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SUMMARY
The Pseudomonas genus has shown great potential as a sustainable solution to support agriculture through
its plant-growth-promoting and biocontrol activities. However, their efficacy as bioinoculants is limited by un-
predictable colonization in natural conditions. Our study identifies the iol locus, a gene cluster in Pseudo-
monas involved in inositol catabolism, as a feature enriched among superior root colonizers in natural soil.
Further characterization revealed that the iol locus increases competitiveness, potentially caused by an
observed induction of swimming motility and the production of fluorescent siderophore in response to
inositol, a plant-derived compound. Public data analyses indicate that the iol locus is broadly conserved in
the Pseudomonas genus and linked to diverse host-microbe interactions. Together, our findings suggest
the iol locus as a potential target for developing more effective bioinoculants for sustainable agriculture.
INTRODUCTION

With a human population surpassing the 8 billion mark, the mod-

ern agricultural industry faces the challenge of increasing crop

yields while reducing synthetic inputs. A promising solution le-

verages plant-beneficial microbes as soil amendments, collec-

tively known as bioinoculants, which have shown positive effects

such as promotion of plant growth, competition against phyto-

pathogens, and activation of host immune defenses.1 Typically,

bioinoculants need to successfully colonize the rhizosphere,

which comprises the roots and the region of the soil under their

direct influence, to provide such benefits. Numerous candidates

for bioinoculants have been identified and studied in vitro or in

semi-controlled conditions, and the molecular mechanisms

behind their positive effects are an actively studied topic. How-

ever, the natural rhizosphere environment presents significant

differences that hinder the effective application of bioinoculants

in agriculture. Successful colonization of the rhizosphere de-

pends on edaphic factors (factors such as soil chemistry and

structure), host genotype, and in particular, the complex web

of microbial interactions in the rhizosphere microbiome that re-

sults in a strong resistance to invasion.2 Consequently, many

promising bioinoculants fail to exert their positive effects or

show variable efficacy in the field. Nonetheless, many organisms

commonly colonize and persist in the rhizosphere driven by their

intrinsic capabilities, some reaching higher abundances than

others. For example, Proteobacteria and Bacteroidetes are

repeatedly found to be enrichedwithin the rhizosphere of diverse

plant species.3 In particular, the Pseudomonas genus comprises

many representatives of rhizosphere-competent organisms.

These pseudomonads display a vast diversity of competence
Curren
traits and functional plasticity that grants them the ability to

inhabit the rhizosphere of many plant species, such as secretion

systems, evasion of plant immune defenses, or production of

antimicrobial compounds.4–9 Characterizing the underlying ge-

netic determinants of such rhizosphere-competent microbes

can help build a mechanistic understanding of the requirements

of enhanced colonization, and in turn, such information can be

used to design future effective bioinoculants to be applied in

the field.

With the aim of finding genetic features for rhizosphere

competence in natural conditions, we here compared a set of

diverse Pseudomonas isolates from our in-lab collection for

their ability to colonize the rhizosphere and root surface of Ara-

bidopsis thaliana in natural soil. Genomics analysis of the best

colonizers highlighted the metabolism of myo-inositol (inositol),

enabled by the iol locus, as an enriched explanatory feature

for enhanced root colonization. To determine the contribution

of the iol locus to root colonization, we generated an iol-dele-

tion mutant and determined its competitiveness in root coloni-

zation assays in soil. We show that the iol mutant is less

competitive and that, as expected, the iol locus is required

for consumption of inositol. We further provide evidence sug-

gesting that, besides acting as a nutrient source, inositol acts

as a signal that induces swimming motility and the production

of fluorescent siderophores. Genomic analyses show that the

iol locus is broadly conserved in the Pseudomonas genus,

and we discuss evidence of its expression and relevance in

interaction with diverse hosts and successful colonization.

Together, our findings suggest a relevant role for the iol locus

and plant-derived inositol in driving rhizosphere competence

in pseudomonads.
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Figure 1. P. protegens CHA0 and P. simiae WCS417 are the best root colonizers

Absolute inoculum densities after 21 days post inoculation (dpi) measured as the number of 16S rRNA copies per gram of sample found in soil (left), rhizosphere

(middle), and root samples (right). The letters indicate groups of statistically different densities in each compartment according to a Sidak post hoc test on

negative binomial tests. P. protegens CHA0 and P. simiae WCS417 are highlighted in cyan and yellow, respectively, to differentiate them from the remaining

isolates. See also Figures S1–S3 and Table S1.
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RESULTS

Competitive root colonizers are enriched for inositol
phosphate metabolism
To identify genetic traits among root-associated microorgan-

isms for competitive root colonization in natural soil conditions,

we introduced a set of plant root-associated Pseudomonas iso-

lates in a natural soil and subsequently compared their abun-

dances (Figure S1). To aid in isolate selection, we sequenced

and compared the genomes of a group of root-associated pseu-

domonads from our collection, isolated from the same natural

soil, and several well-known root-associated isolates, and we

chose a group of six isolates that varied in phylogenetic spec-

trum, source environments, and effects on host plants (Figure S2;

Table S1): Pseudomonas simiae WCS417 (WCS417), Pseudo-

monas capeferrum WCS358 (WCS358), Pseudomonas prote-

gens CHA0 (CHA0), Pseudomonas fluorescens RS158 (RS158),

Pseudomonas sp. WCS317 (WCS317), and Pseudomonas sp.

WCS134 (WCS134). We introduced these isolates individually

into natural soil, reaching an inoculum density of 108 colony-

forming units (CFUs)/g of soil, and grew Arabidopsis thaliana

ecotype Col-0 seedlings on this soil for 21 days. Recognizing

that inferences about the colonizing ability of root-associatedmi-

croorganisms could be influenced by themethod used to harvest

the plant roots, we separated samples into two fractions: the

rhizosphere, which includes soil attached to the root and that

is under the influence of the root, and the rhizoplane or root frac-

tion, which consists of the root without adhering soil. Following

the extraction of these fractions, we determined the absolute

abundance of each isolate in all samples by amplicon-based

sequencing of the 16S rRNA gene, using an internal control as

a reference for normalization.

Isolates displayed differential population densities across

fractions (Figures 1 and S3A). With the exception of WCS134,

isolates survived similarly in bulk soil, although WCS358 and
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CHA0 showed slightly lower populations. Colonization in rhizo-

sphere samples is in general lower than in soil, although the rela-

tive differences seen among isolates are very similar to those in

soil. Root samples proved to be the most effective wash for as-

sessing differential colonization among the isolates (Figure 1).

Specifically, WCS417 and CHA0 exhibited approximately 8.6-

and 20-fold higher colonization levels, respectively, compared

with the rest of the isolates. We expected each isolate to show

intermediate abundances in the rhizosphere fraction compared

with soil and roots. However, CHA0 andWCS134 reached higher

populations in root than in rhizosphere samples; WCS417 colo-

nizes the rhizosphere and root fractions equally; and RS158,

WCS317, and WCS358 exhibit higher abundances in the rhizo-

sphere fraction, which suggests differing lifestyles among these

pseudomonads (Figure S3B).

Based on these results, we selected WCS417 and CHA0 as

the best root colonizers and proceeded to investigate the genetic

traits underlying their superior root colonization.

To investigate the genetic traits that distinguish these organ-

isms from others, we extracted the orthologous protein families

shared by WCS417 and CHAO. In total, we identified 203 such

families exclusively found in the best colonizers (Figure 2A),

comprising 204 and 206 orthologs in WCS417 and CHA0,

respectively. Biosynthesis of antibiotics and biofilm formation

were the most common annotations in these genes, accounting

for approximately 5% of the orthologs each (12 genes in

WCS417 and 10 genes in CHA0 for biosynthesis of antibiotics,

and 10 genes in each microbe for biofilm formation). Notably,

enrichment analysis on the annotations identified metabolism

of inositol phosphate, the fourth most common annotation, as

the most enriched function, followed by the tenth most common

annotation for biosynthesis of siderophores (Figure 2B). The

strong enrichment for inositol phosphate metabolism is caused

by the presence of a locus (hereafter iol locus) in WCS417 and

CHA0 that is absent in the other isolates (Figure 2C). The locus



Figure 2. Inositol phosphate metabolism is the most enriched function in the best root colonizers

(A) Venn diagram depicting the genetic relationships between the best root colonizers and the rest of the isolates. The orange area shows the set of orthologous

protein families present in the genomes of WCS417 and CHA0 but absent in the other pseudomonads.

(B) Bar plots showing the counts for KEGG pathway annotations (left) and their FDR-adjusted p value in a Fisher’s enrichment test for the set of shared orthologs

between WCS417 and CHA0, versus the other pseudomonads in this study. Only the annotations that are found more than once are shown. Note that the most

enriched function is inositol phosphate metabolism.

(C) Phylogenetic tree of the isolates in this study and the iol locus responsible for the enrichment in the annotations for inositol phosphate metabolism.

(D) Predicted pathway for inositol metabolism in Pseudomonas. The proteins in the pathway are colored as the genes in (C). The chiral positions (C1, C2) that

distinguish the myo, scyllo, and chiro enantiomers of inositol are shown as a shaded area on the 3D structural representations.

THCHD, 3,5/4-trihydroxycyclohexa-1,2-dione; DG, 5-deoxy-glucuronate; DKG, 2-deoxy-5-keto-D-gluconate; DKGP, 2-deoxy-5-keto-D-gluconate-6-

phosphate; MS, malonic semialdehyde (3-oxopropanoate); DHAP, dihydroxyacetone phosphate. Pathway in (D) was created with BioRender.com.
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spans 14 and 13 kbp in WCS417 and CHA0, respectively, and

comprises 10 genes: a transcription factor (iolR), six genes

responsible for inositol catabolism (iolCEBIDG), and three genes

that encode an ABC transporter responsible for inositol intake

(iatABC). In WCS417, an extra gene, mocA, encoding an oxido-

reductase, is located upstream of the ABC transporters.

The IolCEBIDG enzymes potentially catalyze five consecutive

reactions that transform the sugar alcohol myo-inositol succes-

sively into scyllo-inosose (IolG), trihydroxycyclohexadione

(IolE), deoxyglucuronate (IolD), deoxy-keto-glucuronate (IolB),

deoxy-keto-gluconate-6-phosphate (DKGP; IolC), andmalonate

semialdehyde and dihydroxyacetone phosphate (DHAP; IolC)

(Figure 2D), which could theoretically enter other pathways or

be directed toward anabolism as acetyl-coenzyme A (CoA) in a

reaction catalyzed by MmsA/IolA, which is codified elsewhere

in both pseudomonad genomes. The predicted transcriptional

repressor of the locus, IolR, is inhibited by the interaction with
the intermediate product DKGP, allowing the expression of the

entire locus.10–12

The iol locus enhances competence in natural soil
To investigate the contribution of the iol locus to pseudomonad

competence in soil, we created the multi-gene DiolRCEBIDG

mutant (Diol) in CHA0 and subsequently assessed its plant

root colonization. We inoculated GFP-tagged CHA0 wild-type

(WT) cells and mCherry-tagged Diol mutant cells individually

and a 1:1 mixture of both genotypes in soil as before, reaching

an inoculum density of 108 CFU/g of soil, and then grew Arabi-

dopsis seedlings for 21 days on this soil. In individual inocula-

tions, the colonization ability of both genotypes in soil and

on the plant root was equivalent (Figure 3A). However, when

co-inoculated, WT cells dramatically outcompeted mutant

cells, achieving a 5.3-fold higher median density on the roots

(Figure 3B). Interestingly, although the mutant achieves
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Figure 3. The iol locus enhances root colonizing competence in P. protegens CHA0

(A) CFU counts per gram of sample ofWT andmutant cells in individual inoculations in soil (left) and root samples (right) at 21 dpi. Significance values derive from a

negative binomial test for count data, adjusting for variations between experiments.

(B) Paired CFU counts of each genotype in the mixed 1:1 co-inoculation at 21 dpi in soil (left) and roots (right). Significance is calculated using a paired t test on all

pair-wise comparisons.

The letters in (A) and (B) indicate groupings according to a negative binomial model adjusted for experimental variation. Notice that the number of Diol cells in co-

inoculation experiments is similar on roots and in soil.

(C) Log2-transformed ratio of WT and Diol mutant cells in the mixed treatment. Large shapes indicate the median ratio per experiment, whereas lines show the

mean initial ratio per experiment (solid line: experiment 1; dashed line: experiment 2). On the roots, WT cells achieve a significantly higher population at 21 dpi,

reaching an approximate ratio of 5:1.
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comparable densities when inoculated individually, its density

on the root in competition was the same as in soil, suggesting

that the root was primarily colonized by WT cells. As expected,

the WT:Diol ratio on the root indicates a clear plant-driven

advantage of WT cells (Figure 3C).

The iol locus is required for catabolism of inositol
To confirm the contribution of the iol locus to inositol catabo-

lism, we performed growth curve measurements using inositol

as the sole carbon source in minimal M9 medium. Our results

showed that Diol mutant cells did not exhibit any growth after

80 h, in contrast to WT cells, which could utilize inositol to

grow, albeit to only half the density reached with glucose

(Figures 4A and 4B).

In non-minimal CC medium supplemented with inositol, we

observed a comparable growth curve dynamic in WT cells after

36 h (Figures 4C and 4D), although the growth benefit was tran-

sient and variable (Figure S4). Surprisingly, we observed that

inositol induced a decline in the density of Diolmutant cells after

the exponential phase, at around 12 h, suggesting that inositol

may have a toxic or bacteriostatic effect on these cells.

Inositol enhances swimming motility through the iol

locus
Inositol metabolism has been linked to motility and other rele-

vant root colonization traits in previous studies.13–16 Based on

this, we hypothesized that the enhanced competitiveness of

CHA0 in soil may also be due to an induction of motility

by inositol. To test this hypothesis, we conducted typical
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bacterial swimming and swarming assays as we did previously

for spontaneous root-competitive P. protegens CHA0 mu-

tants17 in the absence and presence of inositol. These exper-

iments revealed that inositol improved swimming motility of

WT cells by 30% after 48 h, whereas it decreased swimming

ability of mutant cells by 30% (Figure 5). Intriguingly, we

observed that, although WT cell swarming motility is unaf-

fected by the addition of inositol, mutant cell swarming is

totally abolished in this condition (Figure S5). Glucose supple-

mentation only promoted swimming at a 10-fold higher con-

centration, although the mean radius was still 10% smaller

than that observed with inositol. This finding, together with

the reduced growth benefit of inositol, suggests that inositol

likely functions as a signal in addition to, or rather than, that

of an advantageous carbon source.

Besides the effect on swimming, we noticed that mutant col-

onies exhibited a fainter color, analogous to the decrease in op-

tical density during planktonic growth at the onset of the station-

ary phase in growth curve assays. Therefore, we decided to

monitor the changes in its phenotype over time in a dedicated

assay. Here, we performed multiple inoculations again in swim-

ming plates, inoculating both genotypes either individually or in

combination. Mutant cells growing with inositol were visibly

similar to the WT at 1 day post inoculation (dpi), but the color in-

tensity of the colonies faded after reaching the end of the plate,

approximately at the end of the second day (Figure S6). Intrigu-

ingly, we observed scattered mutant colonies reappearing in

plates with inositol at 6 dpi, but only in plates where the mutants

grew individually (Figure 6A). Moreover, WT colonies at this time



Figure 4. The iol locus is required for using inositol as a sole carbon source and affects the growth of Diol cells on inositol

(A) Growth curves of WT and Diol mutant cell populations in non-supplemented minimal M9 medium (control) or in M9 medium supplemented with 100 mM

glucose or inositol measured as OD at 600 nm. Mutant cells are unable to grow with inositol, indicating that the iol locus is required to catabolize inositol.

(B) Fitted maximum population size (carrying capacity, K) of the growth data in (A).

(C) Growth curves in non-supplemented CC medium (control) or in CC medium supplemented with 10 mM glucose or inositol. The data summarize two inde-

pendent growth curve assays. Despite the variability within treatments across experiments, the curves show that both genotypes stabilize in the stationary phase

in control medium.Mutant cells growing in inositol-supplementedmedium follow a similar pattern during the stationary phase (0–12 h), but then the optical density

drops noticeably.

(D) Fitted carrying capacity (K, maximum population size) of the growth data in (C).

For both assays, every time point consists of measurements for seven technical replicates.

See also Figure S4.
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exhibited visibly brighter yellow colonies, indicative of an

increased production of fluorescent siderophores (Figure 6).

Altogether, these results suggest a role for the iol locus and

inositol metabolism in quorum behavior and competence in the

rhizosphere.

The iol locus is broadly conserved among
pseudomonads and a determinant for diverse host-
microbe interactions
Considering the potential of the iol locus in determining the

competitiveness of pseudomonads in the rhizosphere, we hy-

pothesized that it would be a conserved trait in the Pseudo-

monas genus (Figure 7). Exploratory analysis of all 15,742 Pseu-

domonas genomes in the NCBI RefSeq database revealed that

the iol locus is found in the majority of Pseudomonas species.

The most notable exception is Pseudomonas aeruginosa, none

of which encoded the iol locus (8,781 genomes, �56% of all ge-

nomes). From the remaining 6,962 genomes, approximately

67% contain six or more iol genes spaced less than 20 kbp

from each other or distributed over a limited number of genomic

loci, yielding a total of 4,642 iol+ pseudomonads. Genomes in

which the iol genes could not be found in a single locus typically

had a low assembly quality (N50 < 50 kbp) and were considered

iol+ if they met the requirement of the minimum number of six

genes in a small (2–3) number of loci. In general, pseudomonads

exhibit a binary iol locus presence-absence distribution at the

species level. The frequency of iol+ strains is over 90% in 11

out of 23 species and over 80% in 14 out of 23 species, not

including the umbrella species Pseudomonas fluorescens

and Pseudomonas spp. The remaining nine species contain at
most 10% (Pseudomonas koreensis) iol+ representatives

(Figure 7B).

Among iol+ genomes, the core iolRCEBDG genes are found

in a very high frequency, between 97% and 100% of

genomes, indicative of co-evolution as a locus and suggesting

that all genes are required to perform their biological function

in the proposed catabolic pathway. Interestingly, around 10%

of iol+ genomes lack iolI (454 pseudomonads), and the

distribution of these 454 over the phylogenetic tree suggests

that iolI loss occurred multiple times throughout the evolution

of the genus. iolI encodes an inosose isomerase, which is

responsible for the conversion of 1-keto-D-chiro-inositol

into scyllo-inosose. The absence of iolI could therefore indi-

cate the lack of chiro-inositol-derived compounds in the envi-

ronment of these specific organisms. Other common struc-

tures of the locus contain a copy of a methylmalonate

semialdehyde dehydrogenase (iolA/mmsA) between iolB and

iolD and/or a sugar phosphate isomerase/epimerase between

iolG and the iatACB genes, potentially iolH (Figure 7C). Neither

of these genes was found in WCS417 or CHA0. Last, a gene

encoding a transcription factor, dksA, and a putative chemo-

taxis protein, mcp, are located downstream of the iatACB

genes, suggesting a direct connection between the iol locus

and motility.

In order to search for more evidence of the relationship be-

tween root colonization and the iol locus, we explored publicly

available transposon-insertion sequencing (Tn-seq) data in

WCS417.19 In this study, a collection of random insertion

WCS417 mutants was let to colonize Arabidopsis roots in

plates for seven days, after which the abundance of each
Current Biology 33, 3097–3110, August 7, 2023 3101



Figure 5. Inositol enhances swimming motility through the iol locus in P. protegens CHA0
(A) Swimming radius ofWT (left) andDiolmutant cells (right) in CCmedium either unsupplemented or supplemented with glucose or inositol at 1 or 10mM. Inositol

induces swimming motility at 1 mM in WT cells, whereas motility is suppressed in the mutant.

(B) Same data as in (A) but shown per treatment and pairing the swimming halo for both genotypes per plate, highlighting the genotype-dependent differences in

motility.

(C) Representative images of WT and Diol mutant cell swimming behavior in each treatment.

See also Figure S5.

ll
Article
mutant was used to assign a fitness (or performance) value for

root colonization for each gene. According to our analysis, root

colonization appears to be supported by iolR, the iatABC trans-

porters, iolD, and the traR/dksA transcription activator. Howev-

er, the remaining genes in the locus (iolCEBIG) did not show a

significant contribution to colonization, suggesting that con-

sumption of inositol is not per se the most determinant feature

for successful colonization in vitro (Figure 7D). To further inves-

tigate the relationship between inositol and colonization in the

context of the iol locus, we made use of publicly available

data from additional genome-wide, transposon mutant-based

fitness experiments in WCS417, in which mutants were

exposed to many different conditions, including stresses, car-

bon and nitrogen sources, and motility assays.20 We used

these data to construct a bipartite network connecting the

genes in the iol locus to the conditions where they showed a

significant fitness contribution (Figure 7E). Unexpectedly,

although most of the genes seemed related to the metabolism

of inositol, neither iolR nor dksA appear to contribute directly to

fitness in inositol as a sole carbon source. Instead, our analysis

revealed that iolR is primarily related to consumption of other

carbohydrates, whereas dksA plays a role in survival when

cultured with antimicrobial compounds. Both transcription fac-

tors contribute to susceptibility to stressors such as nitrate,

choline, and imidazolium chloride and promote survival in

gentamicin. Interestingly, we observed a negative relationship

between dksA and swimming motility, suggesting that the in-

duction of motility by inositol in WT cells might be due to an

inositol-induced inhibition of DksA activity. We did not find

any obvious connection to the production of fluorescent

siderophores.
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Based on the manifest connection between root colonization

and the locus, we set out to explore its expression during host

colonization. For this, we examined publicly available data

from a study performed by Vesga et al.21 Here, the transcrip-

tional activity of P. protegens CHA0 was assayed during the

colonization of the hemolymph of an insect host (Galleria mello-

nella), of the insect gut (Plutella xylostella), and of wheat roots

(Triticum aestivum).21 We found that the iol locus is expressed

during colonization on wheat roots and in the insect gut, but

not in the insect hemolymph. Considering that hemolymph

datawere collected following direct injection, these data suggest

that the iol locus is related to host perception and/or colonization

(Figure 7F).

DISCUSSION

In our study, we compared the colonization ability of a set of

pseudomonads in non-sterile natural soil by amplicon-based

sequencing of the 16S rRNA gene. The use of spike-in internal

controls for absolute quantification from complex environments

has been applied in recent studies22,23 and permits high-

throughput quantification that does not depend on isolate-spe-

cific resistance markers and/or dilution series of the samples.

Using this approach, we found that the compared colonization

ability in our set of isolates varied substantially between rhizo-

sphere and root samples (Figure 1), which suggests that these

pseudomonads exhibit different lifestyles and environmental

preferences: microbes enriched on the root will be firmly

attached to the host and embedded in a biofilm on the surface,

i.e., WCS417 and CHA0, whereas organisms preferring the

rhizosphere might benefit from diffusing nutrients and potentially



Figure 6. Inositol enhances the production of fluorescent siderophores and affects Diol mutant physiology. Qualitative assessment of the

effect of inositol and glucose on WT and Diol mutant cells

(A) Representative images of colonies at 6 dpi in swimming plates supplemented with 10mM glucose (first row), unsupplemented (second row), or supplemented

with 10 mM inositol (third row). The first and third columns show 5 inoculations of WT and mutant cells, respectively. The second column shows a combined

inoculation of mutant cells surrounded byWT cells, used to evaluate possible interactions between both genotypes. Note howWT colonies show a brighter yellow

color, characteristic of fluorescent siderophore production. Mutant colonies disintegrate at 3 dpi, and colonies re-appear at 6 dpi as seemingly independent and

scattered populations.

(B) Qualitative measurement of siderophores produced in the plates shown in (A) using the intensity of yellow pixels as a proxy.

See also Figure S6.
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avoid stress from an active immune system. In any case, our

findings indicate that careful consideration of method selection

should be taken in microbial colonization studies because

different treatments might select for microbes with different life-

styles and lead to disparate conclusions about their ecological

competence.

The two best root colonizers, WCS417 and CHA0, are well-

known pseudomonads that have been widely studied for their

plant-beneficial effects.7,24,25 The adaptation to a plant-asso-

ciated lifestyle requires optimized consumption of plant-

derived resources, among which inositol and its derivatives

play an important role. In plants, inositol polyphosphates are

main constituents of the plasma membrane and have key

roles in signaling, immunity, and phosphorus storage,26–29

and inositol exudation through root tissues has been reported

in many species.30,31 In fact, the ability to metabolize inositol

emerged as a potentially distinctive trait in plant-associated

pseudomonads in a genomic meta-analysis,32 supporting the

idea that the presence of the iol locus in WCS417 and CHA0

arises, indeed, from optimized adaptation to plant hosts. In

general, expression of the iol genes in planta or in response

to root exudates has also been observed in previous studies,

although often indirectly or outside of the experimental focus.

Expression of the iol genes in isolates from the genera Cupria-

vidus, Burkholderia, and Rhizobium was upregulated in

response to root exudates of the legume Mimosa pudica.33

In pseudomonads, expression of the locus and its relation to
competence have also been observed in isolates with

divergent lifestyles. The pathogen Pseudomonas syringae

pv. tomato DC3000 expresses the iol genes when grown in to-

mato apoplast extracts34 and during growth in the Arabidopsis

apoplast.35 Likewise, Pseudomonas syringae pv. syringae

B728a requires a functional iol locus for full pathogenicity in

bean leaves (Phaseolus vulgaris), especially during apoplastic

colonization.36,37 Notably, we found that the vast majority of

Pseudomonas syringae genomes are iol+, highlighting its rele-

vance for this plant pathogenic bacterium (Figure 7B). These

findings are further corroborated by a recent comprehensive

analysis of the distribution of the iol locus by Weber and

Fuchs.38 Their analysis revealed that hundreds of bacteria

from diverse families and disparate ecological niches encode

the capacity to catabolize inositol via the iol locus. These

include animal and plant pathogens, soil commensals, and

rhizosphere-associated bacteria similar to the pseudomonads

discussed here.38

However, the precise physiological function of the iol locus

seems to be variable and isolate specific. In a study comparing

the expression patterns of a selection of eight pseudomonads

in response to root exudates from Brachypodium distachyon,

six out of eight strains showed upregulation of iol genes.39

Pseudomonas protegens Pf-5, the closest relative of CHA0,

increased the expression of the entire locus and yet did not

exhibit any growth when grown in inositol as a sole carbon

source, suggesting again that utilization of inositol for growth
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Figure 7. The iol locus is conserved in the Pseudomonas genus and contributes to diverse host-microbe interactions

(A) Phylogenetic tree of 15,743 Pseudomonas genomes available in the NCBI RefSeq database showing the distribution of the iol locus in the genus. 8,781

P. aeruginosa genomes, evolutionary distinct from the other 6,962 Pseudomonas genomes and all lacking the iol locus, were pruned from the tree. Ring I: number

of iol genes in the highest scoring locus on the respective genome based on cblaster.18 Ring II: factor indicating whether the N50 value (log2 scaled) for a given

genome is below 50 kbp as ameasure for genome assembly integrity. Ring III: summary of all significantly iol+-scoring regions throughout the genome (minimal 6

out of 10 genes), confirming that genomes with fewer iol genes in the best scoring locus (ring I, light-colored) typically have a low genome N50 (ring II, green) but

still encode the full locus. Ring IV: factor indicating the absence of iolI in the locus, showing that the loss of iolI follows a non-phylogenetic pattern in the genus.

(B) Summary of the frequency of iol+ genomes in each Pseudomonas species, according to the annotated species names.

(C) Locus alignment from a representative set of genomes in the tree, showing locus conservation in the genus. Some loci harbor an extra iol gene, iolA/mmsA,

downstream of iolB, and two other genes,mocA and ycjR, encoding the sugar phosphate isomerase/epimerase iolH, upstream of the genes encoding the ABC

transporters.

(D) Scatterplot showing the relative contribution of the genes in the iol locus in P. simiae WCS417 to Arabidopsis root colonization in vitro based on publicly

available mutant fitness data.19 The x axis represents the contribution of each gene to colonization, using the t-like effect-size statistic versus initial mutant

populations, as previously reported.19 The y axis represents the FDR-corrected p value for the contribution of each gene, as inverse logarithm of the raw value for

ease of interpretation.

(E) Bipartite network depicting the contribution of each gene in the iol locus in P. simiae WCS417 to survival in different environments included in the Fitness

Browser.20 Genes are shown as red nodes, and links connect these with conditions in which they show differential fitness across genome-wide fitness assays.

Green and red links indicate a positive or negative contribution to survival, respectively. Link width and opacity indicate link weight (absolute contribution).

Conditions are colored by their nature: carbon sources (gray), stressors (yellow), or nitrogen sources (light teal). Notice how iolR is not directly related to survival in

inositol but in a myriad of other carbon sources and specific stressors. Notably, iol genes show many links to antimicrobial compounds. EMI, ethyl-

methylimidazolium; Gen, gentamicin; Neo, neomycin; Pho, phosphomycin; Dox, doxycycline; BAC, bacitracin; Chl, chloramphenicol; Cis, cisplatin; Fur, fur-

furaldehyde; Nal, nalidixate; Spe, spectinomycin; DMSO, dimethylsulfoxide; CoCl2, cobalt (II) chloride; AlCl3, aluminium (III) chloride; Tl acetate, thallium acetate;

MeGly, methylglyoxal.

(F) Heatmap of gene expression data from Vesga et al.,21 showing expression of the P. protegens CHA0 iol locus during insect and plant colonization/infection.

Other relevant colonization genes are also included. Expression data are shown as gene-scaled log2-scaled transcripts per million).
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is not the only function of the locus. In fact, upregulation of the

iol locus in the other pseudomonads in their study, either fully

or partially, did not seem to be a requirement for growth in

inositol at all.

In our root colonization assays, Diol mutant CHA0 cells can

colonize equally with WT cells when inoculated individually,

whereas in competition with WT cells, they fail to reach a
3104 Current Biology 33, 3097–3110, August 7, 2023
higher population density than in soil. We also observed

growth defects in mutant cells when grown in inositol. Interest-

ingly, a similar phenomenon has been described in the Al-

phaproteobacteria Sinorhizobium meliloti, Sinorhizobium fre-

dii, and Rhizobium leguminosarum, where the iol genes play

an important role in defining competence in root nodules.13

In Sinorhizobium, iolG mutants form abnormal bacteroids,
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are impaired in nitrogen fixation, and are unable to utilize rhi-

zopines, scyllo-inositol derivatives produced in nodules, which

ultimately results in a loss of competitiveness against WT

cells.15,40–42 Yet these growth defects do not seem to pose

a disadvantage in our individual inoculations because mutant

density on the root is not different from WT populations. The

stimulation of swimming motility in WT cells by inositol, how-

ever, might promote quicker arrival during initial stages of

colonization and therefore enable an earlier occupation of

the root surface. In fact, expression of the iol genes is

restricted to the initial phase of infection in the plant pathogen

Ralstonia solanacearum via a quorum-sensing mechanism.

Moreover, knockout mutants for iolG in this pathogen are

impaired in their capacity to colonize tomato roots during

the initial stages of infection,14 and remarkably, swimming

motility during this phase has also been linked to successful

pathogenicity in an independent study.43 A direct link between

inositol and bacterial motility was previously observed in

Priestia megaterium (formerly Bacillus megaterium). In this

organism, inositol exuded by the roots of Arabidopsis and

tomato plants (Solanum lycopersicum) induced a strong

chemotactic response and enhanced biofilm formation.16

Noteworthy, quorum-dependent responses, such as the one

described in Ralstonia and Priestia, commonly take place in

the transition to the stationary phase.44 Furthermore, rhizo-

pines, which act as quorum-sensing signals in Sinorhizobium

species,45 affect motility, growth, and biofilm formation and

also act during the stationary phase and not before.46 The

connection between inositol metabolism, the iol locus, and

quorum behavior could explain the decrease in optical density

in the Diol CHA0 at the onset of the stationary phase that we

observe and, additionally, the enhanced production of sidero-

phores that we observed after 6 days on plates. This is further

supported by our results in swarming motility, for which

quorum-based coordination is required,47,48 where inositol

does not seem to affect swarming of WT cells, whereas it

abolishes swarming in the iol mutant.

Our findings imply an important role for the iol locus during

Pseudomonas root colonization beyond the utilization of

inositol as a carbon source. Our analyses of publicly available

genome-wide fitness data show that root colonization in vitro

depends primarily on the iolR, iatABC, and dksA genes while

being seemingly independent of inositol consumption. Addi-

tionally, IolR does not affect inositol consumption, contrasting

with previous results,10–12 but is required for root colonization

and exhibits many links to the metabolism of diverse carbon

sources. Moreover, swimming motility appears to be inhibited

by DksA, suggesting that the induction of swimming by inositol

in our experiments might be due to an inositol-induced repres-

sion of DksA. Together with our findings on the overproduction

of fluorescent siderophores, this information supports a more

complex mechanism in response to the presence of host-

derived inositol in the environment. Indeed, IolR regulates

behavioral responses toward inositol in other organisms,

such as the expression of type III secretion system in Salmo-

nella typhimurium,49 xylose uptake in Corynebacterium gluta-

micum,50 or cell autoaggregation and biofilm formation in

Aeromonas hydrophila.10 Interestingly, cell aggregation by

the Pel and Psl exopolysaccharides (EPS) increases
siderophore production in Pseudomonas aeruginosa by raising

internal levels of cyclic di-GMP, which, in turn, triggers a Gac-

mediated activation of genes related to siderophores produc-

tion.51 At the same time, survival in the stationary phase and

the production of Pel and Psl EPS are enabled by the sigma

factor RpoS.52 It seems, therefore, plausible to hypothesize

that our observed increase in production of fluorescent sidero-

phores in WT cells is due to an interaction with RpoS in the

stationary phase, resulting in an inositol-induced change in

EPS composition and an eventual increase in siderophore pro-

duction. This would translate into enhanced iron-scavenging

capabilities in WT cells in response to host clues, with host-

derived inositol as a proxy, whereas in mutant cells, a misre-

gulation of RpoS activity could be the cause of aberrant

growth in the stationary phase.

In general, the iol locus has been associated with a myriad of

different phenotypes in other bacteria, and its physiological

and ecological functions also seem to go beyond the mere ob-

tention of energy from inositol. Instead, the locus appears to

be embedded in a complex mechanism of sensing and respond-

ing to host-related environmental cues. For example, in Caulo-

bacter crescentus, the iron-deficiency response regulator Fur re-

presses expression of the iol locus in an iron-independent

manner,53 and in Salmonella typhimurium, the locus is linked to

antibiotic resistance.54 In salmonellae, the small RNA RssR con-

trols expression of the iol locus and inositol metabolism,55 lead-

ing to complex expression dynamics controlled at the bacterial

population level.56

The specificity of the phenotype associated with the iol locus

in pseudomonads may be reflected in the diversity of locus dec-

orations. Our analysis of the iol locus among available Pseudo-

monas genomes shows that, besides the core locus (iolR-

CEBDG), specific conformations with additional genes can be

found. In particular, we observed that iolI has been lost in

�10% of iol+ pseudomonads. The inosose isomerase IolI en-

ables the uptake of chiro-inositol through the conversion of

1-keto-D-chiro-inositol into scyllo-inosose, which can be readily

incorporated into the main pathway. Although derivatives of

inositol can be found in soil in diverging amounts, the chiro

conformation is rare in soil. However, it is produced by plants

of many species in differing amounts and forms,28,57–59 which

further supports the link between the presence of iolI and a

plant-associated lifestyle. Together with the lack of well-defined

taxon-specific loss of iolI, this suggests that the different struc-

tures of the iol locus that we described here might correspond

to host-specific locus conformations according to the composi-

tion of host exudates. Divergent iol loci in Pseudomonas can

include several other genes, such as iolA, mocA, and dksA.

The methylmalonate semialdehyde dehydrogenase IolA/MmsA

produces acetyl-CoA from the last digestion product in the pre-

dicted pathway, malonate semialdehyde, or malonyl-CoA from

methylmalonate semialdehyde. This gene is frequently found

elsewhere in the genome, suggesting that this conversion can

be regulated in both inositol-dependent and -independent

ways. The mocA gene was originally annotated as a Gfo/Idh/

MocA-like oxidoreductase, which is a large protein family with

many disparate functions described, among them the meta-

bolism of rhizopines in Sinorhizobium species.60 In parallel, an-

notations of this gene in some pseudomonads suggest that
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this gene might encode a homolog of IolW, a scyllo-inositol de-

hydrogenase that catalyzes the conversion of this inositol enan-

tiomer into scyllo-inosose and allows its incorporation in the

main pathway. Both annotations, MocA and IolW, point toward

the use of scyllo-inositol or rhizopine derivatives and possible as-

sociations with nodulating bacteria. Further experiments are

required to clarify whether pseudomonads can in fact use rhizo-

pines or other scyllo-inositol-derived or -exuded compounds in

the rhizosphere. Last, DksA, encoded in the 30 end of the locus,

appears involved in survival in stress induced bymethylglyoxal in

our analysis of the publicly available genome-wide fitness data.

This is one of the few reported phenotypes for IolS in Bacillus

species, an aldo-keto reductase with an otherwise unknown

function.61,62 Similar to DksA in pseudomonads, IolS does not

seem to be required for inositol metabolism, yet it is conserved

in the iol locus in bacilli and upregulated in response to maize

exudates.63

In conclusion, we show that the iol locus determines rhizo-

sphere competence in pseudomonads. Detailed characteriza-

tion further revealed that its function entails more complex

mechanisms than mere consumption of the sugar alcohol

myo-inositol and that these mechanisms are taxon and,

possibly, host specific. In parallel with our study, O’Banion

et al.64 also identified inositol as an important plant-derived

compound determining root colonization phenotypes in Pan-

toea, including an enhancement of bacterial motility among

them. In our pseudomonad, plant-derived inositol might

induce the repression of DksA and enable an enhancement

of swimming motility, subsequently promoting early arrival

in the rhizosphere, prompter colonization, and therefore

enhanced competitiveness. However, the aberrant growth in

mutant cells during the switch to the stationary phase implies

an additional mechanism during this phase that results in

increased capability of iron scavenging of WT cells. Future

research should dig deeper into the mechanistic processes

by which competence is optimized by the iol locus in the

Pseudomonas genus, including the potential role of RpoS

and EPS production and composition. The findings in our

study provide evidence of the fundamental basis of rhizo-

sphere colonization and signify an important step toward

the development of robust bioinoculants in sustainable

agriculture.
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56. Kröger, C., Srikumar, S., Ellwart, J., and Fuchs, T.M. (2011). Bistability in

myo-inositol utilization by Salmonella enterica serovar Typhimurium.

J. Bacteriol. 193, 1427–1435. https://doi.org/10.1128/JB.00043-10.

57. Siracusa, L., Napoli, E., and Ruberto, G. (2022). Novel chemical and bio-

logical insights of inositol derivatives in Mediterranean plants. Molecules

27, 1525. https://doi.org/10.3390/molecules27051525.
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BR dsDNA assay kit Thermo Fisher Scientific Cat. No. Q33211

MS medium Duchefa Biochemie Cat. No. M0222.0050

Deposited data

High-throughput sequencing data

(NCBI Sequence Read Archive)

This study BioProject ID: PRJNA960651

R code and sample data (Zenodo) This study https://doi.org/10.5281/

zenodo.7855318

Experimental models: Organisms/strains

Bacterium: Pseudomonas simiae WCS417 Willie Commelin Scholten

collection; see Table S1

N/A

Bacterium: Pseudomonas protegens CHA0 See Table S1 N/A

Bacterium: Pseudomonas capeferrum WCS358 Willie Commelin Scholten

collection; see Table S1

N/A

Bacterium: Pseudomonas sp. WCS134 Willie Commelin Scholten

collection; see Table S1

N/A

Bacterium: Pseudomonas fluorescens RS158 See Table S1 N/A

Bacterium: Pseudomonas sp. WCS317 Willie Commelin Scholten

collection; see Table S1

N/A

Bacterium: Salinibacter ruber Deutsche Sammlung von

Mikroorganismen und

Zellkulturen GmbH (DSMZ)

DSM 13855
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GGNGGCWGCAG

This study 50-NGS1-16s-N701

TCGTCGGCAGCGTCAGATGTGTATAAGA

GACAGCTAGTACGGAGTGGCCTACGG

GNGGCWGCAG

This study 51-NGS1-16s-N702

TCGTCGGCAGCGTCAGATGTGTATAAGA
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This study 52-NGS1-16s-N703

TCGTCGGCAGCGTCAGATGTGTATAAGA
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This study 53-NGS1-16s-N704

TCGTCGGCAGCGTCAGATGTGTATAAGA
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TCGTCGGCAGCGTCAGATGTGTATAAGA

GACAGCATGCCTACGACCTACGGGN

GGCWGCAG

This study 55-NGS1-16s-N706
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REAGENT or RESOURCE SOURCE IDENTIFIER
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TCGTCGGCAGCGTCAGATGTGTATAAGA

GACAGTGCCTCTTCCTACGGGNGGC

WGCAG

This study 60-NGS1-16s-N711
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This study 66-NGS1-16s-N505
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cgGGATCCcgccactcggttctgaat This study del-iol-4

cttgagcgatgtgcagat This study check-iol-F

ttctttgtgcagaagccg This study check-iol-R

Recombinant DNA

pSEVA212S; oriR6K, lacZa with two

flanking I-SceI sites; KmR, ApR
Martı́nez-Garcı́a and

de Lorenzo65
pEMG

oriRK2, xylS, Pm::I-sceI; GmR Martı́nez-Garcı́a and

de Lorenzo65
pSW-2
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REAGENT or RESOURCE SOURCE IDENTIFIER

pME11149; suicide plasmid for the

in-frame deletion of the iol cluster

(PPRCHA0_2627 to PPRCHA0_2633)

This study pEMG::Diol

Software and algorithms

R R Core Team66 4.2.2

ggplot2 Wickham67 3.4.1

ggpubr Kassambara68 0.5.0

ggVennDiagram Gao69 1.2.2

KEGGREST Tenenbraum, 70 1.38.0

dada2 Callahan et al.71 1.26.0

multcomp Hothorn et al.72 1.4.22

dplyr Wickham et al.73 1.0.10

MASS Venables and Ripley74 7.3.57

emmeans Lenth75 1.8.4

magrittr Bache and Wickham76 2.0.3

ggtext Wilke and Wiernik77 0.1.2

patchwork Pedersen78 1.1.2

ggsci Xiao79 2.9

ggnet Briatte80 0.1.0

network Butts et al.81 1.13.0.1

growthcurver Sprouffske82 0.3.1

Hmisc Harrell83 4.7-2

pheatmap Kolde84 1.0.12

scales Wickham and Seidel85 1.2.1

extrafont Chang86 0.19

assertthat Wickham87 0.2.1

Biostrings Pagès et al.88 2.66.0

PerformanceAnalytics Peterson and Carl89 2.0.4

stringr Wickham and Rstudio90 1.5.0

magick Ooms91 2.7.3

readxl Wickham and Bryan92 1.4.1

ggrepel Slowikowski93 0.9.2

tidyr Wickham et al.94 1.3.0

rstatix Kassambara95 0.7.1

reshape2 Wickham96 4.2.2

OrthoFinder Emms and Kelly97 2.5.4

Prokka Seemann98 1.14.6

fastANI Jain et al.99 1.33

eggNOG-mapper Huerta-Cepas et al.100 2.1.8

cblaster Gilchrist et al.18 1.3.17

mashtree Katz et al.101 1.2.0

ImageJ Schindelin et al.102 1.53

kallisto Bray et al.103 0.45.0

cutadapt Martin104 2.8
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Lead contact
Requests for resources or information should be directed to Ronnie de Jonge (r.dejonge@uu.nl).
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Materials availability
This study did not generate new unique reagents.

Data and code availability

d The raw 16S rRNA amplicon sequencing data and genomes in this study have been deposited at NCBI Sequence Read Archive

(BioProject: PRJNA960651) and are publicly available as of the date of publication. The accession number is listed in the key

resources table.

d The R code and data, both the data generated here and the public data used to generate Figure 7, have been deposited at

Zenodo (https://doi.org/10.5281/zenodo.7855318) and are publicly available as of the date of publication. The DOI is listed

in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana
Seeds of Arabidopsis accession Col-0 were surface-sterilized with chlorine gas in a glass chamber and subsequently aerated in a

flow cabinet to remove the residual chlorine for 30 min. Sterile seeds were sown in agar plates containing 1x Murashige and Skoog

(MS) medium (Duchefa Biochemie) supplemented with 0.5% sucrose. Plates were sealed twice with parafilm, let stratify for 48 h at

4�C, and positioned vertically in a growth chamber under short-day conditions for two weeks (22 �C; 10 h light/14 h dark; light inten-

sity 100 mmol/m2/s).

Bacterial cultures
All pseudomonads are cultured on King’s B (KB) medium plates (2% proteose peptone, 8.6 mM K2HPO4, 6.1 mM MgSO4,7H20,

1% v/v glycerol) agar plates and incubated overnight at 28 �C. A live aliquot of Salinibacter ruber M31 was grown for 14 days in

liquid Medium 936 for S. ruber as prescribed by DSMZ (3.3 M NaCl, 200 mM MgSO4 x 7 H2O, 170 mM MgCl2 x 6 H2O, 8.5 mM

CaCl2 x 2 H2O, 67 mM KCl, 3 mM NaHCO3, 6 mM NaBr, 1 g/l yeast extract, pH 7.2) at 37 �C and 100 rpm.

METHOD DETAILS

Soil treatments, transplantations, and microbiome sampling
A schematic representation of the experimental design can be seen in Figure S1. Per isolate, single colonies were spread onto five KB

plates and incubated overnight at 28 �C. Per plate, 5 ml of MgSO4 10 mMwas used to scrape the microbial cell layer off the surface,

and the resulting suspension was collected into 50-ml tubes for every isolate. The cell suspension was washed thrice by centrifuga-

tion at 3000 x g for 10 min, resuspending in 40-50 ml MgSO4 10 mM every step. The final cell pellet was resuspended in 20 ml of

MgSO4 10 mM, and the bacterial density was measured by determining the optical density (OD) at 600 nm (equivalence: 1 OD600

unit, 8,108 CFU/ml).

In this study we used top soil collected from the Reijerscamp natural reserve (52�01002.5500, 5�77099.8300, Wolfheze, Netherlands), a

gleyic placic podzol consisting of coarse sand and gravel where natural Arabidopsis populations occur and that has been previously

used for microbiome studies in Arabidopsis.105 The soil was dried, sieved to remove large gravel, and inoculated with each microbial

suspension to reach an inoculum density of 108 CFU/g of soil in a final volume of 100 ml/kg of soil. For the mock treatment, the soil

was moistened with MgSO4 10 mM at 100 ml/kg of soil. This initial inoculum density was decided based on the detection limit of our

spike-in method in preliminary assessments of the technique. Given a total Salinibacter spike-in abundance of 9.84,105 copies per

sample, we calculated the density detection limit by dividing this abundance by sample weight. In our experiment, this resulted in an

average detection limit across samples of 2.1,104 ± 2.5,103 CFU/g, with certain samples showing a detection limit up to 106 CFU/g

(Figure S7), indicating that the initial inoculation density had to be higher than 106 CFU/g in order to ensure reliable quantifications of

our inoculants. Therefore, and also to account for the possibility that the density of some microbes could significantly decrease in

time, we decided to use an initial inoculum density of 108 CFU/g as previously reported in other assays.106

Per inoculation treatment, 12 two-weeks-old Arabidopsis seedlings were transferred to individual pots (diameter = 5.5 cm and

height = 5 cm;MXC5,5 Pöppelmann) containing 100 g of inoculated Reijerscamp soil each. All pots were placed on trays on individual

Petri dishes to prevent cross-contaminations and kept in the growth chamber under the same conditions as mentioned above. The

trays were kept closed with a lid for the first two days post-transplantation. For the remaining time of the cultivation period, the lids

were removed, and the plants were watered every two days with 5-10 ml of tap water. Roots were eventually harvested at 21 dpi

(5 weeks-old) and processed in two different ways to obtain the different plant fractions. For rhizosphere samples, roots werewashed

in 50-ml tubes with 30 ml sterile 10 mMMgSO4 by inverting the tube 10 times. For root samples, roots were instead washed twice in

50-ml tubes by vortexing 15 s in 30 ml sterile phosphate-Silwet buffer (PBS-S; 137 mMNaCl, 10 mMNa2HPO4, 1.8 mM KH2PO4, 2.7

KCl, 0.02% Silwet). Roots cleaned with both methods, representing different fraction samples, were retrieved with sterile tweezers,

tapped dry on clean paper, and transferred to 2-ml tubes containing 1 ml MgSO4 10 mM with two glass beads. For soil samples, we
e4 Current Biology 33, 3097–3110.e1–e6, August 7, 2023
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collected approximately 0.25 g of soil from unplanted pots. Every fraction (soil, rhizosphere, and root) consisted of four replicates.

Sample weight was obtained by weighing the tubes before and after collecting the sample. The tubes were shaken twice at 20 Hz

in a TissueLyser, snap frozen in liquid nitrogen, and stored at -80�C until DNA extractions. This experiment to screen for superior

root colonization was performed once.

DNA extractions, 16S rRNA amplicon library preparation, and data normalization
Nucleic acid extractions from all sample types were performed on a KingFisher Flex (Thermo Fisher Scientific) using a protocol based

on the MagAttract PowerSoil DNA KF Kit. The resulting DNA was quantified with Qubit fluorometric quantitation (Invitrogen) with the

BR dsDNA assay kit (Thermo Fisher Scientific).

In order to obtain absolute counts of each isolate, we usedDNA fromSalinibacter ruber (Salinibacter), an extreme halophile found in

saltern crystallizer ponds that is not found in our samples and that encodes a single 16S rRNA gene copy in its genome. Based on the

genome size of 3.6 Mbp (GenBank accession ID GCA_000013045.1), we calculated an expected copy number of 2.46,105 chromo-

somes per nanogram of genomic DNA, with an equivalent number of copies of the 16S rRNA gene. Cell lysis buffer was spiked with

4 ng of S. ruber DNA per sample, aiming at a final concentration of 0.1-1% of the total amount of DNA. Library preparation was con-

ducted according to Illumina’s 16S Sequencing Library Preparation protocol, using phasing primers for the V3-V4 region (Table S2).

The final libraries were quantified using Qubit fluorometric quantitation with the BR dsDNA assay kit, pooled at a sample concentra-

tion of 4 nM, and sequenced on Illumina MiSeq to obtain 2x300 bp paired-end reads.

The resulting reads were processed using cutadapt104 and the DADA2 pipeline.71 To increase sensitivity of the DADA2 pipeline for

the introduced isolates and their respective 16S rRNA sequences, we used the known V3-V4 region of the isolates, plant mitochon-

drion, plant chloroplast, and Salinibacter as priors in the amplicon sequence variant (ASV) inference step. For every inoculation treat-

ment, ASVs were inferred from all treated samples and mock samples by prioring with the sequence of the respective isolate, plant,

and Salinibacter. Sequences used as priors are listed in Table S2.

After removal of chimeric sequences, the counts of every isolate were normalized with respect to the counts of Salinibacter by tak-

ing the ratio of isolate counts to the observed Salinibacter counts, and multiplying this ratio by the total number of added Salinibacter

copies in the sample preparation (4 ng/sample , 2.46,105 16S gene copies/ng, 9.84,105 copies/sample). Final microbial densities

are calculated by normalizing estimated 16S rRNA copy numbers with plant weight and subtracting counts from uninoculated sam-

ples when applicable, i.e., forWCS417 andWCS358. Figure S3 shows the raw densities used to generate Figure 1 before subtraction

of the density in uninoculated samples.

Genomic analysis
To identify genes that could potentially explain the enhanced colonization ability in P. simiae WCS417 and P. protegens CHA0, we

subjected the genomes of all isolates to a comparative genetic analysis based on presence/absence of orthologs (Figure S2). First,

proteomes were inferred from the genome sequences using Prokka.98 The proteomes were then used as input for OrthoFinder97 in

order to infer phylogenetic relationships among all genes and group them into orthologous protein families or orthogroups. The result

is a table of all orthogroups inferred and a list of its orthologues found in each individual genome. In parallel, all proteomes were an-

notated using the eggNOG-mapper100 and the KEGG database.107 Enriched functions in the set of orthologues shared by only

WCS417 and CHA0 were identified by a Fisher’s exact test by comparing the functions of these orthologues with those in the com-

plete proteomes.

Mutant construction
Deletion of the entire iol gene cluster (from PPRCHA0_2627 to PPRCHA0_2633, i.e., from iolR to iolG) was generated by homologous

recombination using the suicide vector pEMG and the I-SceI system adapted to P. protegens.108 Briefly, the pEMG::Diol vector for

homologous recombination was constructed by fusing a fragment upstream with a fragment downstream of the iol locus, amplified

with primers del-iol-1/del-iol-2 and del-iol-3/del-iol-4, respectively, and cloning the resulting fused fragment into pEMG. Competent

CHA0 cells were electroporated with pEMG::Diol and successful insertional mutants were selected on Luria-Bertani (LB) plates sup-

plementedwith 25 mg/ml kanamycin. Competent mutant cells were subsequently transformedwith the expression plasmid pSW-2 by

electroporation and selected for gentamicin resistance on LB plates supplemented with 10 mg/ml gentamicin. Individual colonies

were grown overnight at 30�C in liquid LB supplemented with 10 mg/ml gentamicin. Twomilliliters of the overnight culture were trans-

ferred to 10 ml of fresh LB supplemented with 2 mM m-toluate and 10 mg/ml gentamicin and incubated for 7 h at 30�C to allow a

second homologous recombination event. Dilutions of bacterial cultures were plated on LB plates without antibiotics and isolated

colonies were screened for kanamycin sensitivity. Mutants were identified by specific PCR and sequencing of the respective

genomic region with primers check-iol-F and check-iol-R.

Root colonization and competition assays
Experiments with gfp-tagged CHA0 WT andmCherry-tagged mutant were performed as described previously for the isolates com-

parisons, with minor differences. Individual inoculations were performed at the same microbial density as described, 108 CFU/g soil,

while mixed inoculations contained 0.5,108 CFU/g of each isolate, in order to obtain a comparable total microbial density as in in-

dividual inoculations. At 21 dpi, only root and not rhizosphere samples were collected. Instead of freezing, 10-fold dilutions of the
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shaken supernatant were plated on KB agar plates supplemented with 10 mg/ml gentamicin and incubated overnight at 28�C. Root
microbial density was calculated by normalizing CFU counts by root fresh weight.

Growth assays
For planktonic growth, overnight cultures of CHA0WTand theDiol mutant were diluted 1/10 in fresh, liquid KBmediumand grown 4 h in

order to synchronize both genotypes in the exponential phase. The cell suspension was washed thrice by centrifugation at 3,000 x g,

decanting of the supernatant, and resuspension in the respective medium. Cells were inoculated individually in flat-bottom 96-well

plates at a final OD600 equal to 0.01 in either M9 for the assessment of sole carbon sources (26 mM Na2HPO4,,7H20, 11 mM

KH2PO4, 4.3mMNaCl, 9.3mMNH4Cl) or 0.1XCook’sCytophaga (CC) to study the effect of inositol addition on growth (0.2% tryptone).

For assessment of inositol as a carbon source, the medium was left unsupplemented or supplemented with 100 mM of glucose or

inositol. For assaying effects of inositol on growth, mediumwas left unsupplemented or supplemented with 10 mM glucose or inositol.

Growth curves were obtained by measuring OD600 every 30 min in a plate reader (Synergy H1, BioTek) for 72 h (inositol usage as

carbon source) or 48 h (inositol effects on growth). Growth curve analyses were done with the growthcurver package in R.82

Motility assays and siderophore plates
Swimming and swarming motility were assayed in 0.1X Cook’s Cytophaga-agar (CCA) minimal medium at 0.3% or 0.5%, respec-

tively. For all assays, the medium was supplemented with inositol or glucose as a control carbon source at 1 or 10 mM or left unsup-

plemented. Cells were prepared as for growth experiments. For the swimming assay, sterile pipette tips were dipped in the cell sus-

pension and the agar was gently pierced until reaching the middle of the agar, and without reaching the bottom. Pictures were taken

after 48 h of growth at 21�C and analyzed with ImageJ.102 The swimming halo radii and diameters were used to assess swimming

motility. For swarming, 1 ml of bacterial suspension was carefully inoculated on the agar surface and avoiding damage of the agar.

Pictures were taken at the same time points as for swimming, and swarming ability was measured as the surface area covered by

bacteria. In both assays, we inoculated CHA0 WT, CHA0 Diol, and two previously reported spontaneous CHA0 mutant that exhibit

promoted swimming motility as positive control (sadB), and impaired swimming as negative control (fleQ).17 Every treatment con-

sisted of 20 replicate plates and all experiments were repeated at least twice.

Siderophore plates followed the same procedure as swimming plates, using 1X CCmedium. In order to ensure that all inoculations

were performed at the same distance from each other, they were all done by dipping five pipette tips in a cell suspension with amulti-

channel pipette and inserting the pipette tips until the center of the agar, as described for swimming inoculations. Every treatment

consisted of three replicates and was repeated twice.

Analyses on publicly available data
For the analysis of in vitro genome-wide fitness data of root colonization in WCS417, we used supplementary data from Cole et al.19

and selected the genes in the iol locus in WCS417 (iolR, PS417_11845; iolC, PS417_11850; iolD, PS417_11855; iolE, PS417_11860;

iolB, PS417_11865; iolI, PS417_11870; iolD, PS417_11875; iolG, PS417_11880; mocA, PS417_11885; iatA, PS417_11890; iatC,

PS417_11895; iatB PS417_11900). For the analysis of genome-wide fitness data of WCS417 in different conditions, we retrieved

the data from Price et al.20 available in Fitness Browser (https://fit.genomics.lbl.gov/cgi-bin/help.cgi). We kept all experimental con-

ditions in which any of the genes in the iol locus of WCS417 was affected with a t-like score and a fitness value greater than 0.5. For

the remaining conditions with more than one repeat, we took themedian fitness value. We built a bipartite network of genes and con-

ditions according to the fitness values using the network81 and ggnet,80 R packages for construction and visualization, respectively.

For the network representation, we used the Fruchterman-Reingold algorithm with 1,000 iterations and an area and repulsion radius

of 30,000,000. For the analysis of transcriptional activity of CHA0 in the host, we retrieved sequenced data from Vesga et al.21 from

the NCBI database (BioProject accession PRJNA595077) and mapped the reads to the CHA0 genome (assembly

GCF_900560965.1) with kallisto v0.45.0.103 Transcripts-per-million values for each genewere log2-transformed and scaled per gene.

QUANTIFICATION AND STATISTICAL ANALYSIS

The R programming environment (version 4.2.2) was used for data analysis and visualization. All statistical tests were performed in R.

All details about the statistical analyses, sample numbers and biological replicates are provided in the figure legends and respective

methods section.
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Figure S1. Schematic representation of the experimental design. Related to Figure 1 
and STAR Methods. Root-associated pseudomonads are mixed through natural soil and 
let to colonise Arabidopsis roots for 21 days. Rhizosphere and root samples are collected 
and mixed with DNA of Salinibacter ruber as internal control. Absolute population density 
of each pseudomonad is calculated by sequencing the 16S rRNA gene and normalising 
the counts with the internal control and the sample weight. Created with BioRender.com. 

  



 

Figure S2. The isolates in this study are a diverse set of root-associated 
pseudomonads. Related to Figure 1 and STAR Methods. (A) Venn diagram showing the 
relationship of ortholog group presence-absence among isolates’ genomes. Out of 8,752 
orthogroups, 3,090 (35%) are shared by all isolates. (B) Distribution of the non-core genes. 
(C) Pair-wise average nucleotide identity (ANI) among isolates. (D) Pair-wise unweighted 
Jaccard similarity of the orthogroup presence-absence per genome (i.e., percentage of 
shared genes between isolate pairs). (E) Pair-wise unweighted Jaccard similarity of KEGG 
pathway annotations per genome. The relatively high values suggest that the functional 
capabilities of the isolates are very similar. (F) Same as E, but showing the weighted 
Jaccard similarity between the compositions of pathway annotations. The differences in 
the weighted vs unweighted metric indicate that certain functions encoded in the 
genomes do not distribute evenly between them, highlighting the functional diversity in 
the genomes. (G) Pair-wise correlation plots of the previously shown metrics in C-F.  

  



 

Figure S3. Raw microbial densities and isolate densities across fractions. Related to 
Figure 1. (A) Absolute inoculum densities at 21 dpi,  for both inoculated and uninoculated 
samples, previous to the subtraction of counts in uninoculated samples as in Figure 1. (B) 
Absolute inoculum densities after 21 dpi measured as the number of 16S rRNA copies per 
gram of sample found in bulk soil (left), rhizosphere (middle), and root samples (right). P. 
protegens CHA0 and P. simiae WCS417 are highlighted in cyan and yellow, respectively, 



to differentiate them from the remaining isolates. The density of some isolates decreases 
in the root (RS158, WCS317, and WCS358), while others increase or remain equal (WCS417, 
CHA0, and WCS134). 

  



 

Figure S4. Inositol effects on WT cells are highly variable. Related to Figure 4. Growth 
curves of WT and Δiol cells in CC medium unsupplemented or supplemented with 10 mM 
glucose or inositol, measured as OD at 600 nm. The figure shows two examples of 
independent experiments. The effects of inositol in the WT are clearly variable per 
experiment, and the benefit of inositol on growth is only apparent in some cases. Every 
time point consists of measurements for seven technical replicates. 

  

  



 

Figure S5. Inositol represses swarming motility in mutant cells. Related to Figure 5. (A) 
Swarming surface of WT (left) and Δiol cells (right) in CC medium either unsupplemented 
or supplemented with glucose or inositol at 1 or 10 mM. Inositol does not seem to affect 
swarming motility in WT cells, while swarming is abolished in the mutant. (B) Same data 
as in A shown per treatment and pairing the swarming surface for both genotypes per 
plate, showing the difference in motility. 

  



 

Figure S6. Inositol affects mutant physiology. Related to Figure 6. Qualitative 
assessment of the effect of inositol and glucose on WT and mutant cells. Images show the 
same plates as in Figure 6 at 1, 2, and 3 dpi. Per day, the figure shows the plates organized 
as follows. First column: control conditions;  second column: glucose 10 mM; third column: 
inositol 10 mM; first row: WT cells only; second row: combination of WT and mutant cells 
(WT, Δiol, WT, Δiol, WT); third row: mutant cells only. Mutant colonies start fading after 
reaching the end of the plate at approximately the end of the second day. 

  



 

Figure S7. Detection limit of microbial density. Related to STAR Methods. Boxplot 
depicting the detection limit of microbial density in our spike-in method, using the 
minimum detectable 16S rRNA gene copies per gram of sample.   



 

Name Origin When Where* Effect on 
host** 

References 

P. simiae 
WCS417 

Wheat 
rhizosphere 

1983 NL GP, ISR Pieterse et al., 
2021S1 

P. protegens 
CHA0 

Tobacco 
rhizosphere 

1986 SZ ISR, BA Stutz et al., 
1986S2 

P. capeferrum 
WCS358 

Potato 
rhizosphere 

1981 NL ISR, BA Berendsen et 
al., 2015; de 
Boer et al., 
1999S3,S4 

P. sp. WCS134 Wheat 
rhizosphere 

1983 NL BA de Weger et al, 
1986S5 

P. fluorescens 
RS158 

Radish 
rhizosphere 

1987 NL BA de Boer et al., 
1999S4 

P. sp. WCS317 Potato 
rhizosphere 

1981 NL ND de Weger et 
al., 1986; Geels 
and Schippers, 
1983S5,,S6 

Table S1. Isolates used in this study. Related to Figure 1. *NL, Netherlands; SZ, Switzerland. 
**GP, growth promotion; ISR, induced systemic resistance; BA, biocontrol agent; ND, not 
determined. 

  



 

Name Sequence  

Salinibacter-
V3V4 

TGGGGAATCTTGCACAATGGGGTCACCCCTGATGCAGCCATGCCGCGTGGAGGAAGACACC
CCTATGGGGCGTAAACTCCTTTTCTGAATGAAGAAACCCCTGTAGCTTCAGGGCGCGACGGT
AGTTCAGGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAA
GCGTTGTCCGGAATCACTGGGTGTAAAGGGTGTGCAGGCGGGGCAGCAAGTCGGATGTGAA
ACCCCATGGCTTAACCATGGAGGTGCATTCGAAACTGTTGCTCTTGAGTCCCGGAGAGGCTGT
CGGAATTCGTGGTGTAGCGGTGAAATGCGTAGATATCACGAGGAACACCAGAGGCGAAAGC
GGACAGCTGGACGGGTACTGACGCTCAGGCACGAAAGCGTGGGGAGCAAACA 

Mitochondrion-
V3V4 

TGGGGAATCTTGGACAATGGGCGAAAGCCCGATCCAGCAATATCGCGTGAGTGAAGAAAGG
CAATGCCGCTTGTAAAGCTCTTTCGTCGAGTGCGCGATCATGACAGGACTCGAGGAAGAAGC
CCCGGCTAACTCCGTGCCAGCAGCCGCGGTAAAACGGGGGGGGCAAGTGTTCTTCGGAATG
ACTGGGCGTAAAGGGCACGTAGGCGGTGAATCGGGTTGAAAGTGAAAGTCGCCAAAAAGTG
GCGGAATGCTTTCGAAACCAATTCACTTGAGTGAGACAGAGGAGAGTGGAATTTCGTGTGGA
GGGGTGAAATCTACAGATCTACGAAGGAACGCCAAAAGCGAAGGCAGCTCTCTGGGTCCCT
ACCGACGCTGGGGTGCGAAAGCATGGGGAGCGAACG 

Chloroplast-
V3V4 

TGGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATGCCGCGTGGAGGTAGAAGGC
CTACGGGTCCTGAACTTCTTTTCCCAGAGAAGAAGCAATGACGGTATCTGGGGAATAAGCATC
GGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGATGCAAGCGTTATCCGGAATGATTG
GGCGTAAAGCGTCTGTAGGTGGCTTTTTAAGTCCGCCGTCAAATCCCAGGGCTCAACCCTGG
ACAGGCGGTGGAAACTACCAAGCTTGAGTACGGTAGGGGCAGAGGGAATTTCCGGTGGAGC
GGTGAAATGCGTAGAGATCGGAAAGAACACCAACGGCGAAAGCACTCTGCTGGGCCGACAC
TGACACTGAGAGACGAAAGCTAGGGGAGCGAATG 

RS158-V3V4 

TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGT
CTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTTTTGA
CGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGT
GCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTCGTTAAGTTGGATGT
GAAAGCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTGGCGAGCTAGAGTACGGTAGAG
GGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGA
AGGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA 

WCS134-V3V4 

TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGT
CTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGTTGTAGATTAATACTCTGCAATTTTGA
CGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGT
GCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTCGTTAAGTTGGATGT
GAAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTGTCGAGCTAGAGTATGGTAGAGG
GTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAA
GGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA 

WCS317-V3V4 

TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGT
CTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGTTGTAGATTAATACTCTGCAATTTTGA
CGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGT
GCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATGTG
AAAGCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTGACAAGCTAGAGTATGGTAGAGG
GTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAA
GGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA 

WCS358-V3V4 

TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGT
CTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGCGAATACCTTGCTGTTTTG
ACGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGG
TGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGAATGT
GAAAGCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTGGCAAGCTAGAGTACGGTAGAG
GGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGA
AGGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA 



WCS417-V3V4 

TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGT
CTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTTACCTAATACGTGATTGTTTTGA
CGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGT
GCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATGTG
AAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTGACTGACTAGAGTATGGTAGAGGG
TGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAG
GCGACCACCTGGACTAATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA 

CHA0-V3V4 

TGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGT
CTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTTACCTAATACGTGATTGTTTTGA
CGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGT
GCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATGTG
AAAGCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTGGCAAGCTAGAGTATGGTAGAGG
GTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAA
GGCGACCACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACA 

  
 

Table S2. Sequences for the V3-V4 regions used as priors in the DADA2 pipeline. 
Related to STAR Methods.   
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