphere samples and absent in the bulk soil samples were kept. To further 81 

confirm that miRNAs found in the rhizospheric bacteria originated from the plant and not the 82 

bacteria, miRNA sequences were searched for on the + and - strands of 3,837 bacterial 83 

genomes [13], of which 1,160 were isolated from plants. 84 

 85 

Confocal microscopy. 86 
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Variovorax paradoxus EPS and Bacillus mycoides YL123 were grown overnight in liquid 87 

media. The cultures were incubated for 4 hours with 3’-Cy5 fluorescent miRNAs (ath-88 

miR159a or a scrambled control – same nucleic acid content but in different order), or a 89 

pCp-Cy5 control. Twenty minutes before visualization, the cultures were also treated with 90 

MitoTracker Green FM (Invitrogen). We visualized the washed and concentrated culture 91 

using a confocal microscope (Zeiss LSM780). 92 

 93 

Flow cytometry. 94 

We prepared the cultures as described in the confocal microscopy section. The cells were 95 

fixed with 4% Paraformaldehyde (PFA) and then stained with a DNA marker (Hoechst 96 

33342). The cells were diluted in PBS and processed by flow cytometry (BD LSRFortessa). 97 

We used a variety of controls to ensure that our statistical analyses were conducted on 98 

bacteria that were positive for our green (MitoTraker), red (Cy5 tagged miRNAs) and blue 99 

(Hoechst) markers.  100 

 101 

Effect of miRNAs on bacterial gene expression. 102 

Bacterial transcriptomic response to miRNAs. 103 

Variovorax paradoxus EPS and Bacillus mycoides YL123 were grown until the exponential 104 

phase, when they were exposed to a mix of the 6 most abundant rhizospheric miRNAs: 105 

miR159a, miR159b, miR159c, miR161.1, miR158a and miR165b, or a control mix of 6 106 

scrambled miRNAs. The cultures were sampled after 20 min and 120 min of incubation, 107 

pelleted, and the RNA of the cell pellet was extracted and sequenced. The transcripts were 108 

mapped on their respective genomes, and differential expression analyses (plant miRNA vs. 109 

scrambled miRNA) were done using DESeq2. 110 

 111 

In silico analysis of miRNA targets. 112 

To predict potential targets of the six miRNA used on the genome of Variovorax paradoxus, 113 

we implemented a workflow [14] named mirnatarget 1.0 : miRNA target finder 114 
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(https://github.com/jtremblay/MiRNATarget), which was inspired from the plant miRNA target 115 

finder, psRNAtarget [15].  116 

 117 

In vitro miPEP treatment and transcriptomic experiment. 118 

Approximately 50 Arabidopsis thaliana (Col-0) surface-sterilized seeds were grown 119 

axenically in Petri dishes in a growth chamber. After twenty days of growth, the plants were 120 

treated twice within 24 hours by inoculating miPEP159c, a scrambled miPEP, or water at the 121 

plant crown. One hour after the second miPEP treatment, Variovorax paradoxus was 122 

inoculated along the roots of the seedlings. Two hours after the bacterial inoculation, the 123 

plants and rhizospheres were sampled, and RNA was extracted. From the potential targets 124 

of miR159c found above, three were selected for RT-qPCR analyses in the rhizosphere – 125 

alpha-2-macroglubulin, phosphatidate cytydylyltransferase, and LysR. We also quantified the 126 

abundance in plant tissues of the primary transcript to mir159c, pri-miR159c. 127 

 128 

Effect of miRNAs on the bacterial community. 129 

Arabidopsis mutant experiment. 130 

Five A. thaliana mutants were chosen. RTL1 mutant over-expresses RTL1 protein which 131 

results in a suppression of siRNA pathway without affecting miRNAs [16]. RTL1myc over-132 

expresses RTL1 protein flagged with Myc epitope, rendering RTL1 less active, so siRNA 133 

pathway is less suppressed than with RTL1 mutant. Ago1-27 mutant has AGO protein 134 

function partially impaired and is completely post-transcription gene silencing (PTGS) 135 

deficient [17]. Dcl1-2 mutant has total loss of function of DCL1 protein resulting in low levels 136 

of miRNA and developmental problems [18]. Hen1-4 mutant is miRNA defective but is also 137 

affected in some siRNA – PTGS [19]. HEN1 methylates siRNA and miRNA to maintain their 138 

levels and size, but also to protect them from uridylation and subsequent degradation [20]. 139 

The plants were grown for a month, after which the roots and attached rhizosphere were 140 

sampled, its DNA extracted, amplified using 16S rRNA gene primers, and sequenced. The 141 

same primers were used in real-time quantitative PCR to quantify bacterial abundance. 142 
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Amplicon sequencing data was processed with AmpliconTagger [21] and the R package 143 

“phyloseq” v 1.32.0 [22].  144 

 145 

miPEP experiment. 146 

We treated Arabidopsis thaliana Col-0 with 500 µL of water (control condition) or a miPEP 147 

solution (20 µM of miPEP159a, miPEP159b, or miPEP159c), applied at the base of the 148 

crown, 3 times a week for a total of 10 applications. We then extracted the DNA from the 149 

roots and the attached rhizosphere and sequenced and quantified the 16S RNA gene as 150 

described above. 151 

 152 

Simplified soil community experiment. 153 

We created a simplified soil community by inoculating five different growth media with 2 g of 154 

agricultural soil. The cultures were normalized to the same optical density, pooled, pelleted 155 

and suspended in PBS. The cells were inoculated in a 96-wells plate containing a mixture of 156 

17 amino acids as nitrogen source. Five wells were treated with a mixture of rhizospheric 157 

miRNAs (ath-miR158a-3p, ath-miR158b, ath-miR159a, ath-miR827, and ath-miR5642b) and 158 

five wells were treated with a mixture of scrambled miRNAs. These miRNAs were all found 159 

in the rhizosphere (but for some below the stringent threshold used above) and were 160 

predicted to target bacterial genes associated with nitrogen cycling. We measured bacterial 161 

growth every hour for 52 hours, after which we sampled the bacteria, extracted the DNA, 162 

and amplified and sequenced the 16S rRNA gene as described above.   163 
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Results 164 

Plant miRNAs are present in the rhizosphere. 165 

We sequenced small RNA extracted from A. thaliana rhizosphere soil and unplanted 166 

soils. One-hundred-eleven ath-miRNAs (mapped on A. thaliana’s genome) were detected, of 167 

which 14 were present in the rhizosphere with more than 10 reads per sample and absent in 168 

unplanted soil (Fig. 1a). The most abundant miRNAs in the rhizosphere were ath-miR158a-169 

3p, ath-miR161.1, and various members of the miR159, miR166 and miR165 families (Fig. 170 

1a). We then sequenced the rhizosphere miRNAs of a second model plant, Brachypodium 171 

distachyon. Ten bdi-miRNAs (mapped on B. distachyon’s genome) out of 81 miRNAs were 172 

present in the rhizosphere with more than 10 reads per sample and absent in unplanted soil 173 

(Fig. 1b). The most abundant miRNAs were bdi-miR159b-3p, bdi-miR156, bdi-miR166, bdi-174 

miR396, and bdi-miR167. Amongst the rhizospheric miRNAs detected, four were common 175 

between A. thaliana and B. distachyon: miR159b-3p, miR167, miR166, and miR396. 176 

We then grew more Arabidopsis plants and sequenced their root miRNAs to confirm 177 

that the rhizospheric miRNAs could be coming from the plant roots. Eleven miRNAs were 178 

represented by at least 10 reads in each root sample. There was a clear dominance of ath-179 

miR165, ath-miR166, ath-miR159a, ath-miR160, and ath-miR159b.3p (Fig. 1c). Among 180 

these 11 miRNAs, 7 were common with the miRNAs found in Arabidopsis rhizosphere (ath-181 

miR158a-3p, ath-miR159a, ath-miR159b-3p, ath-miR161.1, ath-miR162, ath-miR165, ath-182 

miR166), which included most of the top five most abundant root and rhizosphere miRNAs.  183 

 184 

A. thaliana miRNAs are internalized by soil bacteria. 185 

Bacterial cells were isolated from the rhizosphere of one month-old A. thaliana, 186 

washed and their RNA content was extracted and sequenced to identify potentially 187 

internalized plant miRNAs. The miRNAs were mapped against A. thaliana TAIR10.1 188 

genome, identifying a total of 34 ath-miRNAs. Five miRNAs – namely ath-miR158a-3p, ath-189 

miR161.1, miR162, ath-miR159b-3p and ath-miR159a – were represented by at least 5 190 
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reads per rhizosphere samples and absent in bacteria extracted from the unplanted soil (Fig. 191 

2a). Four out of these five miRNAs were among the five most abundant miRNAs found in the 192 

rhizosphere of A. thaliana (Fig. 1a) and were found in a similar order of relative abundance. 193 

To ensure that these miRNAs did not come from the bacteria themselves, their sequences 194 

were searched for in 3,837 soil bacterial genomes, of which 1,160 were of bacteria isolated 195 

from plants [13]. No matches were found, meaning that the miRNAs detected in the bacteria 196 

could not be produced by the bacteria. 197 

 We then exposed two typical rhizosphere bacteria, Variovorax paradoxus EPS [23] 198 

and Bacillus mycoides [24] to a Cy5-tagged synthetic ath-miR159a and visualized its 199 

localization using confocal microscopy. Images show a clear localization of the miRNA inside 200 

many bacterial cells (Fig. 2b-c). Flow cytometry confirmed that an average of 6.51% 201 

Variovorax cells contained the Cy5 signal from plant miRNAs (average median fluorescence 202 

intensity= 123.00), compared to 4.95% of Bacillus cells (average median fluorescence 203 

intensity= 85.75). The scrambled miRNA, containing the same nucleotides as ath-miR159a 204 

but in a different order, was also internalized (Supplementary Figure S1), suggesting a 205 

general sequence-independent internalization mechanism for miRNAs. Variovorax, in 206 

contrast to Bacillus, internalized more efficiently the tagged miRNAs than the tagged single 207 

nucleotide. Indeed, a comparable amount of pCp-Cy5 was also internalized by Bacillus (on 208 

average 5.04%, average median fluorescence intensity=75.8), but this was an order of 209 

magnitude lower for Variovorax (on average 0.67%, average median fluorescence 210 

intensity=81.5) (Supplementary Figure S1 and S2). This suggests that Variovorax actively 211 

internalized the miRNAs, whereas it might have passively entered Bacillus either as intact 212 

miRNAs or degradation products of the miRNA.  213 

 214 

Plant miRNAs shifts rhizosphere bacterial gene expression. 215 

We then incubated Variovorax and Bacillus with a synthetic mixture of the six most 216 

abundant A. thaliana rhizosphere miRNAs: miR159a, miR159b, miR159c, miR161.1, 217 

miR158a and miR165b, or a mixture of scrambled miRNAs at the same concentration. 218 
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Bacillus did not respond to the treatment – no gene was significantly differentially expressed 219 

following incubation with the synthetic miRNAs. In contrast, Variovorax showed important 220 

changes in response to the miRNA confrontation. After 20 min of incubation, the expression 221 

of 79 genes was significantly lower in the plant miRNA-treated cultures and the expression 222 

of 44 genes was significantly higher (adjusted P<0.05, Fig. 3a). After 120 min of incubation, 223 

the expression of 24 genes was significantly lower in the plant miRNA-treated cultures and 224 

the expression of 104 genes was significantly higher. Many genes were repressed after 20 225 

min following the addition of the synthetic plant miRNAs to the bacterial culture, whereas 226 

after 120 min, more genes presented an increased than decreased expression. Only one 227 

gene was differentially expressed at both time points, a gene coding for a methionine 228 

synthase (VARPA_RS01000), which was overexpressed in response to the plant miRNA 229 

treatment.  230 

Using the rules of a plant small RNA target finder, psRNAtarget, we compared the 231 

differentially expressed genes from the previous experiment with the predicted target genes 232 

for the six miRNAs used. The six miRNAs were predicted to target 237 sequences in the 233 

Variovorax paradoxus EPS genome. Amongst these, 100 targets were positioned too far 234 

from any coding sequence (CDS), so they were removed from the following analysis, 235 

resulting in 137 potential targets. Amongst the 123 genes differentially expressed at 20 min, 236 

only two were predicted as targets in silico: VARPA_RS05960 (targeted by miR165), coding 237 

for a L-iditol 2-dehydrogenase, and VARPA_RS26385 (targeted by miR159a, b and c), 238 

coding for a phosphatidate cytidylyltransferase. Only two genes were predicted as targets 239 

amongst the 128 genes at 120 min: VARPA_RS00680 (targeted by miR165), coding for a 240 

hypothetical protein, and VARPA_RS22555 (targeted by miR158a-3p and miR159c), coding 241 

for a non-ribosomal peptide synthetase. 242 

To confirm the effect of miRNAs on the bacterial transcriptome in planta, we 243 

inoculated the miRNA-encoded peptide (miPEP) miPEP159c to Arabidopsis plants growing 244 

in vitro and inoculated with Variovorax. miPEPs increase the expression of specific plant 245 

miRNAs [25, 26]. We selected miR159c because it was among the most abundant miRNAs 246 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 17, 2024. ; https://doi.org/10.1101/2022.07.26.501597doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.26.501597
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

in the rhizosphere, was in the mixture of miRNAs that modulated the gene expression of 247 

Variovorax and was predicted to target several key genes. The relative expression of the 248 

corresponding precursor miRNA (pri-miR159c) in the Arabidopsis plant tissue increased as 249 

compared to the water control (t-test: t=3.31, P= 0.0145; Fig. 3c). We then quantified the 250 

expression of three Variovorax genes determined to be potential targets of the miR159c 251 

according to our bioinformatic and transcriptomic analyses. One hundred and twenty 252 

minutes after the miPEP159c application, the relative expression of the LysR and the 253 

phosphatidate cytidylyltransferase (CdsA) genes decreased by a factor 2.69 and 2.16, 254 

respectively (t-test: t=4.27, P=0.00537, and t=3.43, P=0.00647, respectively, Fig. 3c), 255 

whereas the expression of alpha-2 macroglobulin gene increased by a factor 1.30 (t-test: 256 

t=2.92, P=0.0462, Fig. 3c) in comparison with the water control. The relative expressions of 257 

the three genes and the pri-miR159c following the application of the scrambled miPEP 258 

control (same amino acid composition as the miPEP, but in different order) were not 259 

significantly different from the water control. 260 

 261 

Plant miRNAs influence the rhizosphere bacterial community. 262 

To investigate the role of plant small RNAs on the rhizospheric microbial diversity, we 263 

grew A. thaliana mutants with disturbed miRNA and/or siRNA biosynthesis pathways and 264 

analyzed their rhizospheric microbial communities by 16S rRNA gene amplicons 265 

sequencing. The rhizosphere bacterial communities varied across the different genotypes 266 

(Permanova: P<0.05; Fig 4a). In PCoA ordinations, ago1-27 and RTL1myc mutants’ 267 

communities were more like unplanted soil communities than those of WT plants (not 268 

shown). Bacterial diversity was higher in the rhizosphere of most mutant plants as compared 269 

with the WT plants (Fig. 4b). 270 

We then treated soil-grown Arabidopsis with miPEPs to further test for the effect of 271 

the overexpression of specific miRNAs on the rhizospheric bacterial community. The 272 

application of three miPEPs (miPEP159a, miPEP159b, and miPEP159c) on the crown of 273 

Arabidopsis growing in soil changed the bacterial community in the roots/rhizoplane 274 
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(Permanova: R2=0.160, P=0.031). All pairwise comparisons with the water control were 275 

significant or nearly significant (pairwise Permanova: miPEP159a R2=0.106, adjusted 276 

P=0.083; miPEP159b R2=0.164, adjusted P=0.025; miPEP159c R2=0.154, adjusted 277 

P=0.033). At the phylum level, the application of the miPEPs increased the relative 278 

abundance of the Proteobacteria (F=8.91, P=0.00029) and decreased the relative 279 

abundance of the Planctomycetes (F=40.78, P=3.64 x 10-10) (Fig. 4c). This was due to 280 

significant (adjusted P <0.05) differences between the water control and each of the miPEP 281 

treatments in post-hoc Tukey HSD tests. The application of the miPEP on the crown of 282 

Arabidopsis did not, however, affect the bacterial alpha diversity nor abundance. 283 

 Finally, we subjected in vitro a simplified microbial community that was enriched from 284 

an agricultural soil to a mix of five synthetic plant miRNAs (ath-miR158a-3p, ath-miR158b, 285 

ath-miR159a, ath-miR827, and ath-miR5642b), or a mix of their scrambled counterparts. 286 

Exposure to the plant miRNAs significantly disturbed the growth of the microbial 287 

communities during the log phase (t-test: P<0.05, Fig. 4d). The bacterial community 288 

contained twenty ASVs at the endpoint of the incubation (52 hours) and we found shifts in 289 

the bacterial community composition due to the plant miRNA exposure (Fig. 4e) and 290 

significant shifts in four ASVs related to the Enterobacter, Acinetobacter, Citrobacter genera, 291 

and to the Enterobacteriaceae family (Fig. 4f).  292 
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Discussion 293 

Using multiple lines of independent evidence, we confirmed our four hypotheses. 294 

Plant miRNAs are present in the rhizosphere (1) and are taken up by rhizobacteria (2), which 295 

induce changes in their transcriptome (3), leading to shifts in the bacterial community (4). 296 

Plants and pathogenic fungi interact using small RNAs [1-4, 27-29] and gut bacteria are 297 

influenced by host miRNAs [6, 7], but this is the first report of this mechanism for plant-298 

bacterial community interactions in the rhizosphere.  299 

We detected for the first time plant miRNAs in the rhizosphere. The two model plants, 300 

A. thaliana and B. distachyon harbored a similar complement of plant miRNAs in their 301 

rhizospheres. Although it would require confirmation from more plant species, the presence 302 

of similar miRNAs in the rhizosphere of a dicotyledon and a monocotyledon suggests a 303 

conserved feature among land plants. All the major miRNAs that we found in the rhizosphere 304 

of Arabidopsis were also detected in the roots. This agrees well with previous reports of root 305 

miRNAs, where the two most abundant rhizospheric miRNAs ath-miR158a and ath-306 

miR161.1, were highly enriched in the early meristematic zone [9]. Many root exudates, such 307 

as extracellular DNA, soluble compounds, and mucilage, are produced and secreted, by 308 

border cells, in this region of the root tip [30]. Even though there was a large overlap 309 

between the root and rhizosphere miRNAs in our two experiments, the relative abundance of 310 

the miRNAs was not the same, alluding to a potential selection mechanism for the miRNAs 311 

that make it to the rhizosphere. Alternatively, this pattern could also be explained by different 312 

half-life in the rhizosphere, preferential uptake by bacteria, the sequencing of entire roots, or 313 

by the slightly different conditions under which the two experiments were run.  314 

Bacteria growing in the rhizosphere of Arabidopsis contained plant miRNA inside 315 

their cells and isolated rhizosphere bacteria took up a fluorescent synthetic plant miRNA. 316 

The sequence of the miRNA did not affect the uptake, as the scrambled miRNA was taken 317 

up just as efficiently as the plant miRNA. Both our Gram-positive and Gram-negative model 318 

bacteria showed that they could take up the miRNAs. The incorporation of eukaryote 319 
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miRNAs in bacteria is consistent with their ability to absorb environmental nucleic acids, 320 

such as extracellular DNA, through natural competence. Alternatively, in planta, in the same 321 

way that some bacteria secrete small RNAs in outer membrane vesicles [31], bacteria may 322 

internalize external DNA via vesiduction [32], i.e. membrane fusion of a vesicle containing 323 

DNA or RNA. The use of vesicles seems, however, not necessary for plant-microbe miRNA-324 

based interactions, as naked miRNAs were efficiently taken up by bacteria, and led to 325 

transcriptomic and community shifts. 326 

In plants, miRNA induce mRNA cleavage or translation inhibition, through near 327 

perfect sequence complementarity [33]. Studies in the human gut also suggested that host 328 

miRNA interacts with bacterial mRNA through sequence complementarity [6, 8], so we used 329 

the rules for plant miRNA based on sequence homology, to search for targets in bacterial 330 

genomes. Using this model to select our target genes for the in vitro miPEP experiment, we 331 

found that two out of three targets were indeed inhibited following miPEP application and 332 

increased expression of the precursor miR159c. The third gene, encoding for alpha-2-333 

macroglobulin, was, however, overexpressed in the presence of the miPEP. In bacteria, non-334 

coding small RNAs can sometimes induce expression of target mRNAs [6, 31].  335 

Even though the miPEP experiment showed that prediction tools worked well when 336 

focusing on a few genes, Variovorax paradoxus differentially expressed only 4 of the 137 337 

predicted targets and differentially expressed another 247 non-predicted genes when 338 

exposed to a mixture of six rhizospheric miRNAs. This suggests that either 1) the bacteria 339 

adjusted their transcriptome in response to the shift in the expression of the miRNA-targeted 340 

gene, 2) as it is often the case in plants [34], the miRNAs targeted bacterial transcription 341 

factors, such as the ones from the LysR family that were differentially expressed at both time 342 

points, 3) the miRNAs led to the production of secondary siRNA, as previously shown in 343 

plants for two of our rhizospheric miRNAs, miR165 and miR161.1 [35], 4) target genes were 344 

translationally repressed, which would be undetectable with transcriptomics, though this is 345 

less common in plants than mRNA cleavage [33], 5) miRNAs protected targets from 346 

repression, as it was shown for arbuscular mycorrhizal fungi [36], or 6) since many predicted 347 
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targets of the rhizospheric miRNAs were not in CDS, miRNAs could have affected DNA 348 

methylation [37] or interacted with gene promoters [38]. Clearly, further investigation is 349 

needed to clarify how eukaryotic miRNAs affect bacteria. 350 

In contrast to Variovorax, plant miRNAs did not impact the transcriptome of Bacillus. 351 

In our simplified soil community, only 4 out of the 20 ASVs were significantly impacted by 352 

plant miRNAs, and, similarly, intestinal miRNAs only impacted the growth of specific 353 

bacterial strains [6]. Plant exosomes containing miRNAs are also preferentially taken up by 354 

some bacteria, affecting their gene expression and activity [8]. Our experiments were, 355 

however, carried out using naked miRNAs, excluding this explanation. We first thought that 356 

this could be related to differences in the cell wall that made miRNA entry impossible for 357 

Gram-positive, but our microscopy work disproved that. Another possibility is that the 358 

mechanism of interaction differs between the two groups of bacteria. In bacteria, chaperone 359 

proteins such as RNA-binding Hfq, ProQ, or CrsA proteins protect small RNAs and stabilize 360 

their interaction with mRNA, improving the formation of sRNA-mRNA duplexes that lead to 361 

gene silencing [39]. This crucial role of chaperones in sRNA-mediated interactions was only 362 

reported for a handful of Gram-positive bacteria  [40, 41]. Alternatively, competence for DNA 363 

uptake depends on environmental conditions, such as stress, nutrient availability, and cell 364 

density [42]. The two bacteria tested might have different cues to initiate nucleic acid uptake, 365 

and the growing conditions might not have been met during the transcriptomic experiment to 366 

trigger this behavior in Bacillus. In any case, the differential transcriptomic response to 367 

miRNAs of the two bacteria tested suggests a selective mechanism in the rhizosphere. Any 368 

effect on a bacterium could have cascading effects on the rest of the community. 369 

Arabidopsis miRNAs impacted the bacterial community in the root environment. We 370 

conducted three complementary experiments to prove this point. First, we examined the 371 

root-associated bacterial community of A. thaliana mutants affected in the biosynthesis of 372 

miRNA and/or siRNA. Many of these mutants had disrupted bacterial communities 373 

compared to wild-type plants. One of the most relevant mutants, the dcl1-2 mutant, which is 374 

specifically impaired in miRNA production, was severely affected in its community 375 
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composition at the phylum level and harbored a more diversified community. Microbial 376 

communities in the roots and rhizosphere of ago1-27 and RTL1myc mutants resembled 377 

those of an unplanted soil more than those of wild-type plants. This suggests that mutations 378 

in small RNA related pathways lead to a certain dysbiosis in the roots and rhizosphere 379 

microbiota. Bacterial diversity was higher in the root environment of mutant plants which 380 

could reflect a weaker selection from these plants because of their lack of miRNAs and/or 381 

siRNAs. The mutations used are, however, pleiotropic, and plants were severely affected in 382 

their phenotype, which could have also affected the bacterial community.  383 

Second, the bacterial community associated with soil-grown Arabidopsis responded 384 

significantly to miPEP application. As we showed in the in vitro experiment using 385 

miPEP159c, miPEPs stimulate the production their corresponding miRNA in plant tissues. 386 

This means that the up-regulation of a single miRNA could lead to changes in the bacterial 387 

community. Other than the direct effect of the overexpressed miRNA on the bacteria, the 388 

shifts observed in bacterial community could, however, also be explained by other factors. 389 

For instance, plant miRNAs alter various physiological processes within the plant, such as 390 

root development and plant immune response [34]. These changes induced by the 391 

overexpression of some miRNAs would also lead to large shifts in the plant microbiota.  392 

Third, to exclude most of the indirect plant-mediated effects of the mutant and the 393 

miPEP experiments, we did an in vitro experiment with a simplified soil-derived bacterial 394 

community of twenty ASVs exposed to a mixture of synthetic miRNAs. The plant miRNAs 395 

affected the abundance of five ASVs and the growth of the community during the log phase. 396 

This shows that plant miRNAs directly affect bacterial communities. At the individual level, a 397 

bacterium could change in relative abundance because of 1) direct effect of the miRNA on 398 

its growth or 2) changes in the relative abundance of other bacteria with which it interacts. 399 

Some species can have a keystone role in interaction networks [43], and shift in these 400 

species would influence the entire community. For instance, the presence of Variovorax in 401 

the rhizosphere of Arabidopsis counteracted the root growth inhibition induced by many 402 

other members of the community [44]. Plant miPEPs, through their effect on miRNAs, also 403 
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modulated the interactions between plants and key root symbionts, such as arbuscular 404 

mycorrhizal fungi [36] and rhizobia [45]. This effect would profoundly alter the microbial 405 

community, even if the miRNA had only affected a single keystone species. 406 

We showed here for the first time that plant miRNAs are found in the rhizosphere of 407 

two model plants, that they are internalized in rhizosphere bacteria, that they affect the 408 

transcriptome of rhizosphere bacteria, and that they modulate soil microbial community 409 

composition and growth. The rhizosphere effect is thought to be mainly due to the 410 

rhizodeposition of various small organic molecules. Our study suggests a novel molecule, 411 

miRNAs, that plants could use to interact with their microbiota, challenging the current 412 

paradigm of rhizosphere microbial assembly. Many questions remain to be answered, but 413 

our study has shown beyond any doubt that plant miRNAs can shape the rhizosphere 414 

bacterial community.  415 
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Figure legends. 566 

Figure 1: Plant miRNAs are present in the rhizosphere and absent in unplanted soil. 567 

Relative abundance of the plant miRNAs found in the rhizosphere of Arabidopsis thaliana 568 

(A), Brachypodium distachyon (B) and in the roots of Arabidopsis thaliana (C), while 569 

completely absent from unplanted soil.  570 

Figure 2: Plant miRNAs are internalized by rhizosphere bacteria. Relative abundance of 571 

Arabidopsis thaliana miRNAs found in cells pelleted from the rhizosphere and absent in cells 572 

pelleted from unplanted soil (A) and confocal microscopy images of Variovorax paradoxus 573 

(B) and Bacillus mycoides (C) after a 4-hour exposure to ath-miR159a tagged with Cy5. 574 

Arrows indicate cells containing the fluorescent molecule. 575 

Figure 3: Plant miRNAs affect the transcriptome of a rhizosphere bacterium. Gene 576 

expression of Variovorax praradoxus after 20 min (A) and 120 min (B) exposure to a mixture 577 

of five synthetic miRNAs. (C): Arabidopsis thaliana expression of pri-miR159c and 578 

rhizospheric  Variovorax paradoxus expression of CdsA, Alpha-2-macroglobulin and LysR 579 

after exposure of the plant to miPEP159c. 580 

Figure 4: Plant miRNAs affect the bacterial community. Phylum-level bacterial 581 

community composition (A) and Shannon diversity (B) for different Arabidopsis mutants with 582 

impaired small RNAs pathways. (C): Phylum-level bacterial community composition for 583 

Arabidopsis plants inoculated with miPEP159a, miPEP159b or miPEP159c. Growth curve 584 

(D), community composition at genus level (E), and relative abundance of significantly 585 

affected ASVs (F) for a simplified soil microbial community exposed to a mixture of synthetic 586 

plant or scrambled miRNAs 587 

588 
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Figure 1. 589 
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Figure S1. 603 
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Figure S2. 606 
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Supplementary methods 609 

Detection of plant miRNAs in the roots and the rhizosphere 610 

Plant growth conditions. 611 

For the detection of miRNA in the rhizosphere, Arabidopsis thaliana (Col-0) and 612 

Brachypodium distachyon (Bd21-3) were planted in triplicates and grown for a month in a 613 

growth cabinet, alongside unplanted soils. For the detection of miRNA in roots, Arabidopsis 614 

thaliana (Col-0) was planted in ten different experimental blocks and grown for 21 days in a 615 

growth cabinet, alongside unplanted soils. The program of the growth cabinets was: 12 616 

hours of daylight, 3 hours of twilight, 3 hours of dawn light, and 6 hours of darkness at a 617 

constant humidity of 70%. The temperature varied in accordance with the light cycle 618 

between 20-25 °C.  619 

Sampling, RNA extraction and sequencing 620 

The rhizospheres and control soils were sampled and flash-frozen in liquid nitrogen. RNA 621 

was then extracted from 2 g of soil using MOBIO RNA Power soil kit, eluted in 100 µL, 622 

following the manufacturer’s guidelines. The roots were gently and quickly washed with 623 

sterile PBS, placed in a sterile tube and flash frozen with liquid nitrogen. The roots were 624 

lyophilized for three hours, crushed with a micro pestle, and RNA was extracted using the 625 

Qiagen RNeasy Plant Mini kit, following the manufacturer’s guidelines. The RNA was treated 626 

with DNase (Turbo DNA-free kit, Ambion), purified and concentrated (RNA Clean & 627 

Concentrator 25μl, ZymoResearch). We evaluated RNA quality with Nanodrop and 4% 628 

agarose gels, before sending it for sequencing on an Illumina HiSeq 2500 in single read 629 

mode (1x50bp) at the Centre d’expertise et de services Génome Québec (Montreal, 630 

Canada). 631 

Bioinformatic analyses 632 

Reads were trimmed using Trimmomatic [1] (v0.39) to remove the sequencing adapters with 633 

the following Illumina clip settings :5:10:4 and to remove the 5’ and 3’ flanking sequences 634 

containing bases having quality scores below 33 and 30, respectively. Common 635 

contaminants, such as Illumina adapters and PhiX spike-in sequences, were removed using 636 
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BBDuk (BBMap v38.11, https://github.com/BioInfoTools/BBMap), with key parameters: k=20 637 

and minkmerhits=1. Remaining sequences were then filtered by size such that reads having 638 

a length between 18 and 27 nucleotides were selected. Selected reads were mapped 639 

against either A. thaliana (TAIR10/GCA_000001735.1) or B. distachyon 640 

(bd21/GCF_000005505.1) reference genomes, which are the same as those used in 641 

miRbase [2], using BWA-aln [3] with the following parameters: mismatch=1 and seed=5. 642 

Using BEDTools v.2.29.2 [4] with -F 0.95 argument, a number of reads aligned inside 643 

miRNA coordinates were determined, meaning that at least 95% of each read had to belong 644 

inside the miRNA coordinates to be considered a valid hit. These assigned miRNAs which 645 

were mapped against the reference database were kept for abundance estimation across 646 

samples.  647 

Statistical analyses 648 

Rhizospheric and root miRNAs were defined as the miRNAs that had at least 10 reads for 649 

each the rhizosphere or root samples and a maximum of one read across all the bulk soil 650 

samples. 651 

 652 

Internalization of plant miRNAs by bacteria 653 

Detection of plant miRNAs in rhizospheric bacteria 654 

Plant growth and bacteria isolation. A. thaliana Col-0 was grown for a month, then the 655 

rhizosphere was sampled. Bacteria were isolated from 5 g of rhizospheric soil, using a 656 

density gradient. Samples were added to 30 mL of 0.2% sodium hexametaphosphate and 657 

rotated on a spinning wheel for 2 h. Samples were then centrifuged at 18 g for 1 min at 658 

10°C, the supernatants were pooled two-by-two and centrifuged at 2824 x g for 20 min at 659 

10°C. The microbe-containing pellet was resuspended in 10 mL of 0.8% NaCl and samples 660 

were again pooled by two. The resuspended solution was then transferred onto 10 mL of 661 

sterile Nycodenz and was centrifuged at 3220 g for 40 min. The bacterial layer was collected 662 

and a volume of 0.8% NaCl sufficient for a total of 35 mL was added. This solution was 663 

centrifuged at 3220 g for 15 min at 10°C. Finally, the pellet was resuspended in 1 mL of 664 
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NaCl 0.8% to wash the residual Nycodenz away and centrifuged at 1700 g for 5 min at 10°C. 665 

The final pellet was resuspended in 100 µL TE buffer and kept at -20°C. Eight bacterial 666 

samples were obtained from the rhizosphere and six from unplanted soils. 667 

RNA extraction and sequencing. RNA was extracted from this bacterial solution as follows: 668 

the 100 µL were transferred into a MP Biomedicals™ Lysing Matrix E tube with 250 µL of 669 

warmed 10% CTAB (Cetyl Trimethyl Ammonium Bromide) - 0.7 M NaCl, followed by 250 µL 670 

of 240 mM K2HPO4/KH2PO4 (pH 8.0) and 500 µL of phenol-chloroform-isoamyl alcohol 671 

(25:24:1) (pH 8.0). Samples were then bead-beaten using TissueLyser II (QIAGEN) at 30 Hz 672 

for 3 min. The tubes were centrifuged at 16000 g for 10 min at 4°C and the supernatant was 673 

transferred into a new tube. One volume of chloroform-isoamyl alcohol (24:1) was added to 674 

the supernatant and centrifuged again at 16,000 g for 10 min at 4°C. The supernatant was 675 

collected and 2 volumes of 30% PEG 6000-1.6 M NaCl were added, and the tube was 676 

inverted to mix and was left at 4°C for at least 2 h. The tubes were then centrifuged at 677 

18,000 g for 30 min at 4°C to precipitate RNA. The RNA pellet was then washed with 500 µL 678 

of 70% ethanol and centrifuged at 18,000 g for 10 min at 4°C. The pellet was then air dried 679 

and resuspended in 50 µL of RNAse-free water. RNA quality and quantity was verified using 680 

a 1% agarose gel and Nanodrop, and then sent for sequencing on an Illumina NovaSeq 681 

6000 using paired-end 100 bp with size-selected library.  682 

Bioinformatic analyses. Sequencing results were processed as stated above with the 683 

rhizospheric miRNAs. To confirm that miRNAs found in the rhizospheric bacteria originated 684 

from the plant and not the bacteria, miRNA sequences were searched for on the + and - 685 

strands of 3,837 bacterial genomes [5], of which 1,160 bacteria were isolated from plants. 686 

These miRNA sequences were also searched for in the genome of A. thaliana TAIR10.1 in 687 

which they were found at their expected position. 688 

Statistical analyses. We used the same strategy as above to define the internalized 689 

rhizospheric miRNAs, but with a lower threshold because there were less plant miRNA reads 690 

produced for this experiment. We defined the internalized miRNAs as the miRNAs that were 691 
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represented by at least 5 reads in each rhizosphere microbial pellets and absent in the bulk 692 

soil microbial pellets.  693 

 694 

Confocal microscopy. 695 

Variovorax paradoxus EPS and Bacillus mycoides YL123 were cultured on solid media 696 

(Bacto Yeast Extract Agar for V. paradoxus EPS and Tryptic Soy Agar for B. mycoides 697 

YL123) for 48 hours and then a few colonies were inoculated in 5 mL of the equivalent liquid 698 

media and grown overnight (250 rpm 28 ºC). The cultures were then standardized to an 699 

OD600 of 0.200, treated with one of the 3’-Cy5-labelled oligos (plant ath-miR159a-Cy5, 700 

scrambled ath-miR159a-Cy5 or a modified version of cytidine pCp-Cy5, final concentration 2 701 

µM) (Supplementary Table S1) and incubated for a total of 3 hours and 40 minutes (the 702 

cultures were within the log phase) after which they were treated with MitoTracker Green FM 703 

(Invitrogen, final concentration 2 μM). The cultures were immediately reincubated for 20 704 

minutes, pelleted, washed with sterile PBS, pelleted again, and concentrated 10 times in 705 

sterile PBS. The cells (4.5 μl of washed and concentrated culture) were then placed on a 706 

glass bottom dish, covered with a thin slice of 2% agarose, and visualized using a confocal 707 

microscope (Zeiss LSM780). The experiment was repeated three independent times.  708 

Flow cytometry. 709 

We prepared the bacterial cultures as for the confocal microscopy. After that, we took 5.5 μl 710 

of washed and concentrated culture and incubated it for 1 h and 30 min (room temperature). 711 

Then, we treated the bacteria with 4% Paraformaldehyde (PFA) for 40 min to fix them. We 712 

then stained the cells with a DNA marker (Hoechst 33342) for 35 min. After which we diluted 713 

the cells in sterile PBS to reach a final volume of 350 µl and processed the samples with a 714 

flow cytometer (BD LSRFortessa). For each sample, 50 000 events were measured. We 715 

used a variety of controls, such as cells only stained with Hoechst, cells only stained with 716 

MitoTracker GreenFM, cells stained with Hoechst + Mitotracker GreenFM and cells without 717 

dye to set appropriate gates and to ensure that our analyses were conducted on bacteria 718 

that were positive for our green (MitoTracker), red (Cy5 tagged miRNAs) and blue (Hoechst) 719 
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markers. For each experiment, duplicates for each strain were prepared. The experiment 720 

was repeated five independent times for V. paradoxus EPS and four times for B. mycoides 721 

YL123. For our analyses, we used the mean of the duplicates and tested the differences 722 

between the strains and treatments with two Kruskal-Wallis tests. As a post-hoc test, we 723 

used Dunn’s test for pairwise multiple comparisons (significance=p adjusted < 0.05).  724 

 725 

Effect of miRNAs on bacterial gene expression 726 

In silico analysis of miRNA targets 727 

To predict potential plant miRNA targets in bacterial genomes, we implemented a workflow 728 

named mirnatarget 1.0 : miRNA target finder (https://github.com/jtremblay/MiRNATarget), 729 

which was inspired from the plant miRNA target finder, psRNAtarget [6]. This tool is based 730 

on specific pairing patterns between plant miRNA and targets [7] and implements 731 

SSEARCH36 (from the fasta36 v36.3.8 package) which uses the Smith-Waterman local 732 

alignment algorithm, resulting in optimal alignments [8]. Multiple targets for each miRNA can 733 

be identified. Based on the psRNAtarget rules for miRNA-target recognition, an e-value was 734 

calculated for each alignment and only those with an e-value ≤ 5 were retained. The 735 

positions of the targeted regions were noted with respect to the neighbouring coding 736 

sequences (CDS): the target sequence could be inside a CDS, at the 5’ or 3’ flanking 737 

regions (FLR) or in other short/very short inter-CDS regions, overlapping CDSs or 738 

elsewhere, further away from any CDS. Targets in the latter category were positioned at a 739 

distance superior to 100 nt from the 5’ end or at a distance superior to 350 nt from the 3’ end 740 

of the CDS. These distances were chosen as they correspond to the longest UTRs that are 741 

implicated in gene regulation. Targets in this category were discarded from the analysis, 742 

because it was considered that a miRNA in that area would not affect mRNA translation. The 743 

annotation of targeted regions and extraction of the closest CDSs were carried out with our 744 

tool “align2cdsRegions” (https://github.com/ntzv-git/align2cdsRegions). Sequences of 745 

targeted CDSs were retrieved using the getfasta tool from BEDTools [4] (v2.30.0) and GO 746 

(Gene Ontology) terms were attributed using InterProScan (v5.59-91.0) [9]. For each domain 747 
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of GO (i.e. Biological Processes, Cellular Component, Molecular Function) and for each 748 

targeted CDS, a GO ancestor and their description were associated, and a level of 749 

hierarchical ontology was attributed [10].  750 

 751 

Bacterial transcriptomic response to miRNAs 752 

Bacterial growth and miRNA treatment. Variovorax paradoxus EPS was grown in 5% yeast 753 

extract (YE), at 30°C with 250 rpm shaking. Bacillus mycoides YL123 was grown in tryptic 754 

soy broth (TSB), at 25°C with 250 rpm shaking. Bacterial stocks were plated on YE or TSB 755 

and single colonies were selected for liquid culture overnight (n = 3), in 20 mL YE or TSB. In 756 

the morning, cultures were normalised as such: the optical density (OD) of overnight cultures 757 

was measured at 600 nm, which were then centrifuged at 5000 rpm for 5 min to collect the 758 

bacterial pellet. The supernatant was removed, and a calculated volume of medium was 759 

added to the pellet to reach OD = 1 for B. mycoides (i.e. 7.36 x 108CFU/mL) and OD = 0.3 760 

for V. paradoxus (i.e. 9.99 x 108CFU/mL). Bacterial cultures were left to grow until the 761 

exponential phase was reached, which was determined previously (4-5 h for both strains). 762 

OD was then measured to check that the maximum number of cells/mL for RNA extraction 763 

was not exceeded (109 cells/mL). At this point, 1 µg of the miRNA mix, or scrambled mix was 764 

applied to the cultures and gently mixed (15 µL of each miRNA solution diluted at 10 µM). 765 

Cultures were normalised to reach the same number of bacterial cells per mL. The volume of 766 

the cultures was varied to mimic natural differences in rhizosphere volume. Total 767 

concentration of miRNAs ranged between 65 nM-104 nM for B. mycoides and 45 nM-85 nM 768 

for V. paradoxus. The same cultures were sampled after 20 min and 120 min of incubation, 769 

to evaluate the evolution of gene expression in a same biological sample in response to a 770 

short and long confrontation with miRNAs. The miRNA mix was composed of 6 rhizospheric 771 

miRNAs : miR159a, miR159b, miR159c, miR161.1, miR158a and miR165b (Supplementary 772 

Table S1). The scrambled mix was composed of 6 RNA sequences with the same nucleic 773 

acids as the respective miRNAs but in a random order (Supplementary Table S1). To 774 

resemble mature plant miRNAs found in the rhizosphere, these synthetic miRNAs were 775 
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single-stranded with a 3’ methyl group. They were synthesised by Integrated DNA 776 

Technologies (IDT). 777 

RNA extraction. After incubation, 1 mL of every culture was sampled and centrifuged at 5000 778 

rpm for 5 min. The bacterial pellet was resuspended in 100 µL of a lysozyme solution: 1 779 

mg/mL for V. paradoxus (Gram -) and 3 mg/mL for B. mycoides (Gram +). After vortexing the 780 

resuspension, the samples were left to incubate for 15 min at room temperature. The 781 

following steps used solutions from the RNeasy Plant Mini Kit (QIAGEN). The guanidine-782 

thiocyanate-based buffer RLT was added to the samples for further lysis (600 µL) and 783 

vortexed for 10 s. For B. mycoides samples, an additional step was necessary: the 700 µL 784 

were transferred to a sterile 2 mL Safe-Lock tube containing 100 mg glass beads (0.1 mm 785 

diameter) and 100 mg zirconia/silica beads (0.5 mm diameter). Beads were resuspended by 786 

pipetting then cells were disrupted using Fast Prep for 50 s (5 m/s), followed by 5 min on ice 787 

and another 50 s of Fast Prep. Tubes were centrifuged at 10 000 g for 1 min and 788 

supernatant was transferred to a new tube. The next steps were common to both strains. An 789 

equal volume of 70% ethanol was added to the lysed samples and mixed by pipetting. The 790 

lysate was transferred to a RNeasy spin column (pink column) in a 2 mL collection tube and 791 

centrifuged at 10 000 rpm for 30 s, then the flow-through was discarded. Columns were first 792 

washed with 700 µL of the RW1 wash buffer, followed by 500 µL RPE buffer and again with 793 

500 µL RPE buffer. Collection tube was changed, and the column was centrifuged for 1 min 794 

at maximum speed to dry the membrane off. To elute RNA, columns were placed in new 1.5 795 

mL tubes and 30 µL of RNAse-free water was added before centrifugation. The 30 µL were 796 

then reloaded and centrifuged one last time.  797 

RNA-seq & sequence analysis. Total RNA was sent for sequencing at the Centre d’expertise 798 

et de services Génome Québec (Montreal, Canada), where ribosomal RNAs were depleted 799 

and messenger RNAs were sequenced. RNA-seq raw reads were processed with 800 

ShotgunMG [11]. Reads were trimmed and filtered for quality (Trimmomatic v.39) and 801 

mapped (BWA v0.7.17) against their respective reference genome. The genome of B. 802 

mycoides YL123 originated from our lab, was sequenced, processed and submitted to the 803 
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NCBI through the Prokaryotic Genome Annotation Pipeline (PGAP) under the assembly 804 

accession GCA_024297165.1 on GenBank. The V. paradoxus EPS genome was published 805 

with accession number NC_014931 [12].  BedTools v2.23.0 was used to generate read 806 

count files from each .bam file that were then merged to generate a raw count matrix. The 807 

latter file was used as input data for a differential gene expression analysis using DESEq2 808 

(Bioconductor, version 1.36.0). For each strain and each time point, gene expression of 809 

samples treated with synthetic miRNAs was compared to those treated with scrambled 810 

synthetic miRNAs. 811 

 812 

In vitro miPEP transcriptomic experiment  813 

Arabidopsis culture in vitro. Approximately 50 Arabidopsis thaliana col-0 seeds were surface-814 

sterilised by soaking them in 70% ethanol for 5 minutes, followed by 20 minutes in 0.5% 815 

sodium hypochlorite. Seeds were then rinsed six times with sterile distilled water and 816 

resuspended in 1 mL of water, which was poured onto a Petri dish, with some culture 817 

medium, to let the water evaporate under sterile conditions. The Petri dish was sealed with 818 

parafilm and placed at 4°C for 3 days, for the stratification process, allowing a synchronous 819 

germination. The culture medium was composed of 1.2 g of Hoagland’s No. 2 basal salt 820 

mixture (Sigma-Aldrich, reference H2395), 8 g of agar ‘suitable for plant cell culture’ (Sigma-821 

Aldrich, ref. A8678) and 500 mL of MilliQ water. The pH of the medium was adjusted with 822 

HCl to 5.8-5.9, before adding the final 250 mL of water, resulting in 750 mL of medium. The 823 

solution was autoclaved and poured into square petri dishes for plant culture. When 824 

hardened, around 2 cm of solid medium was cut out, creating a ridge where the surface-825 

sterilized seeds were positioned (10-15 seeds/dish). Petri dishes with these positioned 826 

seeds were sealed with microtape and placed vertically in a growth chamber, with 16 h of 827 

daylight at 21°C, 8 h of darkness at 19°C, with 25% relative humidity.   828 

miPEP treatment. Twenty days after the seeds were placed in the growth chamber, the 829 

seedlings had developed at least 6 leaves and were ready to be treated. The miPEP 830 

treatment consisted in applying 100 µL of a 10 µM solution to each plant, starting at the tip of 831 
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the root to the base (bottom-to-top). A second treatment was applied 24 h later, before the 832 

microbial inoculation. There were three conditions: miPEP159c treatment 833 

(MQNLRVHVFLIESARC), a scrambled version of miPEP159c and a water control, each 834 

treatment was applied to 7 Petri dishes (biological replicates), containing 10-15 plants each 835 

(pseudo-replicates). The use of a scrambled control as well as a solvent control (i.e. water) 836 

was to ensure that any “miPEP-effect” was indeed due to its action on the plant and not via 837 

some nutritive or anti-microbial effect of the peptide.  838 

Bacterial growth and inoculation. Variovorax paradoxus EPS was first inoculated, from a -839 

20°C stock, on a yeast extract Petri dish (5 g/L) to check that colonies are homogenous. A 840 

single colony was transferred into a liquid culture of yeast extract to grow overnight at 30°C 841 

and 110 rpm. The overnight culture’s optical density was measured at 600 nm to estimate 842 

the number of bacterial cells added to each plant: at OD = 1, the estimated cellular 843 

concentration is 3.33 x 109 CFU/mL. 100 µL (with OD = 0.418 i.e. ~1.39 x 108 cells) of the 844 

overnight culture was directly applied to each plant, from the tip to the base of the root, one 845 

hour after the second miPEP treatment. 846 

Sampling. Two hours after the bacterial inoculation, the plants and rhizospheres were 847 

sampled. The rhizosphere samples were isolated using a sterile spatula by extracting small 848 

squares of medium around the tip of the roots. Whole plants were gently extracted from the 849 

medium, by pulling on the aerial system. Samples were flash-frozen in liquid nitrogen and 850 

ground shortly after, using a sterile mortar and pestle. The resulting fine powder was stored 851 

at -80°C. 852 

RNA extraction. The NucleoSpin ® RNA kit (MACHEREY-NAGEL, Düren, Germany) was 853 

used to extract RNA from ~100 mg of previously ground powder, with some changes to the 854 

manufacturer’s protocol.  During the cell lysis, 400 µL of RA1 solution were used instead of 855 

350µL, followed by 400 µL of ethanol to adjust the RNA binding conditions. The following 856 

steps remained the same, up until the elution, where only 30µL of water was used and left to 857 

incubate on the column before centrifugation, resulting in better yields. DNase reaction was 858 

performed on-column during the protocol. 859 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 17, 2024. ; https://doi.org/10.1101/2022.07.26.501597doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.26.501597
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Target prediction. Potential targets of miRNA159c in the genome of Variovorax paradoxus 860 

EPS were identified using the online psRNAtarget tool. On the server, the ath-miRNA159c 861 

sequence (UUUGGAUUGAAGGGAGCUCCU), obtained from miRBase, and the accession 862 

number of the EPS genome (CP002417.1) were uploaded for analysis, with the default 863 

parameters of the Schema V2 of the 2017 release. Three of the targeted genes were 864 

selected for in vivo quantification. 865 

RT-qPCR. Retrotranscription was performed using 50 ng of total RNA, more or less diluted 866 

to start the reaction with 12 µL of RNA, to which was added 1 µL dNTPs (10 mM) and 1 µL 867 

of random primers (200 ng), followed by a 5-minute incubation at 65°C. Samples were then 868 

placed on ice for 1min. Sequentially, 4 µL of 5X First-Strand Buffer, 1 µL of DTT (0,1 M) and 869 

1 µL of SuperScript™ Reverse Transcriptase (200 U/µL, Invitrogen) were mixed in by 870 

pipetting and the samples incubated for 5 min at 25°C, followed by 1 h at 60°C and 15 min at 871 

70°C. Samples were then placed on ice and 100 µL of RNAse-free water was added to the 872 

25 µL of newly synthesised cDNA. Quantitative PCR was performed using a reaction mix 873 

composed of 5 µL of iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, ref. 874 

1725124), 0.6 µL of primer mix (10 µM, forward & reverse) and 3.4 µL of RNAse-free water, 875 

to which 1 µL of cDNA was added. All measurements were performed using three technical 876 

replicates, in 384-well plates, on a Roche LightCycler ® 340 thermocycler. The qPCR was 877 

programmed as follows : a first step of polymerase activation and DNA denaturation at 95°C 878 

for 5 min; then the cycle commenced with further denaturation at 95°C for 10 sec, an 879 

annealing step at Tm for 20 sec and an extension step at 72°C for 30 sec; after 40 cycles, a 880 

final melting curve was produced: from 65°C to 97°C, with 5 acquisitions per °C. The melting 881 

temperature (Tm) for each primer set was adjusted to optimise the amplification specificity 882 

and their efficiency was validated beforehand and can be found with primer sequences in 883 

Supplementary Table S2. Using a dilution range of a cDNA mixture, each primer set’s 884 

efficiency was calculated using the slope of the x=log(dilution); y=Ct, in the following 885 

equation: (10^(-1/(slope))-1)*100, which should be in the 90-110% range. A melting curve 886 
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was produced at the end of each qPCR program to ensure that a single gene was amplified. 887 

In some cases, the amplicon was verified by gel electrophoresis.  888 

Data analysis. After RNA extraction and RT, two samples were discarded from further 889 

analysis due to experimental mishaps, resulting in 6 replicates in the “miPEP” and “water” 890 

conditions and 7 replicates in the “scrambled” condition. Quantification of pri-miR159c only 891 

succeeded in 6 out of 7 “scrambled” replicates and 5 out of 6 “water” replicates. Bacterial 892 

genes, i.e. Lys R, phosphatidate and alpha-macroglobulin, were quantified relative to RecA 893 

and GyrA reference genes, whereas the plant pri-miRNA159c was quantified relative to a 894 

plant reference gene, cyclophilin. The number of PCR cycles necessary for the fluorescence 895 

to emerge from the background noise is referred to as the “Ct”. Noise was automatically 896 

determined by the LightCycler 480 software and Cts were calculated with the Abs Quant/2nd 897 

Derivative Max - high confidence mode. A coefficient of variation (CV) was calculated for the 898 

three technical replicates and a threshold of 2% was applied : extreme technical replicates 899 

were excluded, if this limit was exceeded. The remaining technical replicates were averaged 900 

to create the Ct value for each sample. The analysis of pri-miR159c expression was done 901 

using the Pfaffl method, which takes into account the efficiency of each primer set [13]. This 902 

method calculates a relative expression ratio based on the difference of Cts of a gene of 903 

interest in a sample versus a calibrator, and in comparison, with a reference gene. The 904 

analysis of bacterial genes relied on two reference genes, which called for a slightly modified 905 

version of the Pfaffl method. To calculate a relative expression ratio, we had to normalise our 906 

qPCR data using the geometric mean of both reference genes [14]. In both cases, we 907 

averaged the samples treated with water to create a calibrator. 908 

Statistical analyses. Statistical analyses were performed on the resulting relative expression 909 

ratios, comparing group-to-group, using a Welch Two Sample t-test or a Wilcoxon rank sum 910 

exact test, depending on if the data were normal. 911 

 912 

Effect of miRNAs on the bacterial community 913 

Arabidopsis mutant experiment 914 
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Plant growth and mutant description. Five A. thaliana mutants were grown in a mix of soil 915 

and sand (2:1) for a month, in individual pots. Mutants were provided by Hervé Vaucheret 916 

and Taline Elmayan (IJPB, INRAE, Versailles, France). RTL1 mutant over-expresses RTL1 917 

protein which results in a suppression of siRNA pathway without affecting miRNAs [15]. 918 

RTL1myc over-expresses RTL1 protein flagged with Myc epitope, rendering RTL1 less 919 

active, so siRNA pathway is less suppressed than with RTL1 mutant. Ago1-27 mutant has 920 

AGO protein function partially impaired and is completely post-transcription gene silencing 921 

(PTGS) deficient [16]. Dcl1-2 mutant has total loss of function of DCL1 protein resulting in 922 

low levels of miRNA and developmental problems [17]. Hen1-4 mutant is miRNA defective 923 

but is also affected in some siRNA – PTGS [18]. HEN1 methylates siRNA and miRNA to 924 

maintain their levels and size, but also to protect them from uridylation and subsequent 925 

degradation [19]. 926 

DNA extraction, sequencing and qPCR. We grew A. thaliana mutants and wild-type plants in 927 

quadruplicate for a month and sampled the root, rhizoplane and closely adhering 928 

rhizosphere. Two of the wild-type plants were lost during the experiment and subsequent 929 

analyses. DNA was extracted using NucleoSpin Plant II kit (Macherey-Nagel). DNA was sent 930 

for 16S rRNA gene amplicon (primers 341F: 5’- CCTACGGGNGGCWGCAG- 3’ and 534R: 931 

5’- ATTACCGCGGCTGCTGGCA – 3’) sequencing on an Illumina MiSeq in paired-end mode 932 

(2x250 bp) at the Centre d’expertise et de services Génome Québec (Montreal, Canada). In 933 

parallel, 16S rRNA gene was quantified by qPCR, using the same primers as for 934 

sequencing. Within each well was 0.1 µL of each primer (10 µM), 4 µL LightCycler® 480 935 

SYBR Green I Master (final volume 6 µL PCR mix) and 2 µL of DNA (25 ng.µL-1). We used 936 

the following 40-cycle program: pre-incubation (95°C- 4 min) / amplification (95°C – 30 s ; 937 

49°C – 1 min ; 72°C – 1 min) / 72°C-10 min/ melting curve (95°C – 5 s ; 49°C – 1 min ; 97°C 938 

– continuous 5 measures/ °C) / cooling (40°C – 30 s). At the last step of amplification, a 939 

single measurement was performed and then continuously during the melting curve step. A 940 

minimum of 3 technical replicates was quantified. The number of copies of 16S rRNA gene 941 
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was determined in comparison with a standard curve using serial dilutions of plasmids with 942 

cloned fragments (R² = 0.994). 943 

Amplicon sequences processing. Amplicon sequencing data was processed with 944 

AmpliconTagger [20]. Briefly, contaminants and unpaired reads were removed, and 945 

remaining sequences were trimmed to remove adaptors and primers. Reads were then 946 

filtered for quality control such that reads having at least one N or having average phred 947 

score quality less than 20 were left out. A total of 3,776,292 reads passed the quality control 948 

and 1,230,944 sequences were successfully processed to generate ASVs (DADA2) [21]. 949 

ASVs were filtered for chimaeras using DADA2’s internal removeBimeraDeNovo (method = 950 

’consensus’) workflow followed by VSEARCH’s [22] UCHIME de novo. Each remaining ASV 951 

was assigned a taxonomic lineage by using the RDP classifier with the SILVA [23] R138. 952 

ASVs assigned to bacterial/archaeal and rendered into ASV abundance tables. 953 

Microbial community analyses. Analyses of ASVs composing the microbial communities 954 

were performed using the R package “phyloseq” v 1.32.0 [24]. After checking the rarefaction 955 

curves, all samples seemed sufficiently sequenced. For Shannon diversity index calculation, 956 

all reads were rarefied to the lowest number of reads found in a sample. Significance of 957 

differences in alpha-diversity between mutants was tested using a linear model, whilst 958 

checking the normal distribution of residuals and using wild-type (WT) samples as a 959 

reference. If residuals did not follow a normal distribution, a general linear model (GLM) with 960 

gamma distribution and “log” or “link” scale were used. All tests performed were, by default, 961 

two-sided. 962 

Statistical analyses. The effect of miRNA/siRNA mutation in A. thaliana on the structure of 963 

microbial communities was visualized using Principal Coordinate Analysis (PCoA) 964 

ordinations of Bray-Curtis dissimilarities. Permutational Multivariate Analysis of Variance 965 

(Permanova) was used to determine the statistical impact of miRNA/siRNA mutations on the 966 

microbiota structure, alongside checking group dispersion and pairwise tests. 967 

 968 

miPEP experiment 969 
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Plant growth and miPEP treatment. Arabidopsis thaliana Col-0 were sowed on a mix of 970 

potting soil and sifted sand (<2.2 mm) (ratio 2:1), in a greenhouse. After germination, 971 

seedlings were transferred into individual pots (3 cm diameter, 5 cm depth) that were moved 972 

to a growth chamber under 16 h of daylight, 8 h of darkness, at 20°C. When the plants 973 

reached the 6-leaf stage, the miPEP treatments started. Plants (16 replicates/condition) 974 

were treated with 500 µL of water (control condition) or a miPEP solution (20 µM of 975 

miPEP159a: MTWPLLSLSFLLSKYV, miPEP159b: MGLRKVLEMNTIFDSLFLSH or 976 

miPEP159c: MQNLRVHVFLIESARC), applied at the base of the crown, 3 times a week for a 977 

total of 10 applications. After each application, the trays in the chamber were moved around 978 

to diminish any border effect.  979 

Sampling & DNA-RNA extraction. Once the treatments were over, each individual pot was 980 

spilled on a sieve and the aerial part was separated from the root system. The roots of two 981 

plants were pooled together and briefly rinsed in 10 mL of PBS (1X). The roots and the 982 

attached soil were then separated from the rinsing solution, using a funnel and a sterile 983 

compress, and were subsequently dried using absorbent paper. The dried roots and 984 

rhizosphere were flash frozen in liquid nitrogen and stored at -80°C. DNA was extracted 985 

using the NucleoSpin® Plant II mini kit (MACHEREY-NAGEL, Düren, Germany) whereas 986 

RNA was isolated with a homemade protocol [25]. The integrity and quantity of the extracted 987 

DNA and RNA was estimated using Nanodrop and by running a 1% agarose gel. Amplicon 988 

sequencing, processing, qPCR quantification, and analyses were performed as described 989 

above. 990 

 991 

Simplified soil community experiment 992 

Soil microbes enrichment. 993 

The soil microbes were enriched from five different media: 1) Tryptic Soy Broth, 2) Potato 994 

Dextrose Broth, 3) Minimal medium + Carbon solution + NH4NO3, 4) Minimal medium + 995 

Carbon solution + urea and 5) Minimal medium + Carbon solution + amino acids. The 996 

minimal media were supplemented with a solution of artificial carbon-rich root exudates: 20 997 
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mM glucose 20 mM fructose, 12 mM sucrose, 20 mM lactic acid, 12 mM citric acid, 16 mM 998 

succinic acid. For these media, the final concentration was 0.5 g/L of C and 0.1 g/L of N.  To 999 

culture the soil microbes, 2 g of sieved agricultural soil (sampled at the Armand-Frappier 1000 

experimental field: 45.5416N, -73.7173E) was incubated in 20 mL of each media, for 28 h 1001 

(200 rpm, 25 ºC). The cultures were, filtered 30 µm, normalized to the same optical density, 1002 

pelleted (4 ºC, 15 min, 4700 g), suspended in PBS, pooled and aliquoted into sterile 1003 

cryotubes. A cryoprotective solution 2x (0.6% (w/v) Tryptic Soy Broth, 10% (v/v) DMSO and 1004 

2% (w/v) trehalose) was added to the cultures (1:1 (v/v)) and the cryotubes were gently 1005 

mixed (5x inverting), left to equilibrate for 20 min and placed at -80 ºC [26]. Cells were 1006 

revived, inoculated in 5 mL of TSB overnight, washed, normalized to OD600 0.200 and 1007 

inoculated in a 96-wells plate containing a mixture of 17 amino acids as nitrogen source and 1008 

artificial root exudates as a carbon source. 1009 

Microbial growth and miRNA exposure. 1010 

To investigate the potential modification of microbial activity by plant miRNAs, we revived, 1011 

cultured overnight (in 5 mL of TSB, 28 ºC, 200 rpm), washed (2x) and normalized the soil 1012 

microbes (OD600 0.200). We then cultured them in a medium containing an equimolar 1013 

mixture of 17 L-amino acids (15 mM), artificial root exudates (15 mM) and a miRNA 1014 

treatment that had a final concentration of 10 µM (five biological replicates were prepared).  1015 

The miRNA treatment consisted of an equimolar mix of five miRNAs (ath-miR158a-3p, ath-1016 

miR158b, ath-miR159a, ath-miR827, and ath-miR5642b) of either the plant mimics or 1017 

scrambled controls (Supplementary Table S1). Microbial activity was quantified by 1018 

introducing a tetrazolium dye, which undergoes a color change to purple in the presence of 1019 

dehydrogenases, subsequently intensifying the optical density at 600 nm. Optical density 1020 

measurements were recorded hourly using a plate reader. The experiment was concluded 1021 

after 52 hours.  1022 

16S rRNA gene amplicon sequencing. 1023 

To determine whether alterations in microbial activity were indicative of changes within the 1024 

bacterial community, we proceeded with a microvolume physical DNA extraction [27] from 1025 
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the cultures and prepared the libraries to sequence the V4-V5 region of the 16S rRNA gene 1026 

(primers 515F-Y: GTGYCAGCMGCCGCGGTAA and 926R: CCGYCAATTYMTTTRAGTTT) 1027 

[28] using the Illumina MiSeq platform at the Centre d’expertise et de services de Génome 1028 

Québec, Montreal, Canada. The sequences were processed with the AmpliconTagger 1029 

pipeline [20], and analysed as described above.  1030 
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Supplementary Table S1: Sequences of the single-stranded synthetic miRNAs. 1102 

 1103 

 1104 

 1105 

 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 

* and **: Scramble miRNAs used in the simplified soil community experiment  1120 

** Scramble miRNA ath-miR159a used during confocal microscopy imaging and flow cytometry. 1121 

Note: all sequences were methylated at their 3’ end. 1122 

 1123 

 1124 

  1125 

miRNA Sequences 
ath-miR158a-3p UCCCAAAUGUAGACAAAGCA 
ath-miR158b CCCCAAAUGUAGACAAAGCA 
ath-miR159a UUUGGAUUGAAGGGAGCUCUA 
ath-miR159b-3p UUUGGAUUGAAGGGAGCUCUU 
ath-miR159c UUUGGAUUGAAGGGAGCUCCU 
ath-miR161.1 UGAAAGUGACUACAUCGGGGU 
ath-miR165b UCGGACCAGGCUUCAUCCCCC 
ath-miR827 UUAGAUGACCAUCAACAAACU 
ath-miR5642b UCUCGCGCUUGUACGGCUUU 

sc-ath-miR158a-3p CAACAAGAUGACAAUGUCAC 
UGAAAACAUACAUCAGACCG* 

sc-ath-miR158b GACAAGCUCCACAUACAGAA 

sc-ath-miR159a AGGGAAGUAUUGUCGUGACUU 
AGAGAGACCUUGGGUUGAUUU** 

sc-ath-miR159b-3p UGGGGACUGUAUCUUAGUUAG 
sc-ath-miR159c CAGGCCUUGGUGUUAUAUGAG 
sc-ath-miR161.1 CUGCAGCUAGUUGGGUAAAGA 
sc-ath-miR165b CUCCACCGAGGUCCUCCACGU 
sc-ath-miR827 GAUCCAAAAAGCUAAUUUCAC 
sc-ath-miR5642b ACGUCGUAAAACUUCACGUG 
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Supplementary Table S1: Primers used for qPCR in Arabidopsis thaliana and Variovorax 1126 

paradoxus EPS for the in vitro miPEP transcriptomic experiment. Most primers were 1127 

designed based on the EPS genome, except for plant gene primers. 1128 

 1129 

 1130 

Allen R. S., Li J., Alonso-Peral M. M., White R. G., Gubler F., Millar A. A. (2010). MicroR159 1131 

regulation of most conserved targets in Arabidopsis has negligible phenotypic effects. 1132 

Silence 1:18. doi: 10.1186/1758-907X-1-18 1133 

 1134 
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