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Plant pathogenic bacteria cause high crop and economic 
losses to human societies1–3. Infections by such pathogens 
are challenging to control as they often arise through com-
plex interactions between plants, pathogens and the plant 
microbiome4,5. Experimental studies of this natural ecosystem 
at the microbiome-wide scale are rare, and consequently we 
have a poor understanding of how the taxonomic and func-
tional microbiome composition and the resulting ecological 
interactions affect pathogen growth and disease outbreak. 
Here, we combine DNA-based soil microbiome analysis with 
in vitro and in planta bioassays to show that competition for 
iron via secreted siderophore molecules is a good predictor 
of microbe–pathogen interactions and plant protection. We 
examined the ability of 2,150 individual bacterial members of 
80 rhizosphere microbiomes, covering all major phylogenetic 
lineages, to suppress the bacterium Ralstonia solanacearum, 
a global phytopathogen capable of infecting various crops6,7. 
We found that secreted siderophores altered microbiome–
pathogen interactions from complete pathogen suppression 
to strong facilitation. Rhizosphere microbiome members with 
growth-inhibitory siderophores could often suppress the 
pathogen in vitro as well as in natural and greenhouse soils, 
and protect tomato plants from infection. Conversely, rhi-
zosphere microbiome members with growth-promotive sid-
erophores were often inferior in competition and facilitated 
plant infection by the pathogen. Because siderophores are 
a chemically diverse group of molecules, with each sidero-
phore type relying on a compatible receptor for iron uptake8–12, 
our results suggest that pathogen-suppressive microbiome 
members produce siderophores that the pathogen cannot 
use. Our study establishes a causal mechanistic link between 
microbiome-level competition for iron and plant protection 
and opens promising avenues to use siderophore-mediated 
interactions as a tool for microbiome engineering and patho-
gen control.

Soil-borne pathogens are a global threat to food production1–3. 
Apart from the damage they inflict, a main problem is that there 
are very few management strategies available to control soil-borne 
bacterial phytopathogens. Plant root-associated microbiomes are 
increasingly seen as a possible driver of natural pathogen resistance 
and have become a target for innovative strategies aiming at improv-
ing crop protection13–15. However, our ability to predict and engineer 

microbiome function is still very limited and past research splits 
into two disjointed lines. The first line of studies has used compara-
tive approaches to unravel how the microbiome structure and the 
prevalence of putatively pathogen-suppressive traits correlate with 
plant health13,16,17. The second line has focused on specific systems 
to mechanistically test whether factors such as antibiosis, resource 
competition and activation of plant immunity can affect plant pro-
tection18–20. Although the former line reveals potentially important 
candidate traits, species or functions involved in pathogen suppres-
sion, it provides limited insights on the underlying causal mecha-
nisms. Conversely, the latter line offers specific mechanistic insights 
but it is often difficult to generalize the results beyond the specific 
study system. As a result, it remains largely unclear which bacte-
rial taxa and what type of ecological interactions in the rhizosphere 
determine disease outcomes by soil-borne pathogens21.

We combined the two above-mentioned lines of research to 
create a predictive framework applicable for disease outcomes for 
tomato rhizosphere microbiomes: we first taxonomically charac-
terized 80 tomato rhizosphere microbiomes and then conducted 
experimental analysis using 2,150 representative bacterial members 
of these microbiomes. In particular, we assessed the interaction 
of each isolate with the pathogen Ralstonia solanacearum (strain 
QL-Rs1115)—an economically important global pathogen that 
causes damage to more than 200 plants species6,7—both in  vitro 
and in  vivo in controlled greenhouse experiments using tomato 
plants. We then closed the loop by using in  vitro interactions as 
an inference tool to explain covariation in species co-occurrence 
under natural settings. We hypothesized that competition for iron, 
through the secretion of siderophores that scavenge iron from the 
environment, could represent a universal mechanism determining 
to what extent members of the soil microbiome can suppress the 
pathogen and protect plants. Although other mechanisms, includ-
ing resource competition or antibiosis, are probably also involved 
in bacterial interactions, we reasoned that these mechanisms might 
be superseded by competition for iron due to its universal impor-
tance for bacterial growth. Our reasoning is based on recent studies 
indicating that siderophore-mediated competition for iron drives 
eco-evolutionary dynamics in natural and infectious settings22–25. 
Iron is an essential cofactor for many enzymes, yet its bioavail-
ability is low in most soils, because iron predominantly occurs in  
its insoluble ferric Fe(III) form26–28. Many bacteria scavenge iron 
from the environment through the secretion of siderophores,  
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a chemically diverse group of secondary metabolites with a high 
affinity for iron23,29. The uptake of iron through iron-loaded sid-
erophores occurs via strain-specific receptors, and siderophores 
can both facilitate and suppress competitors, depending on whether 
competitors possess the matching receptors for siderophore 
uptake8–12.

To assess the role of iron competition within the microbiome 
for plant protection, we first characterized 80 tomato rhizosphere 
microbiomes (Extended Data Fig. 1a) collected from four different 
fields in China (Supplementary Table 1), which were all infected by 
R. solanacearum. The main phyla of these microbiomes included 
Proteobacteria (28%), Bacteroidetes (18%), Planctomycetes (9%), 
Patescibacteria (8%), Actinobacteria (6%), Acidobacteria (6%) 
and Firmicutes (4%); 293 families and 756 genera in total. We then 
randomly isolated and characterized a collection of 2,150 cultur-
able bacteria, which covered four major phylogenetic lineages 
normally present in plant rhizospheres30 and were also present in 
our soil microbiomes (Proteobacteria (50%), Firmicutes (24%), 
Bacteroidetes (18%) and Actinobacteria (8%); 35 families and 83 
genera in total; Extended Data Fig. 1b). This collection is thus partly 
representative of the taxonomic breath of our soil microbiomes.

We then used the coulometric chrome azurol S (CAS) assay 
to estimate the levels of secreted siderophores in the supernatant 
of all 2,150 bacterial isolates. This assay serves as a proxy for sid-
erophore production and revealed that up to 95% of the isolates 
produced siderophores, given that their CAS values exceeded the 

ones of siderophore-deficient control strains (Fig. 1a,b). Estimating 
background CAS values is important, as this assay also measures 
the binding activities of other organic iron-binding compounds. 
When the CAS assay was repeated under iron-rich conditions, we 
found that up to 99% of the siderophore producers upregulated sid-
erophore production under iron-limited conditions compared with 
iron-rich conditions (Extended Data Fig. 2). Under iron limita-
tion, siderophore production followed a bimodal distribution with 
isolates producing either high or low quantities of siderophores  
(Fig. 1a). Siderophore production (that is, CAS activity) across all 
isolates was predictive of bacterial growth under iron-limited con-
ditions (coefficient of determination (R2) = 0.388, n = 2,150; Fig. 1b)  
but barely had an effect under iron-rich condition (R2 = 0.039, 
n = 2,150; Fig. 1b). These results suggest that siderophore pro-
duction is a widespread trait across the taxa and sampling sites  
examined here and is important for bacterial growth under 
iron-limited conditions.

We then assessed the potential of the siderophores from the 
different isolates to suppress or promote the growth of R. sola-
nacearum (QL-Rs1115). We first applied a baseline treatment by 
feeding bacterial supernatants collected from iron-rich conditions, 
which contained few siderophores but presumably other secreted 
compounds and residual nutrients, to the pathogen. We found that 
these supernatants had a mild and overall significant stimulatory 
effect on the growth of R. solanacearum (Fig. 1c and Extended 
Data Fig. 3a). Conversely, when the pathogen received bacte-
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Fig. 1 | Siderophore production by rhizosphere bacteria and their growth effects on the plant pathogenic R. solanacearum bacterium. a, Relative 
siderophore production of the 2,150 rhizosphere isolates (measured in culture supernatants using the CAS assay) under iron-limited (top) and 
iron-rich (bottom) conditions. The black dashed vertical lines show the average CAS background values measured in the supernatants of two defined 
siderophore-deficient mutants (non-producers). We used this cut-off line to distinguish background noise from siderophore production. Measuring  
CAS background is important because this assay also measures the activity of other organic iron-binding compounds in the supernatant. Furthermore,  
the cut-off can vary slightly between species and the media from which the supernatants were collected (see also Extended Data Fig. 2). The green  
vertical lines represent siderophore production of our model pathogen R. solanacearum strain QL-Rs1115 (CAS value = 0.462 in iron-limited medium).  
b, Siderophore production (measured as CAS activity) across all isolates significantly correlated with rhizosphere bacterial growth (determined as the 
optical density (OD) at 600 nm, OD600) under iron-limited conditions (top), indicating that siderophores are important for growth. This effect was much 
weaker under iron-rich conditions (bottom). The black dashed vertical lines show the background CAS assay values of defined siderophore non-producers, 
the yellow and purple lines and the shaded area depict the best-fit trendlines and the 95% confidence interval of the linear regression, respectively. 
Regression model for iron-limited condition (top): adjusted R2 = 0.388, F1,1248 = 1,362 and two-sided P < 2.2 × 10−16; iron-rich condition (bottom): adjusted 
R2 = 0.039, F1,1248 = 87.7 and two-sided P < 2.2 × 10−16 based on a Student’s t-test; n = 2,150 biologically independent rhizobacterial isolates for both.  
c, The growth effects were measured in supernatants collected under iron-limited (high siderophore concentration + other secreted metabolites), iron-rich 
(low siderophore concentration + other secreted metabolites) and iron-limited conditions replenished with iron (siderophore effect removed, while the 
effect of other metabolites is retained). The net effect caused by siderophores alone (right column) was obtained by subtracting the growth effect of the 
iron-replenished supernatant from the growth effect of the iron-limited supernatant. The values indicate the percentage fold-change in growth. The box 
plots encompass the 25–75th percentiles, the whiskers extend to the minimum and maximum points, and the midline indicates the median (n = 2,150 
biologically independent rhizobacterial isolates). P < 2.2 × 10−16 (left) and P = 0.882 (right) based on an analysis of variance followed by a paired two-sided 
Student’s t-test. ***P < 0.001; NS, not significant.
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rial supernatants from iron-limited conditions—which contained 
larger quantities of siderophores—we found the effects on growth 
to be substantially more pronounced (Fig. 1c and Extended Data  
Fig. 3a). These effects ranged from almost complete suppression of 
R. solanacearum growth to high levels of pathogen facilitation. To 
validate whether the observed differences in growth effects between 
the iron-rich and iron-limited conditions were indeed caused by 
siderophores and not by other secreted metabolites that might have 
been up- or downregulated under iron limitation, we exposed the 
pathogen to iron-limited supernatants that were replenished with 
iron to repress iron competition. The addition of iron to these 
supernatants neutralizes the effect of siderophores but retains the 
effect of the other secreted metabolites (for example, antibiotics) on 
pathogen growth. We found that iron-replenished supernatants had 
the same (mildly promotive) effects as iron-rich supernatants, sug-
gesting that siderophores are the main drivers of bacterial interac-
tions under iron-limited conditions. When estimating the net effect  
of siderophores (Fig. 1c) we indeed found that siderophores 

explained 76% of the total supernatant-mediated growth effects 
on R. solanacearum (R2 = 0.755, n = 2,150, P < 0.0001; Fig. 1c and 
Extended Data Fig. 3b).

To experimentally confirm that siderophores can drive bacte-
ria–pathogen interactions, we grew R. solanacearum in the pres-
ence of iron-limited supernatants from two defined siderophore 
producers (Pseudomonas aeruginosa PAO1 producing pyover-
dine and pyochelin; Burkholderia cenocepacia H111 producing 
ornibactin and pyochelin) and their isogenic null mutants, which 
were unable to produce siderophores due to engineered dele-
tions of siderophore-synthesis genes (Extended Data Fig. 3c). We 
found that the supernatants of the wild-type strains (containing 
siderophores) showed pathogen growth inhibition. Conversely, 
these inhibitory effects completely disappeared when the pathogen 
was exposed to the supernatants from the siderophore-deficient 
isogenic mutants of the two species (Extended Data Fig. 3c). To 
further confirm the importance of siderophores in mediating 
inter-species interactions, we isolated and purified the pyoverdines 
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Fig. 2 | The taxon identity of the rhizobacterial isolates and their phylogenetic distance to R. solanacearum affect the siderophore-mediated growth 
effects on the pathogen. a, Cladogram depicting the phylogenetic relationship among the 2,150 isolates based on the 16S rRNA gene sequences. The first 
inner ring depicts the siderophore-mediated growth effects on the pathogen as a heatmap ranging from red (inhibitory) to blue (promotive), the second 
ring shows relative siderophore production by each isolate and the outer ring shows the most abundant genera (number of isolates greater than 20). SIDE, 
siderophore-mediated effect on pathogen growth; SID, siderophore production. b, Variation among isolates of the 18 most prevalent genera with regard 
to siderophore production (top) and siderophore-mediated effect on pathogen growth (bottom). The black dashed line shows the background CAS assay 
values of siderophore non-producers under iron-limited conditions. Values above and below the red line represent siderophore-mediated promotive and 
inhibitory effects of rhizobacteria on the pathogen growth. The exact number of bacteria in each genus is shown in Supplementary Table 7. The box plots 
encompass the 25–75th percentiles, the whiskers extend to the minimum and maximum points, and the midline indicates the median. c, Relationship 
between the siderophore-mediated effect on pathogen growth, phylogenetic distance between the pathogen and rhizosphere bacteria, and siderophore 
production in iron-limited conditions. This relationship explained a high proportion of the observed variance (25.6%) in iron-limited conditions (visualized 
as a heatmap based on the generalized linear model analysis, background). The dotted lines represent the background CAS assay values of defined 
siderophore non-producers. Each point represents one of the 2,150 isolates and its colour shade indicates the strength of the siderophore-mediated effect 
on pathogen growth (adjusted R2 = 0.255, F1,1248 = 87.7 and two-sided P < 2.2 × 10−16 based on Student’s t-tests for the whole model).
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of four different Pseudomonas spp. isolates and exposed the patho-
gen to these siderophores. We observed that all four siderophores 
inhibited pathogen growth under iron-limited conditions in a simi-
lar way to the iron-limited supernatants (Extended Data Fig. 3d).  
Finally, we examined the growth and siderophore production of 
R. solanacearum QL-Rs1115 in monoculture. We found that the 
pathogen is constrained in its growth in our iron-limited medium 
(Extended Data Fig. 4a), upregulates siderophore production under 
iron limitation to an intermediate level (CAS-value = 0.462; Fig. 
1a and Extended Data Fig. 4b) and is growth-stimulated when 
supplemented with its own iron-limited supernatant containing 
siderophores (Extended Data Fig. 4c). Together, these results dem-
onstrate that siderophores can play a key role in mediating interac-
tions between rhizosphere isolates and R. solanacearum QL-Rs1115 
under iron-limited conditions. They further suggest that the pro-
motion or inhibition of siderophore-mediated growth is indicative 
of whether R. solanacearum has compatible or incompatible recep-
tors for heterologous siderophore uptake, respectively, as has been 
described for other bacterial taxa12,22.

We next examined whether bacterial taxonomic affiliations pre-
dict siderophore production and siderophore-mediated effects on 
the pathogen. We observed a significant phylogenetic signal31 for 
both traits (Abouheif ’s Cmean = 0.262 (siderophore production) and 
0.148 (siderophore-mediated growth effects); P < 0.001 for both 
traits), which were relatively weak (Cmean = 1 would mean that all 
the observed variation is explained by phylogeny). This indicates 
that both siderophore production and siderophore-mediated 
growth effects vary substantially between related isolates, possibly 

due to a recent change, gain or loss of trait functions. This assertion  
is supported by our ancestral character state reconstruction 
analysis showing that high levels of siderophore production and 
siderophore-mediated growth effects evolved independently 
multiple times (Supplementary Fig. 1). A focused analysis on the  
18 most common genera confirms that both common ancestry and 
differences within genera contribute to trait variation (Fig. 2b):  
(1) certain genera clearly differ from one another in their sid-
erophore production and the extent to which they affect R. sola-
nacearum growth (for example, compare Enterobacter versus 
Bacillus) and (2) there is high variation between isolates within gen-
era in the two traits (for example, Bacillus spp.).

At the quantitative level, we found that the inhibition of  
R. solanacearum growth was predicted by the additive effects of phy-
logenetic distance and siderophore production, with the most inhib-
iting isolates being those that were relatively closely related to the  
pathogen and that produced high quantities of siderophores  
(Fig. 2c; whole model R2 = 0.255, n = 2,150; Supplementary Table 2).  
This phylogenetic effect is consistent with the ecological theory pre-
dicting that resource competition intensifies among more closely 
related species, as their ecological niches are more likely to overlap32,33. 
To validate the effect between the level of siderophore production and 
the siderophore-mediated growth effect, we repeated our analysis 
using phylogenetically independent contrasts, thereby filtering out the 
variation explained by phylogeny alone. This analysis confirmed that 
isolates producing high quantities of siderophores were more likely to 
inhibit R. solanacearum growth than isolates producing low quantities 
of siderophores (Extended Data Fig. 5).
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We then examined whether the siderophore-mediated growth 
effects can predict the outcome of direct competition between each 
of the 2,150 rhizosphere isolates and R. solanacearum in co-cultures. 
We found that pathogen growth was significantly reduced when com-
peting against taxa producing inhibitory siderophores (R2 = 0.16, 
n = 2,150; Fig. 3a). To test whether the siderophore-mediated 
growth effects correlate with patterns of co-occurrence between the 
pathogen and rhizosphere bacteria in natural field conditions, we 
used 16S rDNA sequencing of the whole microbiome communities 
and quantitative PCR (qPCR) to estimate the co-occurrence pat-
terns of each taxon with the pathogen in each of the 80 soil samples. 
Thus, we obtained the prevalence of the pathogen and the 2,150 taxa 
for each microbiome. We then correlated these prevalence values 
across the 80 microbiomes. We found that siderophore-mediated 
interactions correlated with species co-occurrence in the field: 
taxa producing inhibitory siderophores tended to co-occur with 
the pathogen at high density (positive regression coefficient, r), 
whereas taxa producing promotive siderophores tended to occur at 
low densities when the pathogen was abundant (negative r, main 
effect of in vivo coexistence on r with R2 = 0.113, n = 2,150, Fig. 3b). 
These patterns of covariance were strongest at the sites with high 
soil pH values (Fig. 3b, inset and Supplementary Table 3), where 
iron availability is most reduced and siderophores most needed 
(Fig. 3b, inset). Although many other (unknown) factors can influ-
ence the abundance of taxa in the field, our results indicate that 
siderophore-mediated interactions can be a generalizable mecha-
nism that substantially influences the competitive outcomes and 
the co-occurrence patterns between the pathogen and taxa isolated 
from natural rhizosphere microbiomes. Moreover, the power of sid-
erophores to predict species interactions seems to vary with envi-
ronmental parameters, such as pH, that directly influence the level 
of iron limitation in soils, and we propose that other environmental 
factors, such as overall iron content and nutrient availability, could 
have similar effects.

Finally, we tested whether the siderophore-mediated interac-
tions can affect the ability of the pathogen to invade the rhizo-
sphere microbiome and cause disease, using tomato plants that 
were individually pre-colonized by one of 360 randomly selected 
bacterial isolates belonging to the three most abundant genera 
(Bacillus, on average promotive; Enterobacter, on average inhibi-
tory; and Chryseobacterium, on average inhibitory; 120 isolates 
tested per genus; Supplementary Table 4). We found that the 
siderophore-mediated interactions were significantly associated  
with both pathogen growth and plant protection (Fig. 4). 
Specifically, disease incidence and pathogen density were highest 
when the pre-inoculated bacterial isolates produced promotive 
siderophores but decreased when the plants were pre-inoculated 
with bacteria producing inhibitory siderophores (Fig. 4a–c and 
Extended Data Fig. 6). Crucially, the siderophore-mediated effects 
on the infection outcomes were not dependent on the genus (see 
Supplementary Table 5 for the statistical analysis). Moreover, patho-
gen density correlated positively with disease incidence (Fig. 4d), 
suggesting that inhibition of pathogen growth plays a key role in 
disease control. Although the associations reported here are all 
significant, it is important to realize that they only explain a rela-
tively low level of the total variation observed. This suggests that in 
addition to siderophores, other factors also influence the infection 
outcomes. Together, our infection experiments match the growth 
and co-occurrence patterns observed (both in vitro and in the field) 
well, indicating that siderophore-mediated interactions provide a 
substantial contribution towards and reliably predict pathogen sup-
pression and disease outcomes in many cases.

In conclusion, our study links global microbiome analyses 
with high-throughput experimental assays to demonstrate that 
siderophore-mediated interactions are an overarching mechanism 
influencing microbiome function in natural field conditions. Our 
findings set the stage for microbiome-wide ecosystem engineer-
ing to suppress pathogens and protect crops. A key component of 
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microbiome engineering or the development of probiotics would 
be to selectively promote the members of the microbiome with 
siderophore-inhibitory effects on the pathogen and reduce those 
with pathogen-promotive siderophores. Great care should be taken 
to choose species that produce siderophores that cannot be taken 
up by the pathogen. Our study has identified groups of soil bacteria 
with such preferable functions; the next step would be to genetically 
and chemically identify the pathogen-suppressive and -promotive 
siderophores. The types of siderophores produced by all of the 
members of the microbiome could form a database against which 
the siderophore types of any pathogenic bacteria could be mapped 
to identify the specific members of the microbiome with incom-
patible siderophores. We propose that such siderophore mismatch 
analyses could represent a predictive tool for microbiome-mediated 
pathogen management. An important aspect of such an approach 
would be to include measures to minimize the risk of resistance evo-
lution by pathogens—for example, through the acquisition of het-
erologous siderophore receptors through horizontal gene transfer34.  
In this context, it would be important to promote diverse rhizo-
sphere communities that combat the pathogen at multiple fronts, 
through the secretion of a chemically diverse set of siderophores. It is 
conceivable that, in a scenario where pathogens are confronted with 
a cocktail of inhibitory siderophores, resistance cannot easily evolve.

Methods
Rhizosphere soil sampling. Rhizosphere soil samples were collected from 
individual tomato plants located on four geographically distant fields 
(Supplementary Table 1) that had suffered from bacterial wilt disease for 3–15 yr: 
Changsha (112°58′ E, 28°11′ N), Ningbo (121°67′ E, 29°91′ N), Nanchang (115°51′ 
E, 28°41′ N) and Nanning (108°21′ E, 22°49′ N). Twenty rhizosphere soil samples 
(20 tomato plants) were collected from each site. To this end, the excess soil was 
first gently shaken from the roots and the remaining soil attached to the roots was 
considered as the rhizosphere soil. Each rhizosphere soil sample was then divided 
into two parts: one to isolate bacteria and the other to extract DNA for bacterial 
community sequencing and the quantification of R. solanacearum pathogen 
densities using qPCR. The soil pH was measured (as described in a previous 
study35) because low soil pH is positively linked to iron bioavailability in the soil36.

Soil DNA extraction. The soil DNA was extracted from 300 mg soil using a Power 
soil DNA isolation kit (MO BIO Laboratories, Inc.) according to the manufacturer’s 
protocol. The DNA quality was checked by running the samples on 1% sodium 
boric acid agarose gels and the DNA concentrations were measured using a 
NanoDrop 1000 spectrophotometer (Thermo Scientific). The extracted DNA was 
stored at −80 °C.

Isolation of rhizobacteria. To isolate bacteria, 1 g rhizosphere soil was mixed with 
9 ml MS buffer solution (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 10 mM MgSO4 
and 0.01% gelatin) in a rotary shaker at 170 r.p.m. for 30 min at 30 °C. After serial 
dilution in MS buffer solution, 100-μl volumes of the diluted soil suspensions were 
plated on 1/10 tryptone soya agar (1/10 TSA; 1.5 g l−1 tryptone, 0.5 g l−1 soytone, 
0.5 g l−1 sodium chloride, and 15 g l−1 agar, pH 7.0). After a 48-h incubation at 30 °C 
in the dark, 32 isolates were randomly picked per rhizosphere soil sample. To 
avoid potential fungal contamination, only highly diluted samples were used for 
isolation. The isolates were then re-streaked on TSA plates for colony purification. 
Approximately 16.0% of the bacterial isolates failed to grow on the TSA plates for 
unknown reasons and were omitted from the dataset (approximately the same 
number of isolates failed to grow for each field). The final collection consisted of 
2,150 bacterial isolates from 80 rhizosphere soil samples. All purified isolates were 
cultured in 100 μl tryptone soya broth (TSB, liquid TSA) on 96-well microtitre 
plates at 30 °C with shaking (rotary shaker at 170 r.p.m.) for 18 h before freezing 
and storing at −80 °C in 15% glycerol.

16S ribosomal RNA gene sequencing of rhizobacteria. We used 16S rRNA 
amplicon sequencing to taxonomically identify all 2,150 rhizobacterial 
isolates. Total genomic DNA was extracted from overnight cultures of the 
individual bacterial isolates, cultured in TSB medium at 30 °C with shaking 
(170 r.p.m.), using an E.Z.N.A. bacterial DNA kit (OMEGA Bio-tek) following 
the manufacturer’s protocol. The 16S rRNA gene was amplified by PCR using 
the universal primers F27 (5′-AGAGTTTGATCATGGCTCAG-3′) and R1492 
(5′-TACGGTTACCTTGTTACGACTT-3′)37. The PCR reactions (25 μl) 
contained 1 μl bacterial DNA, 12.5 μl master mix, 1 μl each of the forward and 
reverse primers, and 9.5 μl deionized water. The PCR was run as follows: initial 
denaturation at 95 °C for 5 min, 30 cycles of denaturation at 94 °C for 30 s, 
annealing at 58 °C for 30 s, extension at 72 °C for 1 min 30 and the final extension 

at 72 °C for 10 min. The PCR products were sequenced by Shaihai Songon 
Biotechnology Co., Ltd. The 16S rDNA sequences were identified using the  
NCBI and RDP databases and homologous sequence similarity. To incorporate 
pairwise phylogenetic distance between the pathogen and each isolate as a 
covariate into models, the relatedness between the rhizobacterial isolates and the 
pathogen was calculated using pairwise alignment of 16S rDNA sequences using 
EMBOSS Water38.

Tree construction and phylogenetic analysis of rhizobacterial isolates.  
To construct and explore the phylogenetic relationships between the rhizobacterial 
isolates and the pathogen, the 16S rDNA sequences of all strains (2,150) were 
aligned using MUSCLE. The sequences in the alignment were trimmed at both 
ends to obtain maximum overlap using the MEGA 7 software, which was also 
used to construct taxonomic cladograms and calculate the phylogenetic distances 
between rhizobacteria and the pathogen39. We constructed a maximum-likelihood 
tree using a General time reversible + G + I model, which yielded the best fit to our 
dataset. Bootstrapping was carried out with 100 replicates retaining the gaps. The 
taxonomic cladogram was created using the iTOL web tool (http://huttenhower.
sph.harvard.edu/galaxy/). To allow for further phylogenetic analyses, the tree 
was midpoint-rooted, multichotomies were randomly resolved into a series of 
dichotomies and a small constant (10−6 times the maximum branch length) was 
added to branches with a length of zero. We first used the revised tree to calculate 
the phylogenetic signal (Abouheif ’s Cmean)31 in the production of siderophores 
and the siderophore-mediate effects on pathogen growth, using the phyloSignal 
function of the phylosignal package40 in R. We then performed an ancestral 
character estimation of these two traits. Finally, we compared the results of a 
correlation based on the uncorrected trait values with the results of a correlation 
based on phylogenetically independent contrasts to test for an effect of phylogeny 
on the association between siderophore production and siderophore-mediated 
effects on pathogen growth. Both analyses (ancestral character estimation and 
calculation of phylogenetically independent contrasts) were performed with the 
ape package41, using the ace (which fits a Brownian motion model by residual 
maximum likelihood) and pic functions, respectively.

Measuring the growth of rhizobacteria and their siderophore production.  
To quantify the growth and siderophore production of each rhizobacterial 
isolate under iron-limited and iron-rich conditions, we first revived the isolates 
by transferring 5-μl volumes of their respective freezer stocks into new 96-well 
plate containing 195 μl TSB per well and then cultured the bacteria overnight at 
30 °C with shaking (rotary shaker set at 170 r.p.m.). We then transferred 10 μl of 
the overnight cultures into new 96-well plates containing 190 μl MKB medium 
(2.5 g l−1 K2HPO4, 2.5 g l−1 MgSO4·7H2O, 15 ml l−1 glycerin and 5.0 g l−1 casamino 
acids, pH 7.2). This medium contains low quantities of residual iron42 but still 
allows all of the isolates to grow to a certain extent regardless of their ability to 
produce siderophores (Fig. 1b). As an iron-rich control medium, we supplemented 
MKB with 50 μM FeCl3. We selected a high concentration of iron to ensure that 
iron is no longer a limiting factor for the growth of all of the isolates examined. 
Following a 48-h incubation at 30 °C with shaking (rotary shaker set at 170 r.p.m.), 
we measured the bacterial growth as the maximum density obtained with a plate 
reader at room temperature (OD600; SpectraMax M5).

The same samples were then used to quantify the rhizobacterial siderophore 
production. Specifically, we harvested the cell-free supernatant from bacterial 
cultures by centrifugation (4,000 r.p.m., 5 min at 4 °C) and filtration (using a 
0.22 µm filter). The supernatant was then divided into two parts to measure the 
siderophore production and test the supernatant effects on R. solanacearum 
pathogen growth. Siderophore production was assayed using a modified version 
of the universal chemical assay developed by Schwyn and Neilands43. Briefly, 
we used the liquid version of the CAS assay, where 100 µl cell-free supernatant 
(three biological replicates for all 2,150 soil isolates) or deionized water as a 
control reference were added to 100 μl CAS assay solution in a 96-well plate. 
After 2 h of static incubation at room temperature, the OD630 of the cell-free 
supernatants (A) and deionized water controls (Ar) was then measured using 
a plate reader (SpectraMax M5) at room temperature. Siderophores induce a 
colour change in the CAS medium, which lowers the OD630 measurements, and 
siderophore production can thus be quantified using the following formula: 
1 − A ÷ Ar. Because media components (that is, organic acids) and other 
secreted compounds can also bind iron, it is essential to estimate the CAS signal 
background that is not due to siderophores. We assessed this signal background 
using defined siderophore-deficient mutants from two species (P. aeruginosa 
PAO1ΔpvdDΔpchEF and B. cenocepacia H111ΔorbJΔpchAB)44,45 and their 
corresponding wild types using the same protocol as described above. We 
then averaged the CAS background signals of the two siderophore-deficient 
mutants and used it as a cut-off line to distinguish siderophore producers from 
non-producers among our 2,150 soil isolates.

Effect of rhizobacterial supernatants on the growth of R. solanacearum.  
We used the R. solanacearum strain QL-Rs1115 tagged with the pYC12–mCherry 
plasmid16 as a model pathogen. To explore the interactions between this pathogen 
and the 2,150 members of the rhizosphere microbiomes via secreted products 
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(overview of the experimental design is shown in Supplementary Fig. 2), we 
exposed the pathogen to three different types of supernatant collected from  
the rhizobacteria. These treatments included: (1) supernatants collected from  
iron-rich conditions (rhizobacteria grown in iron-rich MKB medium, in  
which few siderophores are produced but other compounds are secreted; SNri),  
(2) supernatants collected from iron-limited conditions (rhizobacteria grown in 
iron-limited MKB medium, which triggers siderophore production in addition to 
other secreted compounds; SNli) and (3) supernatants collected from iron-limited 
conditions that were subsequently replenished with 50 μM FeCl3 (SNre). This 
supernatant still contains siderophores but they are no longer relevant for iron 
uptake, as the iron is available in excess. As a control, we used sterilized water 
instead of supernatant (SNcontrol). All supernatant assays were carried out in 
triplicate. Specifically, we inoculated 2 μl of an overnight culture of the pathogen 
(adjusted to OD600 = 0.5 after 12 h growth at 30 °C with shaking) into 180 μl fresh 
MKB medium (10× dilution to better reflect the effect of the supernatant) and 
20 µl sterile rhizobacterial supernatant. The cultures were then incubated at 30 °C 
with shaking (rotary shaker set at 170 r.p.m.). Pathogen growth was measured as 
the OD600 (SpectraMax M5 plate reader) after 24 h of cultivation. We subsequently 
calculated the effect of the rhizobacterial supernatant on pathogen growth relative 
to growth in the absence of supernatants using the following formula: growth effect 
GEtreatment = ((SNtreatment ÷ SNcontrol) − 1) × 100, where SNtreatment is SNli, SNri or SNre. For 
this calculation, we took the average supernatant effects across the three replicates. 
Values smaller and greater than zero indicate growth inhibition and facilitation, 
respectively, expressed as the percentage fold-change in growth. From these 
measures, the net GE of siderophores can be measured as GEnet = GEli − GEre.

Control experiments to test whether foreign siderophores affect the growth of 
R. solanacearum. We performed two control experiments to validate that foreign 
siderophores affect pathogen growth as shown by the supernatant assays. First, we 
used the same protocol as described earlier to obtain iron-limited supernatants 
(in triplicate) from two defined siderophore producers (P. aeruginosa PAO1 
and B. cenocepacia H111) and their isogenic null mutants, which are unable to 
produce siderophores due to engineered deletions of siderophore-synthesis genes 
(PAO1ΔpvdDΔpchEF and H111ΔorbJΔpchAB)44,45. We then followed the protocol 
described earlier to challenge the pathogen with these supernatants to test whether 
inhibition of pathogen growth occurs only with supernatants from the wild-type 
strains and not with the supernatants from the siderophore-deficient strains.

In a second control experiment, we extracted and purified the siderophores 
(pyoverdines) from four Pseudomonas isolates in our isolate collection 
(Supplementary Table 6). These four isolates produce large quantities of 
pyoverdine, which can be detected via the natural fluorescence of this molecule 
(relative fluorescence units measured with an excitation at 400 nm and emission 
at 460 nm), using a microplate reader12. We first revived the four isolates by 
transferring 5 μl of their respective freezer stocks into 25-ml conical flasks 
containing 10 ml TSB, and cultured the bacteria overnight at 30 °C with shaking 
(rotary shaker set at 170 r.p.m.). We then transferred 1 ml of the overnight cultures 
into 250-ml conical flasks containing 100 ml iron-limited medium (MKB). 
Following a 48-h incubation at 30 °C (with shaking at 170 r.p.m.), we extracted 
the pyoverdines in the supernatants using a standardized method12,46. We then 
dissolved the purified pyoverdines in 10 ml deionized water and passed it through 
a filter (0.22 µm) for sterilization. Finally, the sterile pyoverdine solutions were used 
to assess their effect on pathogen growth under iron-limited conditions using the 
same protocol that was used for the supernatant assay.

Control experiments examining the impact of iron limitation on the growth 
and siderophore production of R. solanacearum QL-Rs1115. We carried out 
three additional control experiments to verify that the pathogen R. solanacearum 
QL-Rs1115 itself is limited by iron in the MKB medium, produces siderophores 
under iron-limiting conditions and is stimulated by its own iron-limited 
supernatant containing siderophores. We found all these points held true 
(Extended Data Fig. 4). Before performing these experiments, we inoculated  
R. solanacearum from freezer stocks into 200 μl TSB medium to grow overnight at 
30 °C in 96-well microplates. We then transferred 10 µl of the overnight cultures 
into new 96-well plates containing 200 µl of one of three media (five replicates):  
(1) MKB medium supplemented with 50 μM FeCl3 (high iron availability),  
(2) MKB medium (low iron availability) and (3) MKB medium supplemented with 
200 μM 2,2′-dipyridyl, a strong iron chelator (very low iron availability). Following 
a 48-h incubation at 30 °C with shaking at 170 r.p.m., we measured the pathogen 
growth through absorbance at OD600 using a plate reader (SpectraMax M5).

We then used the cultures from the iron-limited (MKB) and iron-rich 
(MKB + iron) medium to collect sterile supernatants, for which we quantified the 
siderophore contents using the CAS assay as per the protocol described earlier. 
Finally, we repeated the supernatant growth assay as reported in Fig. 1c, but this 
time we provided R. solanacearum with its own supernatants. We did this to test 
whether the pathogen is stimulated by its own siderophores, which are present in 
the iron-limited but not the iron-rich and iron-replenished supernatants.

Control experiment testing whether mCherry fluorescence remains stable 
across a pH gradient. We observed that the pH of the MKB medium rises from 

7.17 to 7.55 during a 24-h growth cycle of R. solanacearum. As we aimed to use 
the mCherry signal as a proxy for pathogen growth in mixed cultures with the 
rhizosphere isolates, we tested whether the mCherry fluorescence measurements 
remained stable across a pH range of 6 to 10. Specifically, we took cultures of 
R. solanacearum in the stationary phase and adjusted the pH to 6 (with dilute 
hydrochloric acid) and 10 (with sodium hydroxide solution). After allowing the 
bacterial cultures to adjust to the new pH for 1 h, we quantified the mCherry 
fluorescence of the original culture (unmanipulated pH) and the pH-adjusted 
bacterial cultures (excitation, 587 nm and emission, 610 nm) using the SpectraMax 
M5 plate reader. We found that the mCherry fluorescence intensity was not 
significantly affected by the pH of the bacterial cultures (Supplementary Fig. 3).

Effect of rhizobacteria on pathogen growth in the co-cultures. We co-cultured 
each rhizobacterial isolate with the pathogen in the iron-limited MKB medium 
that triggers siderophore production to test whether the siderophores produced 
by rhizobacteria affect pathogen growth directly. To this end, we first cultured 
all rhizobacterial isolates and R. solanacearum pathogens from 5 μl of their 
respective freezer stocks overnight at 30 °C in 96-well microplates containing 
200 μl of TSB medium. We then co-cultured each rhizobacteria with the pathogen 
by mixing 10 μl of both overnight cultures into new 96-well plates containing 
200 μl iron-limited MKB medium at 30 °C with shaking (170 r.p.m.). After 24 h, 
we quantified the pathogen density on the basis of the constitutively expressed 
mCherry fluorescence signal (excitation at 587 nm and emission at 610 nm) 
using a SpectraMax M5 plate reader. To control for the auto-fluorescence of 
rhizobacteria, we also grew each isolate as a monoculture in iron-limited MKB 
medium and subtracted these monoculture values from the co-culture fluorescence 
values. This allowed us to correlate the changes in pathogen density with the 
siderophore-mediated growth effect of each pathogen-rhizobacterial isolate pair.

Quantification of R. solanacearum densities in the field with qPCR. The density 
of R. solanacearum in the fields was determined using qPCR with primers targeting  
the fliC gene, which encodes a flagellar subunit (forward primer, 5′-GAACGCC 
AACGGTGCGAACT-3′ and reverse primer, 5′-GGCGGCCTTCAGGGAG 
GTC-3′)47. The qPCR was carried out using an Applied Biosystems 7500 real-time 
PCR system. We used SYBR Green I fluorescent dye detection in 20-μl volumes 
containing 10 μl SYBR premix Ex Taq (TaKaRa Bio Inc.), 2 μl DNA template 
extracted from rhizosphere soil and 0.4 μl of both the forward and reverse primers 
(10 mM each). The qPCR was performed with an initial denaturing step of 30 s 
at 95 °C, with subsequent cycling (40×) with a 5 s denaturing step at 95 °C. The 
protocol was followed by a 34 s elongation/extension step at 60 °C, and a melt 
curve analysis for 15 s at 95 °C followed by 1 min at 60 °C and finally for 15 s at 
95 °C. Melt curves were obtained based on a standard protocol and used to identify 
the characteristic peak of PCR product (400 bp)48. Three independent technical 
replicates were used for each sample.

Estimation of the diversity and relative bacterial abundances in the field 
with 16S rRNA amplicon sequencing. To determine the relative abundance 
of rhizobacterial isolates in the field, we first sequenced the whole bacterial 
communities of the 80 tomato rhizosphere samples by amplifying the V4 
hypervariable regions of the bacterial 16S rRNA gene using the primer pair 563F 
(5′-AYTGGGYDTAAAGVG-3′) and 802R (5′-TACNVGGGTATCTAATCC-3′)49. 
The PCR reactions (total volume of 20 μl) contained 4 μl 5×Fast-Pfu buffer, 2 μl 
2.5 mM dNTPs, 0.4 μl of each primer (5 μM), 0.5 μl DNA sample and 0.4 μl Fast-Pfu 
polymerase (TransGen Biotech). The PCR amplification was conducted using an 
Applied Biosystems thermal cycler (GeneAmp PCR system 9700) and included 30 
cycles at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s. Three independent PCRs 
were performed for each DNA sample and the triplicate products were pooled 
to minimize PCR amplification bias. The amplicon products were purified using 
an AxyPrep PCR clean-up kit (Axygen Biosciences) and the sample purities were 
verified by agarose gel electrophoresis. The concentrations of the purified PCR 
products were determined using QuantiFluor-ST (Promega) before subjecting 
them to 250-nucleotide paired-end sequencing on an Illumina MiSeq platform 
at Shanghai Biozeron Biotechnology Co., Ltd. The sequence data were processed 
following the UPARSE pipeline50. Briefly, read pairs from each sample were 
assembled, low-quality nucleotides (maximal expected error of 0.25) were removed 
and reads shorter than 200 bp were discarded. After the elimination of singletons 
and chimeras using the UCHIME method51, sequence depth of 30,071–44,756 
reads were attained for all samples. The soil-sample sequences were then clustered 
using the 16S rDNA sequences of the 2,150 culturable rhizobacteria as reference 
taxa based on a 97% similarity threshold. The relative abundance of each identified 
taxa cluster was then calculated as the percentage of clustered reads of the total 
sequence reads (30,071–44,756 reads, which also included sequences that did not 
match the 2,150 culturable isolates) and analysed using QIIME52. As we did not 
find matching sequences for 20 of the culturable bacterial isolates, these bacterial 
isolates were removed from further analysis.

Determining the rhizobacteria–pathogen co-abundances in the field. We 
further tested whether the siderophore-mediated growth effects could explain the 
co-abundance patterns between the rhizobacteria and R. solanacearum pathogen 
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in the field. To this end, we combined the pathogen qPCR and rhizobacterial 16S 
rRNA data and correlated the pathogen densities with the relative abundance of 
each rhizobacteria across all of the 80 tomato rhizosphere samples, resulting in 
2,150 regression coefficients. Positive coefficients indicate that pathogen densities 
are high when the rhizobacterial abundances are also high, whereas negative 
coefficients indicate that pathogen densities are low when the rhizobacterial 
abundances are high. We then correlated these regression coefficients with 
siderophore-mediated growth effects on the pathogen.

Establishing a causal link between siderophore-mediated growth inhibition 
and reduced pathogenicity in the tomato rhizosphere. We carried out a 
60-d-long greenhouse experiment to test whether siderophore-mediated growth 
inhibition in the rhizosphere reduces the incidence of bacterial wilt disease in 
tomatoes. For this experiment, we randomly selected 360 rhizobacteria belonging 
to the three most-abundant genera (120 isolates from Enterobacter, Bacillus and 
Chryseobacterium taxa each). As the iron-limited supernatants from Bacillus had 
both inhibitory (approximately one-third of all isolates) and promotive effects 
(approximately two-thirds of all isolates), we randomly picked 40 and 80 isolates 
belonging to the two respective categories. We grew tomato seedlings in six-well 
trays filled with growth substrate (100 g substrate per well; commercially available 
from Jiangsu-Xingnong Substrate Technology Co., Ltd), which was sterilized 
with gamma radiation before experimentation. Surface-sterilized tomato seeds 
(Lycopersicon esculentum, cultivar ‘Micro-Tom’) were germinated on water-agar 
plates for 3 d before sowing into six-well trays. At the three-leaf stage, six plants 
were independently inoculated with one of the 360 rhizobacterial isolates at a final 
concentration of 1 × 108 colony-forming units (CFU) g−1 of substrate53 (total of 
2,172 plants). One week later, R. solanacearum was introduced to the roots of all 
plants at a final concentration of 1 × 107 CFU g−1 of substrate. In addition, we had 
two control treatments—that is, tomato plants treated with only the  
R. solanacearum (no rhizobacteria) or sterilized water (no rhizobacteria or pathogen). 
All plants were grown in a greenhouse with a natural temperature variation range 
of 25 to 35 °C and were watered regularly with sterile water. The seedling trays were 
randomly rearranged every 3 d. Disease progression was monitored every second day 
after the first disease symptoms appeared. The incidence of plant disease was later 
quantified as the AUDPC54 based on disease incidence (percentage of wilted plants), 
which is frequently used to combine multiple observations of disease progress  
into a combined single value. The greenhouse experiment was finished 40 d following 
the inoculation with R. solanacearum, after which we pooled the rhizosphere soil 
from the six plant replicates, extracted the bacterial DNA and quantified the  
R. solanacearum densities using the qPCR protocol described earlier.

Statistical analysis. We used generalized linear models to test whether the 
production of siderophores and other metabolites affects the growth of 
rhizobacteria directly (co-cultures) and indirectly (supernatants) in iron-limited 
and iron-rich conditions in the lab, and the absolute and relative abundances of 
the pathogen and rhizobacteria in the field. The relationship between phylogenetic 
distance, siderophore production and the siderophore-mediated effect on pathogen 
growth were visualized as a heatmap using the R package visreg. Relationships 
between the pathogen and rhizobacterial abundances with siderophore-mediated 
effects were analysed using linear regressions. When comparing mean differences 
between treatments, we used analysis of variance (Duncan’s multiple range and 
Mann–Whitney U tests) and Student’s t-tests where P values below 0.05 were 
considered statistically significant. Generalized linear models were also used to 
analyse pathogen density and disease incidence data (AUDPC) in the greenhouse 
experiment. To meet assumptions of normality and homogeneity of variance, data 
were log10-transformed when required. All statistical analyses were carried out 
using the R 3.1.2 program (www.r-project.org).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Raw data of the high-throughput sequences of the 80 soil samples (accession 
numbers SRR8949365–SRR8949444) and sequencing data of the 2,150 strains 
(accession numbers MK823189–MK825338) can be found in the NCBI database. 
All source data has been deposited to the Dryad Digital Repository with the 
following digital identifier: https://doi.org/10.5061/dryad.p8cz8w9mb.
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All code used in this study are available from the corresponding author on request.
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Extended Data Fig. 1 | The diversity and taxonomic classification of rhizosphere microbiomes and bacterial isolates. a, A total of 80 rhizosphere 
microbiomes were identified by amplifying the V4 hypervariable regions of the bacterial 16S rRNA gene. Eight bacterial groups with highest relative 
abundances at the phylum, class, order, family, and genus levels are shown in the figure, while groups with relatively low abundances were merged and 
are presented as one group ‘Others’. b, A total of 2150 rhizosphere isolates were identified by 16s rRNA sequencing and their closest relatives were 
determined using the NCBI database. Seven bacterial groups with highest relative abundances at the phylum, class, order, family, and genus levels are 
shown in the figure, while groups with relatively low abundances were merged and are presented as one group ‘Others’. In all panels, percentage (%) 
values in brackets represent the proportion of each bacterial group of the total OTUs (11929 OTUs; 2150 bacterial isolates).
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Extended Data Fig. 2 | Siderophore production of defined siderophore producers (WT), their isogenic non-producers (deletion mutants) and the 2,150 
rhizosphere isolates. a, CAS values of the two defined wild-type laboratory strains (producer) and the corresponding siderophore-deficient mutants 
(non-producer) under iron-limited (yellow) and iron-rich (purple) conditions. We used the background CAS values of the siderophore-deficient mutants 
as a cut-off value to distinguish background CAS activity from siderophore production. Data represent the mean±s.d. of the siderophore production, n=4 
independent biological replicates (shown as black dots over the bars). b, Mean siderophore production of the 2150 rhizosphere isolates is significantly 
higher under iron-limited compared to iron-rich conditions. Box plots encompass the 25–75th percentiles, the whiskers extend to the minimum and 
maximum points and the midline indicates the median (n=2150 biologically independent rhizobacterial isolates. P values were determined based on 
analysis of variance (ANOVA) followed by paired two-sided Student’s t test. P<2.2×10-16 (*P < 0.05, **P < 0.01, ***P < 0.001)). c, Iron limitation induces 
siderophore production in up to 99% of all siderophore producers (values fall below the solid black line). Data points that fall on the solid black line, ie, 
the diagonal of the square, denotes that equal amount of siderophores were produced under iron-limited and iron-rich conditions. The black dashed lines 
represent the background CAS values of the two siderophore non-producers under iron-limited and iron-rich conditions, respectively.
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Extended Data Fig. 3 | The growth effects of siderophores by rhizosphere bacteria on the plant pathogenic R. solanacearum bacterium. a, The histogram 
shows how the growth of the pathogen R. solanacearum was affected by cell-free rhizobacterial supernatants collected from iron-limited (yellow fit, gEli) 
and iron-rich (purple fit, gEri) media, and when iron-limited supernatants were replenished with iron (blue fit, gEre). b, The panel contrasts gEli (effects 
mediated by siderophores and other metabolites) with gEli - gEre (effects mediated by siderophores alone). The strong positive correlation demonstrates 
that growth effects were mainly driven by siderophores and not by other secreted metabolites and residual nutrients. The black line and grey shaded area 
depict the best-fit trendline and the 95 % confidence interval of the linear regression (adjusted coefficient of determination R2=0.755, n=2150 biologically 
independent rhizobacterial isolates, F1,1248=6610 and two-side P<2.2×10-16 based on Student’s t-test). c, The siderophore-mediated effects of the wild-type 
strains (producers) on the pathogen were representative of strong (Pseudomonas aeruginosa) and mild (Burkholderia cepacia) inhibition of the pathogen, 
while the siderophore-deficient isogenic mutants of both species completely lost their inhibitory effect under iron-limited conditions. Data represent the 
mean±s.d. of n=3 independent biological replicates (shown as black dots over the bars). d, The growth effect of purified pyoverdines of four Pseudomonas 
strains on pathogen under iron-limited condition were very similar to the effects of the raw supernatants (shown in brackets on X-axis). Data represent the 
mean±s.d. of n=4 independent biological replicates (shown as black dots over the bars).
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Extended Data Fig. 4 | R. solanacearum siderophore production and effects on its own growth. a, Iron deficiency constrains pathogen growth (after 48h 
growth measured as OD600) in MKB medium (iron-limited) relative to MKB medium supplemented with 50 µM FeCl3 (MKB+iron). Pathogen growth was 
even further reduced in MKB medium supplemented with 200 μM of the chelator 2,2'-Dipyridyl (MKB+chelator), which mimics the situation where the 
pathogen is exposed to a heterologous siderophore it cannot use. b, siderophore production of the pathogen R. solanacearum QL-Rs1115 under iron-limited 
and iron-rich conditions. c, The siderophores produced by the pathogen also promote its own growth under iron-limited conditions. The net effect caused 
by siderophores alone (right column, black symbols) was obtained by subtracting the growth effect of the iron-replenished supernatant (blue) from the 
growth effect of the iron-limited supernatant (yellow). Values indicate percentage fold-change in growth.In all panels, bars show the mean±s.d. based on 
5 independent biological replicates (shown as black dots over the bars) and different lowercase letters above each bar represent significant differences 
based on analysis of variance (ANOVA) followed by Duncan’s multiple range test (P < 0.05).
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Extended Data Fig. 5 | The level of siderophore production scales negatively with siderophore-mediated effects on pathogen growth. a, The 
(phylogenetically uncorrected) values of siderophore production and siderophore-mediated effects on pathogen growth are negatively correlated.  
b, This correlation holds even after applying phylogenetically independent contrasts to both variables, showing that isolates producing high amounts of 
siderophores are generally more likely to inhibit R. solanacearum growth than isolates producing low amounts of siderophores. In both panels, black dots 
show values for each rhizosphere isolate (n=2150 biologically independent bacterial isolates). The correlation coefficients and p-values were obtained 
from Spearman rank correlations that account for the non-normal distribution of the phylogenetically corrected values. The red line and the green shaded 
area depict the best-fit trendline and the 95 % confidence interval of a linear regression, respectively.
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Extended Data Fig. 6 | effect of siderophore-producing rhizosphere bacterial taxa on tomato plant disease incidence and pathogen density. a, The red 
dashed line shows the baseline level of disease incidence when soils were not pre-inoculated with rhizobacterial isolates and black dashed line represents 
results from the negative control treatment, where tomato plants were neither treated with rhizosphere bacteria nor with the pathogen. b, The red dashed 
line shows the baseline level of pathogen density when soils were not pre-inoculated with rhizobacterial isolates. In (a) and (b), box plots encompass the 
25–75th percentiles, the whiskers extend to the minimum and maximum points and the midline indicates the median(n=360 biologically independent 
rhizobacterial isolates and P values were determined based on analysis of variance (ANOVA) followed by paired two-sided Student’s t test). Significances 
for pairwise comparisons are (from left to right in) in (a): P=3.92×10-5, P=4.87×10-5 and P=0.933, and in (b): P=0.004, P=0.0001 and P=0.116. NS 
represents non-significant difference (*P < 0.05, **P < 0.01, ***P < 0.001).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection

Data analysis Most of the analyses were carried out using R version 3.1.2 using standard functions implemented in the base package; Adobe Illustrator 
version 23.0.1 was used for creating figures; Microsoft excel version 16.30 was used for data analysis. Mega version 7 and QIIME2 version 
2018.11.0 were used to sequences analysis. Additional details are described in the Methods section.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

We deposited the following sequences at NCBI under the listed accession numbers: 2150 strains’ sequences(MK823189-MK825338); Raw data of 80 soil samples’ 
high-throughput sequences(SRR8949365-SRR8949444).  All source data has been deposited to Dryad Digital Repository with the following digital identifier: https://
doi.org/10.5061/dryad.p8cz8w9mb.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We examined the ability of 2150 individual members of 80 rhizosphere microbiomes, covering all major phylogenetic lineages, to 
suppress the bacterium Ralstonia solanacearum, a global phytopathogen capable of infecting various crops, both in vitro and in vivo 
in controlled greenhouse experiments using tomato plants. We hypothesized that competition for iron, through the secretion of 
siderophores that scavenge iron from the environment, could represent a universal mechanism determining how strongly members 
of the soil microbiome can suppress the pathogen and protect plants.

Research sample DNA from 80 rhizosphere soil samples  
2150 bacterial isolates from 80 rhizosphere soil samples.

Sampling strategy 80 rhizosphere soil samples were collected from individual tomato plants located on four geographically distant fields that have 
suffered from bacterial wilt disease for 3-15 years. Twenty rhizosphere soil samples, corresponding each to an individual plant, were 
collected from each site. To this end, the excess soil was first gently shaken from the roots and the remaining soil attached to roots 
was considered as the rhizosphere soil. 
32 isolates were randomly picked per rhizosphere soil sample. Only high dilutition samples were used for isolation to prevent 
potential fungal contaminants. Isolates were then re-streaked on TSA plates for colony purification. Approximately 16.0 % of bacterial 
isolates failed to grow on the TSA plates for unknown reasons and were omitted from the data set (approximately the same number 
of isolates failed to grow per each field). The final collection consisted of 2150 bacterial isolates from 80 rhizosphere soil samples. We 
used 16S rRNA amplicon sequencing to taxonomically identify all 2150 rhizobacterial isolates. 
we used Illumina sequencing to reveal the whole microbial community structure for each plant in a cultivation- independant way. 

Data collection SG, ZW, XW, ML and XM performed lab experiments and collected the data; SG, ZS, TY, KC performed greenhouse experiments and 
collected the data. (see methods for detail)

Timing and spatial scale All samples were collected between march and december 2016

Data exclusions No data exclusions

Reproducibility All measurements were carried out in triplicate. The experimental sampling was repeated across four independent field sites 
separated by 500-1000 km to ensure full replication.

Randomization 32 bacterial isolates were randomly picked per rhizosphere soil sample. The sampling was randomized to ensure a balanced sample 
representation accross sites and plants. Samples were randomized during lab experiments, plants were randomized during 
greenhouse experiments (see methods).

Blinding We used abstract labels for the different bacterial isolates during the lab and greenhouse experiments.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Agricultural fields in China, 

Location  Changsha (112°58ʹ E, 28°11ʹ N), Ningbo (121°67ʹ E, 29°91ʹ N), Nanchang (115°51ʹ E, 28°41ʹ N), and Nanning (108°21ʹ E, 22°49ʹ N)

Access and import/export The sample collection did not involve sensitive ecosystems. Minimal amounts of soil were collected at each sites (a few grams 
per sample)

Disturbance No disturbance caused by this work. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 



3

nature research  |  reporting sum
m

ary
O

ctober 2018

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging


	Competition for iron drives phytopathogen control by natural rhizosphere microbiomes
	Methods
	Rhizosphere soil sampling
	Soil DNA extraction
	Isolation of rhizobacteria
	16S ribosomal RNA gene sequencing of rhizobacteria
	Tree construction and phylogenetic analysis of rhizobacterial isolates
	Measuring the growth of rhizobacteria and their siderophore production
	Effect of rhizobacterial supernatants on the growth of R. solanacearum
	Control experiments to test whether foreign siderophores affect the growth of R. solanacearum
	Control experiments examining the impact of iron limitation on the growth and siderophore production of R. solanacearum QL- ...
	Control experiment testing whether mCherry fluorescence remains stable across a pH gradient
	Effect of rhizobacteria on pathogen growth in the co-cultures
	Quantification of R. solanacearum densities in the field with qPCR
	Estimation of the diversity and relative bacterial abundances in the field with 16S rRNA amplicon sequencing
	Determining the rhizobacteria–pathogen co-abundances in the field
	Establishing a causal link between siderophore-mediated growth inhibition and reduced pathogenicity in the tomato rhizosphe ...
	Statistical analysis
	Reporting Summary

	Acknowledgements
	Fig. 1 Siderophore production by rhizosphere bacteria and their growth effects on the plant pathogenic R.
	Fig. 2 The taxon identity of the rhizobacterial isolates and their phylogenetic distance to R.
	Fig. 3 Siderophore-mediated effects on pathogen growth correlate with R.
	Fig. 4 Siderophore-mediated growth effects predict plant disease outcomes and pathogen load in the tomato plant rhizosphere during greenhouse experiments.
	Extended Data Fig. 1 The diversity and taxonomic classification of rhizosphere microbiomes and bacterial isolates.
	Extended Data Fig. 2 Siderophore production of defined siderophore producers (WT), their isogenic non-producers (deletion mutants) and the 2,150 rhizosphere isolates.
	Extended Data Fig. 3 The growth effects of siderophores by rhizosphere bacteria on the plant pathogenic R.
	Extended Data Fig. 4 R.
	Extended Data Fig. 5 The level of siderophore production scales negatively with siderophore-mediated effects on pathogen growth.
	Extended Data Fig. 6 Effect of siderophore-producing rhizosphere bacterial taxa on tomato plant disease incidence and pathogen density.




