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Abstract

Maintaining microbiome structure is critical for the health of both plants! and animals?. In
plants, enrichment of beneficial bacteria is associated with advantageous outcomes including
protection from biotic and abiotic stress**. However, the genetic and molecular mechanisms
by which plants enrich for specific beneficial microbes without general dysbiosis have
remained elusive. Here we show that through regulation of NADPH oxidase, FERONIA kinase
negatively regulates beneficial Pseudomonas fluorescens in the Arabidopsis rhizosphere
microbiome. By rescreening a collection of Arabidopsis mutants that affect root immunity
under gnotobiotic conditions, followed by microbiome sequencing in natural soil, we identified
a FERONIA mutant (fer-8) with a rhizosphere microbiome enriched in P. fluorescens without
phylum-level dysbiosis. Using microbiome transplant experiments, we found that the fer-§
microbiome was beneficial and promoted plant growth. The effect of FER on rhizosphere
Pseudomonads was independent of its immune coreceptor function, role in development, and
jasmonic acid autoimmunity. We found that the fer-§ mutant has reduced basal levels of
reactive oxygen species (ROS) in roots and that mutants deficient in NADPH oxidase showed
elevated rhizosphere Pseudomonad levels. Overexpression of the ROP2 gene (encoding a client
of FER and positive regulator of NADPH oxidase®) in fer-8 plants suppressed Pseudomonad
overgrowth. This work shows that FER-mediated ROS production regulates levels of beneficial

Pseudomonads in the rhizosphere microbiome.
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Main text

Eukaryotes are associated with communities of symbiotic microorganisms (the microbiome)
that affect host heath and fitness®. In plants, the root-associated (rhizosphere) microbiome
affects plant growth’, nutrient acquisition® and resistance to both biotic and abiotic stresses”!!.
While dysbiotic microbiomes have been associated with disease in both plants' and animals?,
in plants, enrichment of specific microbial taxa has been associated with growth promotion and
pathogen protection. For instance, disease outbreaks can induce the assembly of beneficial
microbes in the rhizosphere to enhance resistance to future disease!'>!3, Similarly, artificial
enrichment of beneficial taxa in the lab or in the field can promote growth and protect plants
from biotic and abiotic stresses*”!4. These observations suggest that plants may be able to
regulate the abundance of a few beneficial taxa to maximize fitness. However, the genetic
regulators and mechanisms used by plants to control the abundance of beneficial microbes are

largely unknown.

Pseudomonas fluorescens includes well-studied plant growth-promoting (PGP) and biocontrol

strains!>-16,

Interestingly, P. fluorescens and related species are routinely enriched in
agricultural disease suppressive soils. For example, disease suppressive soils that confer
resistance to Rhizoctonia solani'3, wheat take all disease!”, Fusarium wilt'® and black root rot!®
have all been associated with the enrichment of fluorescent Pseudomonads in the soil. The
recurring observation that enrichment of Pseudomonads is associated with pathogen protection

suggests that plants may possess a mechanism to specifically recruit beneficial Pseudomonas

spp.2%-22, In addition, certain natural accessions of Arabidopsis thaliana support different levels
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of rhizosphere Pseudomonas spp. while maintaining overall highly similar microbiome
compositions??, indicating plants may have genetic mechanisms to regulate levels of beneficial

Pseudomonas spp.

HSM13/FERONIA inhibits rhizosphere Pseudomonas growth

To identify plant genes that regulate beneficial Pseudomonas spp. levels in the rhizosphere,
We made use of 16 hsm (hormone mediated suppression of MAMP triggered immunity)
mutants identified from a previous genetic screen?*. The hsm mutations affect root immunity,
and thus provide a genetic toolkit to identify novel genes that shape the rhizosphere
microbiome. We screened these 16 Asm mutants?* for their ability to support growth of the
beneficial P. fluorescens strain WCS365 expressing the luciferase operon (P. fluorescens
WCS365-Luc) using a 48-well plate gnotobiotic system (Extended Data Fig. 1)**. We found
that the Asml3 mutant harbored consistently higher levels of rhizosphere P. fluorescens

WCS365 relative to the parental line (Extended Data Fig. 2).

To test whether increased levels of P. fluorescens in the hsmi3 rhizosphere also occur in the
presence of a complex microbial community, we grew Asml3 in natural soil (Methods, Fig.
la), and plated rhizosphere samples (normalized to the rhizosphere weight) on King’s B media
to quantify fluorescent Pseudomonads?® (Fig. 1b). We found that the fluorescent Pseudomonads
per gram of rhizosphere were enriched more than 10-fold in the rhizosphere of Asm 13 relative
to wildtype plants (Fig. 1, b and c¢). We found that Asm3 is stunted in both natural soil and

axenic plates (Fig. 1a, Extended Data Fig. 3, a and b), and has a root hair elongation defect
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85  (Extended Data Fig. 3, c-e). To test whether plant morphological changes affect rhizosphere
86  Pseudomonad levels, we tested bril-5 (a stunted mutant unable to perceive the growth hormone
87  brassinolide?®; Fig. 1a), and arkl-1 (a root hair mutant with altered microtubule dynamics?®’).
88  We found that both the bril-5 and arki-1 mutants have similar levels of thizosphere fluorescent
89  Pseudomonads as wildtype plants (Fig. 1¢), suggesting that developmental defects are unlikely
90  to underlie the enrichment of fluorescent Pseudomonads in Asm13.
91
92 To identify the mutation that results in enriched Pseudomonas spp. in hsm13, we crossed hsm13
93 to Col-0 and performed sequencing-assisted mapping by bulk segregant analysis (Methods).
94  We identified a genomic region with a high frequency of SNPs present in the hsmi3-like
95  segregant population on the short-arm of chromosome 3 (Extended Data Fig. 4). We identified
96  four non-synonymous SNPs in that region including a G1793 A missense mutation in the coding
97  sequence of AT3G51550 (FERONIA, FER) in hsmi3 resulting in a predicted G598E amino
98  acid substitution in the kinase domain (Fig. 1d). The previously described fer-4 mutant shows
99  a similar stunted morphology (Fig. 1¢) and root hair developmental defects?®. The F1s of a fer-
100 4xhsml3 cross had high P. fluorescens levels and small plant size similar to 4sm 13 indicating
101 that fer-4 is allelic to Asm13 (Fig. 1f, Extended Data Fig. 4). The F1 progeny of a Col-0xAsm13
102 cross exhibited the P. fluorescens levels and plant size of Col-0 plants, confirming that Asm /3
103 is recessive (Fig. 1f, Extended Data Fig. 4). Using the gnotobiotic system, we found that fer-4
104  (CS69044) had a similarly high level of WS365-Luc as the Asml3 mutant and that fer-5
105 (Salk 029056C) had a 1.95-fold increase in WCS365-Luc (Fig. 1f), which is consistent with

106  previous data suggesting that fer-5 is a partial loss-of-function allele?”. Expression of FER
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107 under its native promoter (pFER:FER-GFP’) in the fer-4 mutant completely restored the
108  normal plant morphology and rhizosphere P. fluorescens WCS365 growth to wildtype levels
109  (Fig. le and g). Collectively our data indicate that hsmi3 (fer-8 hereafter) carries a loss of
110  function mutation in FER resulting in stunting and rhizosphere Pseudomonad overgrowth.

111

112 Microbiome profiling of fer-8

113 To determine the effect of the fer-§ mutation on the overall rhizosphere microbiome
114  composition, we grew fer-8 and wildtype plants in the presence of natural soil microbiota [soil
115 was from the same site over two consecutive years, Experiment 1 (Fig. 2) and 2 (Extended
116  Data Fig. 5)] and performed 16S rRNA-based microbiome profiling. Samples from different
117 years were clearly separated in the pooled PCoA analysis (Extended Data Fig. 5a) suggesting
118 that the starting soil has the highest effect on rhizosphere microbiome composition. Despite the
119  differences in soil composition from year-to-year, a consistently distinct microbiome
120  composition was observed in fer-8 relative to wildtype plants revealed by unconstrained
121 principal coordinate analysis (PCoA), and 13.9%-18.2% of the differences in samples could be
122 explained by plant genotype (PC2) (Fig. 2a; Extended Data Fig 5b). We observed no consistent
123 shift in phylum level relative abundance between fer-§ and wildtype plants (Fig. 2b; Extended
124  Data Fig. 5). The fer-8 microbiome had lower richness (number of Operational taxonomic
125 units, OTUs) and Shannon diversity (a metric of species richness and evenness) compared to
126  wildtype plants (Fig. 2¢; Extended Data Fig. 5¢)*°. Although several bacterial families were

127  enriched and depleted in each experiment, only Pseudomonadaceae were enriched in both
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128  experiments (Fig. 2d; Extended Data Fig. 5e). These data indicate that the Pseudomonadaceae
129 are robustly enriched in the fer-8 rhizosphere microbiome without phylum-level dysbiosis.
130

131 The genus Pseudomonas includes both beneficial microbes and plant pathogens?!. This raises
132 the question of whether fer-8 specifically enriches beneficial Pseudomonas spp., or whether
133 pathogenic Pseudomonas spp. are also enriched in the rhizosphere. We selected several
134 phylogenetically diverse Pseudomonas strains (including both opportunistic pathogens and
135 beneficial microbes), along with distantly related bacterial isolates, and tested whether they are
136 enriched in the fer-8 rhizosphere’!. Commensal Pseudomonas strains included P. putida
137  WCS358, Pseudomonas sp. CH267, P. simiae WCS417, P. fluorescens WCS365 and
138 Pseudomonas sp. SY10 (identified from the natural soil used in this study). Pathogenic or
139 opportunistic pathogens included P. syrinage pv. tomato (Pst) DC3000, Pseudomonas sp.
140  N2C33!, P. viridiflava CH4093? and P. aeruginosa PAO1. We found that 8 of the 9 tested
141  Pseudomonas strains (with the exception of commensal strain Pseudomonas sp. CH267) were
142 enriched between 2- and 18-fold in the rhizosphere of fer-§ relative to wildtype plants (Fig.
143 2e). All non-Pseudomonas strains tested, including Burkholderia xenovorans 1LB400, B.
144 phytofirmans PsIN, Herbaspirillum seropedicae SmR1 and Bacillus subtilis 3610, exhibited
145 2-fold or lower enrichment, or were depleted, in the rhizosphere of fer-8§ (Fig. 2¢). Collectively,
146  these data suggest that the fer-8 mutation robustly enriches most Pseudomonas spp.

147

148 The fer-8 microbiome is beneficial
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149 Enrichment of fluorescent Pseudomonads in the rhizosphere is reminiscent of disease
150  suppressive and growth promoting soils'*!33, To test whether the fer-8 associated microbiome
151  is beneficial, we performed microbiome transplant experiments. We grew fer-8 and its parental
152 line in natural soil for 4 weeks (1% generation, 2 plants per pot, Fig. 3a). The soil from fer-8 or
153 the parental line was then re-planted with wildtype plants. In the rhizosphere samples from the
154 1% generation plants, we found an enrichment of fluorescent Pseudomonads in fer-§ relative to
155 its parental line (Fig. 3b and d). We observed a significant growth promotion effect of 2™
156  generation plants grown in the presence of a fer-8 microbiome (Fig. 3 a, c and e, Extended Data
157  Fig. 6). Since the beneficial effects by Pseudomonas spp. have been shown to be dose-

t*4, we examined whether the growth promotion effect in the 2" generation plants

158  dependen
159  correlated with the abundance of fluorescent Pseudomonads in soil. We found a significant
160  positive correlation between the abundance of fluorescent Pseudomonads in the rhizosphere of
161 1% generation plants (the soil used for 2" generation growth) and the biomass (shoot weight)
162  of 2" generation plants (Pearson's correlation, r = 0.97, p= 0.034, Fig. 3f). These data suggest
163 that a single mutation in FER shifts the soil microbiome into one that promotes growth for the
164  next generation of plants.

165

166  In agriculture, suppressive soils are associated with enrichment of phylogenetically diverse
167  Pseudomonas spp. While plants might have mechanisms to specifically enrich for beneficial
168  strains, another possibility is that in the presence of the rhizosphere microbiome, that

169  enrichment of pathogenic Pseudomonas may not be harmful due to competition with

170  commensals in soil. Pseudomonas spp. are primarily associated with diseases of above-ground
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171  plant tissues from bacterial leaf spot to pith necrosis. However, we found that pathogenic
172 strains Pst DC3000 and Pseudomonas sp. N2C3 robustly cause stunting when added to the
173 roots of gnotobiotic plants (Extended Data Fig. 7 a and b). To test if these strains can cause
174  disease in soil, pathogenic Pst DC3000 and Pseudomonas sp. N2C3 were inoculated in the
175  rhizosphere of plants grown in natural soil. Neither strain caused disease symptoms after
176 inoculation to a final concentration of 10> and 10 CFU/gram of soil (Extended Data Fig. 7 ¢
177  and d). These data suggest that the enrichment of Pseudomonas pathogens may not efficiently
178  cause disease in the presence of a natural soil community so general enrichment of rhizosphere
179 Pseudomonas might not present a risk of disease.

180

181  Jasmonic Acid (JA) signaling and innate immune receptors do not affect Pseudomonas
182  enrichment

183  To reveal transcriptional changes in the fer-§ mutant that could explain the increase in
184  Pseudomonas colonization, we performed transcriptional profiling in both shoots and roots
185  from fer-8 and the parental line (Supplementary Table 1). We identified 675 up-regulated genes
186  in the shoots of fer-8 relative to wildtype plants (Supplementary Table 2). Surprisingly, we
187  found only 82 up-regulated genes in fer-8 roots relative to the parental line, and there were no
188  significantly enriched GO terms. In contrast, we found that the genes upregulated in shoots
189  were enriched in GO terms related to defense, response to fungi, and JA signaling (Extended
190  Data Fig. 8, Supplementary Table 3), consistent with previous reports of JA activation in the
191  shoots of fer-4?8. fer-8 exhibited enhanced resistance to the fungal pathogen Botrytis cinerea,

192 shoot-specific expression of JA responsive genes, and enhanced anthocyanin accumulation in
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193 petioles (Extended Data Fig. 8). The transcriptional changes in shoots were largely limited to
194 JA signaling while expression of other hormone signaling pathways were relatively similar
195  between fer-8 and the parental line (Extended Data Fig. 9, Supplementary Table 4). These data
196  suggest that the fer-8 mutation results in activation of JA signaling in shoots but not in roots.
197

198  While we did not observe changes in JA signaling in the root transcriptome, we hypothesized
199  that a shoot-to-root JA-dependent signal could affect the rhizosphere microbiome. To test
200  whether JA-mediated auto-immunity in shoots affects rhizosphere Pseudomonas colonization
201  in fer-8, we constructed a double mutant with coil-16 (deficient in JA perception®®) and fer-8
202 (coil-16 fer-8). We found that the coil-16 fer-8 mutant suppressed the stunting phenotype of
203 fer-8 (Extended Data Fig. 10). However, the coil-16 fer-8 double mutant retained enhanced
204  Pseudomonas growth similar to the fer-8 single mutant (Fig. 4a). Enhanced JA in shoots might
205  antagonize salicylic acid (SA) signaling®®. To determine if effects on SA signaling could
206  explain the enhanced levels of P. fluorescens in the fer-8 mutant, we tested rhizosphere
207  Pseudomonas levels in the SA perception deficient mutant (npri-1)*’, the SA biosynthesis
208  mutant (sid2-1)*® and the SA auto-immune mutant (snc/)*°. We found no significant changes
209  in rhizosphere fluorescent Pseudomonads in SA mutants (Extended Data Fig. 11). These data
210  collectively indicate that neither JA auto-immunity nor SA-JA antagonism fully explains the
211 increase in rhizosphere Pseudomonas colonization in the fer-8 mutant.

212

213 FER interacts with immune receptors and facilitates the complex formation of innate immune
214 receptor complexes that include EF-TU RECEPTOR (EFR) and FLAGELLIN-SENSING 2

10
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215 (FLS2) with their co-receptor BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
216  KINASE 1 (BAK1)*. We reasoned that if FER regulates Pseudomonads through its immune
217  scaffold function, then immune receptor mutants should also increase rhizosphere
218  Pseudomonads. However, we found that fIs2, efr-1 and bakl-5 mutants all have similar levels
219 of rhizosphere fluorescent Pseudomonads as wildtype plants when grown in natural soil (Fig.
220 4a). A recent study found that a mutant deficient in multiple immune receptors and vesicle-
221 trafficking (mfec: min7 fls2 efr cerkl) causes dysbiosis in the endophytic phyllosphere
222 microbiome and decreased alpha diversity!. We wondered whether the mfec mutant would
223 show rhizosphere enrichment of Pseudomonas similar to fer-8. Although the enrichment of
224  Pseudomonads in the fer-8 was reproducible in a distinct natural soil (from Michigan State,
225 USA), we did not observe significant enrichment of Pseudomonads in the rhizosphere of mfec
226  mutants (Fig. 4b). This indicates that the mechanism of rhizosphere microbiome changes in
227 fer-8 is distinct from the mfec mutant, and that innate immune perception as well as immune
228  scaffold functions of FER are largely dispensable for the selective enrichment of
229 Pseudomonads in fer-8.

230

231  FER maintains root reactive oxygen species (ROS) to control Pseudomonads

232 Inaddition to the MAMP-triggered ROS burst (inducible ROS)*, FER also positively regulates
233 basal ROS levels in roots through ROP2 (a small GTPase). ROP2 is a positive regulator of
234  plasma membrane NADPH oxidases and fer-4 and fer-5 mutants have reduced basal ROS
235 levels in roots®>. We hypothesized that loss of FER might result in decreased basal ROS
236 resulting in Pseudomonas overgrowth. By staining roots with the ROS-sensitive dye H2DCF-

11
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237 DAS, we found a significant decrease in basal ROS levels in buffer-treated fer-8 compared to
238 the parental line (Fig. 4c and d). Importantly, roots treated with P. fluorescens WCS365
239 exhibited a significant reduction in root ROS levels in both fer-8 and the parental line (Fig. 4c
240  and d), indicating that suppression of basal root-surface ROS might be crucial for Pseudomonas
241  fitness in the rhizosphere.

242

243 Totest if altering rhizosphere ROS levels could affect Pseudomonas growth in the rhizosphere,
244 we tested Respiratory Burst Oxidase Homologues mutants (rbohD, rbohF), which are deficient
245  in the membrane-associated NADPH oxidase and dampen apoplastic ROS production*!. We
246  found that both rbohD and rbohF have significantly elevated rhizosphere fluorescent
247  Pseudomonads in natural soil (Fig. 4e). To test if FER acts through NADPH oxidase to regulate
248 rhizosphere Pseudomonas, we overexpressed the FER interacting client ROP2 in fer-8, which
249 has previously been shown to enhance ROS in a fer-5 mutant’. We found that fer-8 ROP20X
250  significantly increased root ROS levels relative to fer-8 (H2DCF signal intensity) and
251  decreased the level of fluorescent Pseudomonads observed in the fer-8 rhizosphere (Extended
252 Data Fig. 12). By plotting the average rhizosphere fluorescent Pseudomonads levels against
253 the average ROS levels (measured by H2DCF signal intensity) in different genetic backgrounds,
254  we saw a significant negative correlation (r =-0.74; p=0.035) between ROS and Pseudomonad
255 levels (Fig. 4f). Collectively these data indicate that ROP2-mediated regulation of ROS is
256  required for FER mediated regulation of rhizosphere Pseudomonads.

257

258

12
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259  Discussion

260  This work revealed that FER regulates rhizosphere Pseudomonas colonization through
261  suppressing NADPH oxidase activity. We found that genetic manipulation of ROS production
262 in plants can shape the microbiome and gate access of beneficial commensals to the rhizosphere.
263 Although the ROS burst is a critical step of innate immune activation in plants, we found that
264  FER-mediated regulation of rhizosphere Pseudomonads is dependent on basal ROS rather than
265  inducible ROS triggered by MAMP perception and innate immune receptors. From an
266  evolutionary standpoint, this could be because roots are constitutively exposed to a MAMP-
267  rich environment and are less sensitive to MAMPs*?. Moreover, rhizosphere microbes can
268  suppress pattern-triggered immunity (PTI)* and thus plants may rely on basal ROS levels to
269  gate rhizosphere Pseudomonas colonization.

270

271 It is unclear why decreased ROS in Asm 13 relatively specifically enriches Pseudomonas spp.
272 as ROS is toxic to most microbes. We speculate that root surface ROS only affects a localized
273 region close to the root surface (rhizoplane), which may be a region where beneficial
274  Pseudomonas spp. are specifically enriched®® and therefore may be more vulnerable to plant
275  defenses than other taxa. Spatial-temporal resolution of rhizosphere communities may reveal
276  why manipulation of root ROS effectively gates colonization by Pseudomonas spp.

277

278  The enrichment of Pseudomonas is of agricultural interest because it is frequently associated
279 with disease suppressive and growth promoting soils. FER is a versatile receptor kinase that

280  positively regulates growth and immunity, and is thus a potential target that could be hijacked

13
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by pathogens. Both the fungal pathogen Fusarium oxysporum and nematodes secrete functional
RALF-like peptides to manipulate FER activity and to promote pathogenesis***°. Interestingly,

root associated Pseudomonas spp. are enriched in disease suppressive soil towards either

18,46

Fusarium oxysporum or nematodes suggesting that pathogen manipulation of FER

signaling in crops*’*® is a possible mechanism for increased Pseudomonas after pathogen
attack. Collectively this work has the potential to guide novel breeding and microbiome

engineering practices in agriculture through manipulation of FER signaling.

14
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412
413 Fig. 1. hsm13/fer-8 harbors a high level of rhizosphere Pseudomonads due to a missense

414  mutation in the FERONIA receptor kinase.

415 (a) Morphology of wildtype plants (Col-0 and Ws ecotypes), and mutants hsm 13, arkl-1 (Col-
416 0 background), and bril-5 (Ws background) when grown in natural soil; (b) Asm 13 harbored a
417  highlevel of root-associated fluorescent Pseudomonads when grown in natural soil, while other
418  mutants with similar developmental defects do not affect rhizosphere fluorescent
419  Pseudomonads levels. Rhizosphere samples were plated on King’s B and imaged under UV
420  light. (¢) Quantification of fluorescent colonies per gram of rhizosphere samples. n=3-7. (d)
421  The FER protein domains and the insertion/mutation positions of alleles described in this study.
422 (e) Phenotypes of 3-week-old wildtype plants (Col-0), parental line (PL; pCYP71412:GUS),
423 hsml3, fer-4, fer-5, F1 crosses (fer-4xhsml3 or Col-Oxhsmi3) and fer-4/FER-GFP. (f) F1
424 crosses between fer-4xhsml3 have high level of rhizosphere Pseudomonads relative to Col-0,
425  while Col-0xAsm 13 F1s restored Pseudomonads levels similar to wildtype plants. n=7, 11, 17
426  and 11 from left to right. (g) fer-4 and fer-5 mutants have elevated levels of Pseudomonads in
427  a hydroponic seedling assay. Each point represents the average of >6 plants from a single
428  experiment. ANOVA and Turkey’s HSD were used for ¢, f, and (g) to determine significance;
429  different letters indicate p < 0.05. Mean = SEM is shown.

430
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Fig. 2. Pseudomonadaceae are enriched in the rhizosphere microbiome of fer-8. (a)
Principal coordinate analysis (PCoA, based on the relative abundance of OTUs) of bulk soil
and rhizosphere samples of fer-§ and wildtype (Col-0) from Experiment 1. n=6-8. (b) Relative
abundance of bacterial phyla or classes (for Proteobacteria) in bulk soil and rhizosphere
samples. The arrow shows that only Firmicutes were significantly enriched in the rhizosphere
of fer-8 relative to the parental line (PL; 3.53-fold, calculated by DESEQ?2). (¢) Number of
OTUs and Shannon diversity indexes in the bulk soil and rhizosphere samples. ANOVA and
Turkey’s HSD were used to determine statistical significance, p < 0.05. (d) Significantly
differentially abundant families between fer-§ and wildtype. Colors show the taxonomic
information for each family, and the dot size indicates the -logio transformed adjusted p value
for taxa with p<0.1. (e) Quantification of individual bacterial strains grown in the rhizosphere
of fer-8§ and the PL under gnotobiotic conditions. Student’s t test was used to compare the
significance between fer-8 and PL for each strain (*p<0.05, **p<0.01, ***p<0.001). Boxplots
(with median and first and third quartiles) and each data point are shown. Numbers denote the
number of biological replicates over 2-3 independent experiments.
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448

449  Fig. 3. The fer-8 rhizosphere microbiome confers growth promotion to the next

450  generation of plants.

451  (a) Representative images of the parental line (PL) and fer-8 grown in natural soil (generation
452 1, G1) and wildtype Col-0 plants (generation 2, G2) are shown. (b) Fluorescent Pseudomonads
453 were quantified in the rhizosphere of the parental line (PL) and fer-8 in G1 plants after 4 weeks
454 of growth, n=5. (¢) The shoot fresh weight (F.W.) of G2 wildtype plants grown in the soil from
455  microbiome transplants from the PL- or fer-§-cultivated soil, n=15. (d-e) A second replicate of
456  the experiments shown in (b-c¢) was performed, n=7 for (d), n=11 and 13 for PL and fer-§ in
457  (e). Student’s t tests were used to determine statistical significance in (b-e). (f) The average
458  fluorescent CFU counts from the first generation PL and fer-§ plants were plotted against the
459  average shoot F.W. of the next generation of plants grown in the same soil. A linear trend line
460  (red dashed line) and Pearson's correlation r are shown. Each data point represents the average

461  value of all plants from one independent experiment from (b) to (e) with +SEM.
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463 Fig. 4. Root ROS negatively regulates rhizosphere Pseudomonas. (a) Mutants deficient in
464  immune receptors that are interaction partners of FER (fIs2, efi-1, bak1-5), and the JA receptor
465  (coil-16) do not affect rhizosphere Pseudomonas levels, and fer-8 coil-16 double mutant does
466  not restore the fer-8 Pseudomonas overgrowth phenotype. n=6,7,9, 11, 13, 6, 7, 7 from left
467  to right. (b) A quadruple mutant deficient in min?7, fls2, efr and cerkl (mfec) does not change
468  rhizosphere Pseudomonad level as fer-8. n=18 from three independent experiments. (c)
469  Representative images of H2DCF-DA (ROS-binding dye) stained roots of the parental line (PL)
470  and fer-8 pre-treated with buffer or P. fluorescens WCS365. (d) Quantified average H2DCF-
471 DA signal intensity in roots from two independent experiments. (e) Mutants deficient in
472 NADPH oxidase (rbohD/F) show elevated rhizosphere fluorescent Pseudomonads when
473 grown in soil. n=17, 13, 17 and 12 from left to right (3-4 independent experiments). (f) The
474  average logio(fluorescent CFU/g rhizosphere) from different genotypes were plotted against
475  the average relative H2DCF staining signaling intensity. A linear trend line (red dashed line)
476  is shown and Pearson's correlation was used to determine significance (p=0.035). Different
477  letters indicate p< 0.05 by ANOVA and Tukey’s HSD in a, b, d and e.

478

479
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480  Methods

481  Plant materials and growth methods

482 Arabidopsis seeds were surface sterilized (washed in 70% ethanol for 2 min, 10% bleach for 2
483  min, and 3 times in sterile water), and stored at 4°C for at least 2 days before use. For assays
484  on plates with solid media, seedlings were grown on 1/2x MS medium with 1% phytoagar and
485 1% sucrose. Plates were grown at 22°C under 90-100 pE light on a 12 hours light / 12 hours
486  dark cycle. The Arabidopsis Col-0 ecotype was used as the wildtype genetic background in this
487  work, fIs2%, efi-1°°, bak1-5°', and min7 fls2 efi cerkl (mfec)' were reported previously. The
488 arkl-1 mutant has a 35Spro:EB1b-GFP reporter, which does not alter the root hair phenotype?’.
489

490  Gnotobiotic rhizosphere bacterial quantification assay

491  The assay (Extended Data Fig. 1) was performed as described previously?3. Briefly, seeds were
492 germinated on Teflon mesh disks in 300 uL. MS media with 2% sucrose in 48-well plates. After
493 10 days, the media was changed to 270 pL media without sucrose (1xMS, 0.1% MES buffer)
494 so that bacteria rely on plant root exudate as a carbon source. After 2 more days, 30 pL of P.
495  fluorescens WCS365 transformed with the lux operon from Aliivibrio fisheri (WCS365-Luc
496  hereafter) was added. Two days after inoculation, media containing bacteria from the
497  rhizosphere in 48-well plates was transferred to opaque white 96-well plates prior to reading
498  to avoid background from the plants and Teflon mesh, and Luc photo counts were measured
499  using a Spectra Max i3 plate reader (Molecular Devices). Any plants with translucent or water-
500  soaked leaves were discarded from the assay and not used for bacterial treatment. To generate
501  WCS365-Luc, a transposon containing the Aliivibrio fisheri LUX operon was integrated into
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502 the P. fluorescens WCS365 genome by conjugation with Escherichia coli SM10pir containing
503  pUT-EM7-LUX52. To ensure that the insertion did not affect WCS365 growth promotion
504  ability, we confirmed that WCS365-Luc promoted lateral root growth to a similar level as
505  wildtype WCS365 (Extended Data Fig. 1). We found a linear relationship between the
506  WCS365-Luc bacterial CFU counts and the Luciferase signal (Extended Data Fig. 1),
507  indicating that the WCS365-Luc strain can be used to approximate bacterial numbers in the
508  rhizosphere.

509

510  Mapping of hsml13

511  The (FER) gene was cloned by bulk segregant analysis®>. We hypothesized that the same
512 mutation might cause both stunting and rhizosphere Pseudomonas enrichment in hsmi3, and
513  so we used stunting to screen for hsmi3-like segregants. Briefly, we backcrossed hsmi3 to
514  wildtype plants (Col-0) and identified 30 stunted F2 segregates (hsmi3 like) from 140 F2
515  plants. We found that all F3s from these lines were stunted indicating they were homozygous
516  for the mutation leading to stunting. We then sampled 90 plants (3 plants from each F2 line,
517  one leaf per plant) and extracted DNA from each leaf separately. Genomic DNA samples were
518  quantified using Quant-iT™ PicoGreen™ dsDNA Reagent (Invitrogen). DNA from different
519  samples was mixed at equimolar ratios. A 1:1 mix of DNA from Col-0 and pCYP71412:GUS
520  (the parental line of 4sm13) was also sequenced as a reference sample. Paired-end sequencing
521 (150 bp reads) was performed on an Illumina HiSeq by Novogene. After filtering,
522 approximately 35 million single-end reads (approximately 37X coverage after trimming,
523  mapping and filtering) and 34 million single-end reads (approximately 37X coverage) were
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524  mapped to the TAIR 10 Arabidopsis reference genome for the Asm13 segregates population
525  and the pooled reference samples, respectively®*. After SNP calling relative to the TAIR10
526  reference genome, 333 and 486 non-synonymous SNPs were identified in Asmi3 segregates
527 and the pooled reference samples, respectively. Psnp was calculated as Mutant SNP / (Mutant
528  SNP+ wildtype SNP) in Excel. SNPs present in both 4sm 13 segregates and the pooled reference
529  samples were discarded from further analysis.

530

531  Harvesting rhizosphere samples

532 Natural soil for the majority of experiments (except Fig. 4b) was harvested from the UBC farm
533 (49°15.0'N, 123°14.4'W), Vancouver, British Columbia, Canada. This is a disturbed site on the
534  UBC farm that was naturally colonized by wild Arabidopsis thaliana. The top 10-20 cm of soil
535  was collected and sieved (3-mm sieve) to remove rocks, insects and plant debris. Arabidopsis
536 seedlings were grown on 2 x MS plates with 1% sucrose for 8-10 days before transplanting to
537  soil. We blended additional inorganic growth materials and soils to improve drainage and plant
538 health. The final soil substrate consisted of 1:0.5:1 natural soil: calcine clay (Turface): perlite
539  for microbiome sequencing and other studies using natural soil. Both rhizosphere and bulk soil
540  samples were harvested at 17-20 days after transplanting.

541

542 The experiment to quantify fluorescent Pseudomonas in the rhizosphere of Asmi3 and mfec
543  (Fig. 4b) was performed in natural soil collected in Michigan, USA. Plants were grown in
544 “Arabidopsis Mix” greenhouse potting soil [equal parts of Suremix (Michigan Grower
545  Products), medium vermiculate and perlite] and was autoclaved once before use. Individual
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546  pots were supplemented with natural soil slurry prepared from a soil where wild accessions of
547  Arabidopsis were found at Michigan State University's Southwest Michigan Research and
548  Extension Center (Benton Harbor). To prepare soil slurry, 25g of the soil was mixed with 1
549  liter of autoclaved ddH>O for 30 min on an orbital shaker, filtered through a 70-um cell strainer
550  and 20 mL of soil slurry was supplemented to each pot uniformly by top irrigation. Plants were
551  grown under relative humidity set at 50%, temperature at 22 °C, light intensity at 100 uE m™2
552 s ! and photoperiod at a 12:12 hours dark: light cycle. Four-week-old plants were used
553 for rhizosphere sampling based on the protocol below.

554

555 To collect rhizosphere samples, we collected roots and closely-adhered soil. To harvest
556  rhizosphere samples, pots were inverted to transfer the soil and whole plant to a gloved hand.
557  The soil was then gently loosened from the root until just the roots and closely-adhered soil
558  remained. Gloves were cleaned with 70% ethanol between samples, and fresh gloves were used
559  between genotypes. Rhizosphere samples were weighed and buffer was added to 0.05 g/mL
560 (7.5 mM MgSO4 and 20% glycerol). Samples were homogenized using a Tissuelyser (2 x 90
561  seconds at 25 rps). Samples were serially diluted and 100 pl of the bulk soil (0.0025 g/ml) or
562 rhizosphere samples (0.00025 g/mL) were plated on King’s B plates and imaged using a UV
563 light source.

564

565  Rhizosphere microbiome transplant assay

566  For microbiome transplant experiments, we grew first-generation plants (either fer-8 or the
567  parental line) for 3.5-4 weeks (2 plants/pot) in natural soil to allow assembly of a genotype-
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568  specific rhizosphere microbiome. We then cut the shoots of the first-generation plants and
569  thoroughly mixed all soil from same genotype together in a sterilized container. We then
570  immediately (the same day) put the mixed soil (with genotype-specific microbiomes) into new
571  clean pots to grow second-generation plants. The trays and growth chamber were sterilized
572 with 70% ethanol before the experiment and all plants were watered with autoclaved water for
573 both the first and second generation plants. Different genotypes were put in separate trays side
574 by side in the same growth chamber and grown under 80-100 pE light on a 12 hour light/12
575 hour dark cycle. For first generation plants, about 15% of the plants were bolting 4 weeks after
576  transplanting, we only chose non-bolting plants for the rhizosphere sampling to avoid effects
577  of differences in developmental stage. For both generation 1 and 2 plants, 1L of 1/4x
578  Hoagland’s fertilizer was added to each tray.

579

580  16S rRNA microbiome sample preparation, sequencing and analysis.

581  For microbiome sequencing, four individual rhizosphere or bulk soil samples were pooled as
582  one replicate. Sample processing and sequencing was performed as described in the Earth

583  Microbiome Project Illumina 16S rRNA protocol (www.earthmicrobiome.org). Briefly, total

584  soil or rhizosphere DNA was extracted using the PowerSoil® DNA Isolation kit (MoBio
585  Laboratories, Carlsbad, CA). DNA concentrations were determined using a Quant-iT™
586  PicoGreen™ dsDNA Assay Kit. Paired end 300 bp sequencing was performed on an Illumina
587  MiSeq. Adaptor sequences were trimmed with cutadapt and DADA2 was used to generate an
588  amplicon sequence variant (ASV) table®®. The Qiime2 implementation of vsearch was used to
589  bin ASVs at 97% identity and the q2-feature-classifier was used to assign taxonomy using a
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590 naive Bayesian approach. Principle covariate analysis was performed using Bray-Curtis
591  dissimilarity of relative abundances (OTU level) with the vegan package in R. Differentially
592 abundant families were identified using the DESEQ2 package.

593

594  Transgenic plants

595  To overexpress ROP2, a gene-specific primer pair was used to amplify the coding sequence of
596  ROP2 (Forward: 5’-ATATCTAGAATGGCGTCAAGGTTTATAAAGT-3’ and reverse: 5’-
597  ATACTGCAGTCACAAGAACGCGCAACGGTTC-3’), with the restriction enzyme sites for
598  Xbal and Pst1 added to the forward and reverse primers, respectively. The PCR product was
599  digested by Xbal and Pst1 enzymes and subcloned into a binary vector pCambial300°7. The
600  sequence was confirmed by Sanger sequencing, and the plasmid was introduced into
601  Agrobacterium GV3101 for floral dip transformation of Arabidopsis (Col-0 and fer-8). T1 and
602 T2 transformants were selected/confirmed in 1/2x MS with 1% sucrose and 50 pg/mL
603  hygromycin.

604

605  Plant genotyping

606  Primers for fer-4’are listed here?”: P1 5>-GATTACTCTCCAACAGAGAAAATCCT-3’, P2
607  5’-CGTATTGCTTTTCGATTTCCTA-3’, P3 5>~ACGGTCTCAACGCTACCAAC-3’, P4 5’-
608 TTTCCCGCCTTCGGTTTA-3’; and  primers for  Salk 029056C: LP  5°-
609 TGGTAGGATTCCGTTAAAATGC-3’, RP 5’-CAGAGTATTTCAGACGGCAGC-3’, LB

610 5’-ATTTTGCCGATTTCGGAAC-3". For detection of ROP20X in T1 lines, we used a pair of
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611  primer targeting the 35S promoter and ROP2 gene (5’-CTATCCTTCGCAAGACCCTTC-3’;
612  5’-GCAACGGTTCTTATTCTTTTTCT-3’), respectively.

613 For fer-8 coil-16 double mutant, F2 progeny of fer-8 x coil-16 were selected on Y2x MS
614  agar plates supplemented with 20 uM MeJA, and seedlings insensitive to JA-mediated root
615  growth inhibition were selected as coil-16 homozygous lines, and fer-8 allele specific SNP

616  detection primers were designed by a web tool (http://ausubellab.mgh.harvard.edu/). The

617  primer (5’-ACATCGTCATCTTGTGTCCT

618 TGATGGG-3’, 5’-GGGTTCAAGGCTGGACGAGCG-3’) can specifically amplify wildtype
619  FER fragment but not FER%?E allele (10-500 ng template DNA, elongation temperature: 57
620  degree for 25 cycles). The selected double mutants were confirmed by sanger sequencing.

621

622  Rhizosphere growth of non-tagged commensals

623 Rhizosphere commensals strains were grown in the rhizosphere of fer-§ and the parental line
624  (pCYP71A412:GUS). All bacterial strains were cultured in LB broth or solid LB media without
625  antibiotics at 29°C. Pseudomonas sp. SY 10 was isolated by plating a rhizosphere sample from
626  natural soil on King’s B, selecting a fluorescent colony and streaking for single colonies. The
627  identity as a Pseudomonas sp. was determined by amplifying the 16S rRNA with primers 8F
628  (5’-AGAGTTTGATCCTGGCTCAG-3") and 1392R (5’-ACGGGCGGTGTGTRC-3’), and
629  sequencing with primer 8F. To quantify CFUs, fer-8 or the parental line were grown as
630  described above for the gnotobiotic system and bacteria were added to a final ODggo = 0.00002
631  in 300 pl. The media containing bacteria surrounding plant roots was serially diluted and plated
632  to calculate CFUs. For most of the strains, rhizosphere samples were serially diluted and plated
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633  on LB plates 2 days after inoculation, while samples of Burkholderia phytofirmans PsIN and
634 Herbaspirillum seropedicae SmR1 were plated at 4 days after inoculation. Pst DC3000 and P.
635  viridiflava CH409 were plated at 50-72 hours after inoculation due to slow growth in the
636  rhizosphere. Bacterial strains used in this study were previously described: Pseudomonas sp.
637  CH267%, P. fluorescens WCS365°8, P. simiae WCS417%°, P. aeruginosa PAO1%, P. putida
638  WCS358%, Bacillus subtilis NCIB 3610°', Burkholderia xenovorans LB400%2, Herbaspirillum
639  seropedicac SmR1%, Burkholderia phytofirmans PsIN®*, P. syringae pv. tomato (Psf)
640  DC3000%, Pseudomonas sp. N2C3%% P. viridiflava CH40932. Pseudomonas sp. SY10 was
641  identified in the natural soil used in this study.

642

643 qRT-PCR.

644  RNA was extracted using an RNAeasy isolation kit (Qiagen). RNA samples were treated with
645  Turbo DNA-free (Ambion) kit and single-stranded cDNA was generated from 1-2 pg RNA
646  using Superscript III (Invitrogen) and Oligo dT primers following the manufacturer’s
647  instructions. Quantitative RT-PCR was performed on a 7,500 Fast Real-Time PCR machine
648  (Applied Biosystems) using SYBRTM Green Master Mix kit (ThermoFisher). Primers for
649  qRT-PCR are listed here’’: PDFI1.2, 5°- CTTATCTTCGCTGCTCTTGTTC-3" and 5’-
650 TGGGAAGACATAGTTGCATGAT-3’; VSPI: 5’>-CTCAAGCCAAACGGATCG-3’ and 5°-
651 TTCCCAACGATGTTGTACCC-3; VSP2,5-TCAGTGACCGTTGGAAGTTGTG-3’ and 5°-
652 GTTCGAACCATTAGGCTTCAATATG-3".

653

654  RNA Sequencing and data analysis.
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655  For RNA sequencing, plants were grown on 2x MS with 1% phytoagar and 1% sucrose. For
656  both the parental line (pCYP71A412:GUS) and hsm13, samples were harvested at 11 days after
657  germination. Shoots from 2 plants or roots from 5 plants were pooled for each sample. RNA
658  was extracted using a Qiagen RNAeasy isolation kit. RNA samples with a concentration higher
659  than 300 ng/uL and RIN number high than 8 were used for library preparation. Construction
660  of libraries and sequencing were performed at the Michael Smith Genome Sciences Center

661  (http://www.bcgsc.ca/). Paired end 75 bp RNA-sequencing was performed using an Illuminia

662  Hi-seq 2500 platform. High quality reads were mapped to the Tair 10 genome using Bowtie2®,
663  and transcript quantification was performed with RSEM®. Differential expression analysis was
664  performed in R (https://www.R-project.org/.) with the DESeq2 package®. Differentially
665  expressed genes were filtered by pagj < 0.1. GO enrichment analysis was done by AgriGO®.
666  The core JA responsive genes were those that were induced in response to JA treatment at all
667  timepoints from 1 to 16 hours (a total of 12 sampling points)’’, and all other hormone
668  responsive genes were obtained from a previous publication’!. The Heatmap.2 function from
669  gplots package in R were used to generate heatmaps.

670

671  Infection assay. Botrytis cinerea infection assays were performed as described’. Leaves 7-9
672  from 4-week old plants were excised and placed adaxial side down onto 1% agar plates for
673  infection. 6 uL of 5 X103 spores/ml was dropped onto the abaxial leaf surface. Lesion diameters
674  were measure at 3 days after inoculation.

675
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676  For Pst DC3000 and Pseudomonas sp. N2C3 inoculation in soil, six-day-old Arabidopsis
677  seedlings were grown on Y2x MS agar with 1% sucrose and transferred into natural soil [1:0.5:1
678  natural soil: calcine clay (Turface): perlite]. Inoculation was performed 1 or 2 days after
679  transplanting. Overnight bacterial cultures were centrifuged and washed in 10 mM MgSO4
680 three times before being diluted to an ODggo of 0.5 and 0.05. One milliliter of bacterial inoculum
681  at ODgpo=0.5 or 0.05 for each pot (approximately 70 gram soil mixture) was added to the soil
682  taking care to not touch the seedlings to reach a final concentration of 3x10° and 3x10°
683  CFU/gram soil, respectively. The same volume of 10 mM MgSQO4 was used as a buffer control.
684  Different groups were grown side by side in the same tray, but were watered separately in
685  different trays to avoid cross contamination.

686

687  For Pst DC3000 and Pseudomonas sp. N2C3 inoculation on plates, seeds were germinated on
688  1/2x MS plates (without sucrose), grown for 6 days, and inoculated with 5 pL bacteria
689  (ODg00=0.05). The same volume of 10 mM MgSO4 was used as a buffer control. The plates
690  were scanned 7 days after inoculation, and the plants were weighed on the same day.

691

692  Detecting ROS in roots

693  ROS detection was performed using 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA)
694  fluorescent dye. Plants were grown on /2x MS agar plates supplemented with 1% sucrose for
695 4 days. Roots were inoculated with 3 pL of buffer (10 mM MgSOs) or P. fluorescens WCS365
696  (ODs00=0.01), and seedlings were imaged 24 hours after inoculation. H2DCF-DA was
697  dissolved in DMSO (10 mg/mL) and then diluted to a 500 mM stock (10x) in 0.1 M PB buffer
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698  (pH 7.0) and stored at -20°C. Before use, H2DCF-DA aliquots were thawed in the dark, stored
699  on ice, and diluted to a 1x working concentration in 2 mL 2% MS media with 0.1% MES [2-
700  (N-Morpholino) ethanesulfonic acid sodium salt]. Whole seedlings were transferred to a 12-
701 well plate with 2 mL staining solution per well and stained for 15 minutes at room temperature
702 in the dark. Imaging chambers were constructed according to a JOVE protocol”. Imaging
703 chambers were molded from Poly(dimethylsiloxane) gel. A 1.5% agar pad was placed into a
704  chamber, and roots were rinsed in 2x MS and mounted onto the pad. Glass strips placed at
705  both ends of the glass slide provided consistent coverslip spacing and root positioning directly
706  against the coverslip, which allowed for consistent optical resolution and fluorescence signal
707  during image acquisition. Confocal images were acquired with a 10%/0.40 NA objective on a
708  Leica SP8 laser scanning confocal microscope using a white light laser. H2ZDCF-DA was
709  excited with a 504 nm laser and a HyD detector was used to capture emission between 511 nm
710  — 611 nm, with detection time-gated with 0.3 — 12 ns to reduce autofluorescence. To ensure
711 that all H2DCF-DA emitted fluorescence above the background was captured, large 3D image
712 stacks (depth of ~120-150 microns) were taken at 2.408 um steps (total of 50-60 images per
713 root). Images were converted to .tiff files using FIJI’4, and root area was traced manually. The
714  H2DCF-DA signal density was quantified based on 2D maximum intensity image projections
715 in FIJI and the total intensity was divided by the root area.

716

717 For H2DCF signal detection in fer-§ ROP20X lines (Extended Data Fig. 12), four day old
718  seedlings (grown on 2x MS agar supplemented with 1% sucrose) were stained in a H2DCF
719 solution as described above. Seedlings were transferred onto new '2x MS agar plates for
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720  imaging. A Leica M205FA fluorescence stereo microscope equipped with a Leica PLAN APO
721 2.0x CORR objective was used for high throughput imaging of two to four seedlings per image.
722 Images were acquired with a GFP filter set (excitation filter ET470/40 nm- emission filter
723 ET525/50 nm) at 2 or 5 seconds exposure time per experiment. Fluorescence signal intensity
724  along the first ~2 mm from the root tip was quantified using FUJI, and the background was
725  averaged and subtracted for each image.

726

727  Statistics and data processing

728  Student’s t-tests (two-tailed) were used to compare the statistical significance between pairs of
729 samples. ANOVA and Turkey’s HSD were used to determine the statistical significance during
730  multiple comparison using R (www.r-project.org). For CFU data, data were found to be
731  normal after log transformation. All statistics were performed on the log-transformed data.

732

733 To compare the significance of the difference of gene expression between the parental line and
734  fer-8 (Extended data Fig. 9), we first ranked all the genes within the same sample according to
735  their absolute expression values within a single genotype. For genes from each hormone
736  pathway, we performed normal bootstrap on 5000 replicates, and calculated the mean sign of
737  differential expression of all genes within a given hormone pathway (if expression of a gene is
738 higher, same or lower in fer-§ relative to the parental line, the sign would be 1, 0 and -1,
739 respectively). We asked whether genes from a pathway are more likely to be upregulated in

740  fer-8 compared to the parental line relative to the mean sign of non-hormone-responsive genes.
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P values were calculated based on the normal distribution of mean signs from 5000 bootstrap

dataset for each pathway.

Relative H2DCF values in Fig. 4e were calculated by normalizing raw values to the average of

Col-0 from the respective independent experiment.
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869  Extended Data Fig. 1. A gnotobiotic plant-rhizosphere microbe interaction system. (a) A
870  diagram showing the 48-well plate based hydroponic plant-rhizosphere commensal interaction
871  system. Seeds were grown on the Teflon mesh which separates shoots and roots after
872 germination. 300-350 uL MS media with 2% sucrose was added to each well. Ten days after
873  germination the media was replaced with 270 uL. MS without sucrose. Two days later, 30 uL.
874  P. fluorescens WCS365-Luc (OD=0.0002) was added to the media, and rhizosphere bacteria
875  levels were quantified after two days incubation using a plate reader. (b) WCS365-Luc CFU
876  counts plotted against the relative Luc photo count signal intensities. For different dilutions,
877 100 pL WCS365-Luc (in 1x MS with 0.1% MES buffer) was transferred to a white opaque 96-
878  well plate for quantifying Luc photo counts. A trend line and R? were calculated in excel using
879  the linear trendline option. Different colors of dots represent the three replicates of CFU plating
880  results. (¢) Insertion of the lux operon into WCS365 did not affect its ability to increase lateral
881  root density. Images show plants treated with buffer, WCS365 or WCS365-Luc. (d)
882  Quantification of lateral root density by normalizing to the number of lateral roots per cm of
883  root. n=20, 25 and 25 from left to right. Mean = SEM is shown, *** p<0.001 by Student’s t
884  test compared to the buffer treated group.
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886
887  Extended Data Fig. 2. Relative amount (normalized to Col-0 for each experiment) of P.
888  fluorescens WCS365-Luc in the rhizosphere of Asm mutants. Each dot represents the
889  relative fold change of an Asm mutant relative to Col-0 from a single experiment; dots of the
890  same color were performed as part of the same experimental replicate.
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894  Extended Data Fig. 3. Morphology changes in Asm13. (a-b) hsmi3 is stunted when grown
895  on axenic plates (Y2x MS agar) for 15 days. (b) Quantification of shoot fresh weight (F.W.) of
896  hsml3 and the parental line (PL) grown on plates. Student’s T-test was used to determine
897  significance, and *** denotes p < 0.001. (¢) ~sm13 shows a root hair developmental defect
898  similar to the previously described ark/-1 mutant. (d-e) Quantification of root hair length (d)
899  and number of root hairs (e) from 6-day-old seedlings (0.5-4.5 mm region below the root-
900  hypocotyl junction, n=7). Different letters indicate p < 0.05 by ANOVA and Turkey’s HSD
901  test.
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904  Extended Data Fig. 4. Mapping of ssm13 based on the stunting phenotype. (a) Dot plot of
905  SNP frequency on chromosome 3 in the Asm13-like F3s of hsm13 x Col-0. Red dots represent
906  non-synonymous mutations with Psnp=1 [Psnp=Relative reads abundance of mutant SNP/
907  (relative reads abundance of mutant SNP+ wildtype SNP)]. (b) F1 crosses between fer-4 x
908  hsml3 are stunted while Col-0 x hsm13 F1s had wildtype-like morphology.
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Extended Data Fig. 5. Pseudomonadaceae are robustly enriched in the rhizosphere of fer-
8 grown in soil from experiment 2. (a) All samples (bulk soil and plant rhizosphere) are from
two independent experiments. Natural soil for Exp. 1 and 2 was harvest from the same site over
two consecutive years. (b) Principal coordinate analysis (PCoA) shows fer-8 has a distinct
microbiome composition from Col-0 in Exp. 2. (¢) Alpha diversity indexes in the bulk soil and
rhizosphere samples (Exp. 2). (d) Relative abundance of bacterial phyla (or Proteobacterial
classes) in bulk soil and different rhizosphere samples. The arrow shows the significantly
changed taxon in the rhizosphere of fer-8 relative to the parental line. (e) Significantly
differentially abundant families between fer-8 and wildtype rhizosphere. Colors show the taxon
information for each family, and the dot size indicates the -logio transformed adjusted p value;
p<0.1 was used as a cutoff, red dash line indicates a 4-fold change [logx(fold change) =2].
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926  Extended Data Fig. 6. Phenotypes of plants from microbiome transplant experiments. (a-
927  b) Images of 5-week old parental line (PL) and fer-§ plants grown in natural soil (left panel),
928  and images of 3-week old 2nd generation wildtype plants grown in the soil with previous
929  cultivation of fer-8 or PL (right panel). (c-d) Plating of rhizosphere samples from bulk soil,
930  Gl1- fer-8 and G1-PL plants. 100 ul of 0.00025 g/ml serially diluted sample was plated on
931  King’s B media and imaged under UV light.
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933
934  Extended Data Fig. 7. Pseudomonas pathogens do not efficiently cause disease in soil. (a)
935  Under axenic conditions, Pst DC3000 and Pseudomonas sp. N2C3 cause stunting one week
936  after inoculation. Seeds were grown on 2x MS without sucrose for 6 days before inoculation.
937  (b) Quantification of seedling fresh weight (F.W.) one week after inoculation on plates. (b and
938  d) Mean + SEM is shown, different letters indicate p < 0.05 by ANOVA and Turkey’s HSD
939  test. (¢) Phenotypes of Col-0 grown in natural soil 1 and 2 weeks after rhizosphere inoculation
940  with Pst DC3000 or Pseudomonas sp. N2C3. For both pathogens, 1 mL ODgo0=0.5 or 0.05
941  inoculum was added to reach a final concentration of 10° or 10°® CFU/gram soil. (d)
942 Quantification of shoot fresh weight 2 weeks after inoculation.
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946  Extended Data Fig. 8. JA signaling is elevated in the shoots of fer-8. (a) Selected Gene
947  Ontology categories from top 20 significantly enriched GO terms (based on the -log
948  transformed FDR values). GO enrichment analysis was performed with AgriGO. (b)
949  Anthocyanin accumulation was observed in the petioles of fer-§ but not the parental line (PL);
950  representative 2-week old plants grown on plates are shown. (¢) fer-§8 is resistant to the
951  necrotrophic pathogen Botrytis cinerea. The image shows the lesion size 3 days after
952 inoculation. n = 30 and 31 for the PL and fer-8, respectively. Data from 2 independent
953  experiments were used for analysis. *** p <0.001 by Student’s t-test. (d) JA responsive genes
954  were highly expressed in the shoots of fer-§ but not in the roots. qRT-PCR data from three
955  biological replicates. Gene expression values were normalized to the expression of an internal
956  control gene EIF44. Mean + SEM is shown.
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959  Extended Data Fig. 9. The effect of the fer-8 mutation on hormone signaling is shoot
960  specific and most significantly related to JA signaling. (a-e) The heatmaps show the
961  normalized expression [Z score of TPMs (Transcripts Per Million), Z score = (experimental
962  score — mean)/standard deviation] of hormone-responsive genes in the shoots and roots of fer-
963 &8 and the parental line (PL). JA: Jasmonic acid; ACC: 1-aminocyclopropane-1-carboxylate, an
964  ethylene biosynthetic precursor; BL: brassinolide; IAA: indole-3-acetic acid; ABA: abscisic
965  acid. Each column shows the average values from different replicates within each genotype
966  and tissue. Seedlings were grown under axenic conditions (Y2x MS-Agar plates). Gene list and
967  expression values for different groups are listed in the Supplementary table S4. (f-g)
968  Comparing the rank difference of genes from different hormone responsive pathways and the
969  genome background (non-hormone responsive genes) in shoots and roots. Up, Down and NC
970  means the number of genes with a higher, lower or same ranked in fer-§ relative to PL,
971  respectively. The p-values were calculated by performing normal bootstrap (5000 replicates)
972 on the mean sign (sign=1, 0 and -1 if a gene is higher, same or lower ranked in fer-8) of the
973  rank difference within each pathway (Methods).
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Extended Data Fig. 10. fer-8 coil-16 double mutant suppressed the stunting phenotype of
fer-8. (a) Growth phenotypes of Col-0, the parental line (PL), fer-8, coil-16 fer-8 and coil-16.
Images were taken three weeks after germination; (b) Quantification of shoot fresh weight
(F.w.) of different genotypes at three weeks after germination. Mean + SEM, different letters
indicate p < 0.05 by ANOVA and Turkey’s HSD test.
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983  Extended Data Fig. 11. Salicylic acid (SA) mutants do not affect levels of rhizosphere
984  fluorescent Pseudomonads. (a) Phenotypes of Col-0, SA signaling and biosynthesis mutants
985  nmpri-1, sid2-2, sncl, and fer-§ grown in natural soil. (b) Representative plates of rhizosphere
986  samples from genotypes in (a) are shown. (¢) Quantification of rhizosphere fluorescent
987  Pseudomonads. Mean + SEM, different letters indicate p < 0.05 by ANOVA and Turkey’s
988  HSD test. Numbers represent the biological replicates from 2-4 independent experiments.
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Extended Data Fig. 12. H2DCF staining of ROS levels in roots. (a) Overexpression of ROP2
(a positive regulator of NADPH oxidase) in fer-8 decreases rhizosphere levels of fluorescent
Pseudomonads. n=11, 16, 21, 11, 10, 11, 9 and 9 from left to right (3-5 independent
experiments). (b) Signal intensity values of root H2DCF staining results from 2-4 independent
experiments for Col-0, fer-8 and fer-8§ ROP20X (line 1-11, 5-1 and 3-1), and ROP20X (line8§-
2 and 5-1). Numbers on the graph denote the number of measured plants, and dots of the same
color were performed as part of the same experimental replicate. (¢) Data from different
independent experiments were normalized to the average values of the Col-0 control from the
same experiment. Mean £ SEM, different letters indicate p < 0.05 by ANOVA and Turkey’s
HSD test.
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