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Interactions with native microbial keystone =

taxa enhance the biocontrol efficiency
of Streptomyces
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Abstract

Background Streptomyces spp. are known for producing bioactive compounds that suppress phytopathogens. How-
ever, previous studies have largely focused on their direct interactions with pathogens and plants, often neglecting
their interactions with the broader soil microbiome. In this study, we hypothesized that these interactions are critical
for effective pathogen control. We investigated a diverse collection of Streptomyces strains to select those with strong
protective capabilities against tomato wilt disease caused by Ralstonia solanacearum. Leveraging a synthetic com-
munity (SynCom) established in our lab, alongside multiple in planta and in vitro co-cultivation experiments, as well
as transcriptomic and metabolomic analyses, we explored the synergistic inhibitory mechanisms underlying bacterial
wilt resistance facilitated by both Streptomyces and the soil microbiome.

Results Our findings indicate that direct antagonism by Streptomyces is not sufficient for their biocontrol efficacy.
Instead, the efficacy was associated with shifts in the rhizosphere microbiome, particularly the promotion of two
native keystone taxa, CSC98 (Stenotrophomonas maltophilia) and CSC13 (Paenibacillus cellulositrophicus). In vitro co-
cultivation experiments revealed that CSC98 and CSC13 did not directly inhibit the pathogen. Instead, the metabolite
of CSC13 significantly enhanced the inhibition efficiency of Streptomyces R02, a highly effective biocontrol strain

in natural soil. Transcriptomic and metabolomic analyses revealed that CSC13’s metabolites induced the production
of Erythromycin E in Streptomyces R02, a key compound that directly suppressed R. solanacearum, as demonstrated
by our antagonism tests.

Conclusions Collectively, our study reveals how beneficial microbes engage with the native soil microbiome

to combat pathogens, suggesting the potential of leveraging microbial interactions to enhance biocontrol efficiency.
These findings highlight the significance of intricate microbial interactions within the microbiome in regulating plant
diseases and provide a theoretical foundation for devising efficacious biocontrol strategies in sustainable agriculture.
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Introduction

The rhizosphere is a vibrant microecosystem teeming
with a multitude of microorganisms, including bacteria,
archaea, fungi, and other eukaryotes, playing a pivotal
role in plant health and soil fertility [1]. These micro-
organisms engage in intricate interactions that signifi-
cantly influence plant growth and stress tolerance [2, 3].
Notable among them are microbes such as Bacillus spp.
and Streptomyces spp., which are known for producing
beneficial compounds, such as siderophores and phyto-
hormones that have been extensively studied for their
potential as biocontrol agents [4, 5]. Recently, the Euro-
pean Union has approved Streptomyces lydicus WYEC
for biocontrol purposes in agricultural fields due to its
ability to inhibit various fungal plant pathogens [6].
Despite their potential as biocontrol agents and eco-
friendly alternatives to synthetic fungicides, the practical
implementation in field conditions faces several hurdles
[7]. One major challenge is the unpredictable efficacy,
which can fluctuate significantly due to various factors,
including soil composition, crop types, and weather
conditions [7, 8]. Additionally, our understanding of the
intricate relationships between biocontrol microorgan-
isms and the native soil microbiota, as well as the conse-
quent impact on biocontrol performance, is still limited
[9, 10]. This knowledge gap restricts our ability to formu-
late effective biocontrol inoculants for different agricul-
tural settings.

Metabolite-driven microbial interactions make the
rhizosphere a dynamic ecological hotspot. Rhizosphere
microbes produce a diverse array of secondary metabo-
lites, such as siderophores (e.g., coelichelin and desfer-
rioxamine) [11], detoxification enzymes (e.g., catalase
and mercuric ion reductase) [12, 13], and specialized
bioactive compounds of chresdihydrochalcone, chres-
phenylacetone, streptimidone, and lipopeptide [14, 15].
Additionally, they release crucial primary metabolites
like amino acids (e.g., methionine, lysine, isoleucine, and
arginine) [16]. Streptomyces spp. are particularly recog-
nized as effective biocontrol agents to directly antago-
nize phytopathogens [17]. Importantly, interactions
among microbes can further stimulate antibiotic synthe-
sis, for instance, microbes like Streptomyces species can
often respond to the presence of other microorganisms
by upregulating their antibiotic production, effectively
enhancing their biocontrol capabilities through recip-
rocal strategies [18, 19]. Collectively, these metabolites
serve as communal resources, utilized by the entire com-
munity to support different biological processes and
interactions, thereby maintaining microbiome stability
and functionality [20-22]. Although metabolite-medi-
ated microbial interactions have been extensively studied
[23], the role of metabolites from native soil microbiomes
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and their effects on biocontrol agents remains relatively
unexplored.

Among the myriad plant-associated microorganisms,
Streptomyces species stand out for their exceptional pro-
duction of bioactive metabolites, making them a valu-
able resource in agriculture due to their antifungal and
antibacterial properties [24]. Notably, Streptomyces spp.
play a crucial role in promoting plant health through
the production of metabolites such as kakadumycin and
coronamycins [25, 26], as well as the synthesis of phy-
tohormones including indole-3-acetic acid (IAA) and
abscisic acid (ABA), along with the enzymatic degrada-
tion of 1l-aminocyclopropane-1-carboxylic acid (ACC)
via ACC deaminases. These attributes make Streptomyces
spp. significant contributors to plant health [27-29] and
influence the structure and composition of rhizosphere
microbial communities [30, 31].

Soil-borne diseases such as bacterial wilt caused by
Ralstonia solanacearum have a significant global impact
on crop yield and quality, resulting in substantial eco-
nomic losses and raising considerable food safety con-
cerns [32]. While Streptomyces spp. are effective in
disease control [33], it remains unclear whether the
rhizosphere microbiome contributes to synergistic dis-
ease inhibition alongside Streptomyces spp. Our previous
research demonstrated that the rhizosphere of healthy
tomato plants exhibits a higher abundance of Streptomy-
ces spp. compared to those infected with bacterial wilt
disease, indicating the recruitment of Streptomyces spp.
by tomatoes to establish a protective rhizosphere micro-
biome against this disease [34]. However, the exact mech-
anisms underlying the interactions between Streptomyces
and indigenous soil microbes in contributing to plant dis-
ease suppression remain elusive.

In this study, we used Ralstonia solanacearum
QL-Rs1115 (Rs1115) as the model pathogen and inves-
tigated the interactions within rhizosphere microbiomes
between Streptomyces and other microorganisms, to
elucidate their collective impact on the effectiveness of
Streptomyces in plant protection. To simulate the natu-
ral environment of the rhizosphere microbiome, we
constructed a synthetic community (SynCom) compris-
ing 100 representative bacterial species selected based
on 16S rRNA sequences derived from 122 complete
genomes isolated from the tomato rhizosphere. Each
species was represented by a single strain. This SynCom
encompassed the majority of high-abundance bacte-
ria in the tomato rhizosphere, closely simulating its ini-
tial microbiome composition although simpler than the
original rhizosphere microbiome [35]. We examined the
protective capability of Streptomyces against invasion by
Rs1115 on plants through a series of cultivation-inocu-
lation experiments in the greenhouse, extensive in vitro
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co-cultivation tests, and using transcriptomic and metab-
olomic approaches to characterize the molecular changes
in Streptomyces induced by interactions with other
microbes. Our hypothesis posited that disease suppres-
sion by Streptomyces spp. is influenced not only by their
direct interactions with pathogens and plants through
bioactive compound utilization but also by their inter-
actions with other rhizosphere microbes. Therefore, our
study aimed to uncover how Streptomyces’ engagement
with the soil microbiome impacts its protective efficacy
against diseases, identify key soil microbes involved in
this process, and elucidate the microbe-microbe interac-
tion mechanisms within the rhizosphere. Our findings
yield novel insights into how the rhizosphere microbiome
enhances the biocontrol capabilities of Streptomyces spp.,
highlighting the cooperative interactions between Strep-
tomyces spp. and native soil microbes for strengthening
defenses against pathogenic invasions.

Results

Antagonistic effects in vitro do not explain the plant
protection ability of Streptomyces

We initially screened various Streptomyces strains for
their ability to control the pathogen Rs1115 in soil envi-
ronments and facilitate the subsequent mechanistic
investigations. To this end, we assessed 50 Streptomyces
strains (detailed in Table S1, Fig. Sla, Fig. S2) for their
capacity to control wilt disease. All strains exhibited
antagonistic effects against Rs1115 on nutrient agar (NA)
medium plates, with inhibition zone diameters ranging
from 0.99 to 6.59 cm (Table S1) (This inhibition zone data
were from Yang et al. [34]). Subsequently, we assessed
their plant protection ability in natural soils through a
greenhouse experiment. The biocontrol efficiency varied
among the Streptomyces spp., ranging from 8.34% (strain
R37) to 100% (strains R02, R21, R33, R35, and Y1), with
an average efficiency of 58.71% (Table S1). To determine
whether direct inhibition was the primary mechanism of
disease suppression, we analyzed the association between
laboratory-measured inhibition of Rs1115 (indicated by
the diameter of the inhibition zone) and greenhouse-
determined biocontrol efficiency of these Streptomyces
spp. Surprisingly, no significant associations were dis-
covered (Fig. 1a, P= 0.82, R*< 0.01, F1,48= 0.053), sug-
gesting that direct inhibitions by Streptomyces alone do
not fully account for their protective effects on plants.
This led us to hypothesize that the plant protection abil-
ity of Streptomyces spp. is determined by the interaction
between Streptomyces spp. and the native rhizosphere
microbiome. To validate this hypothesis, further inves-
tigation was conducted using twelve superior biocontrol
efficient strains (efficiency range 68.76 to 100%) (Fig.
S3, Table S1), which displayed varying vegetative and
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spore structures as well as physiological characteristics
including temperature, pH, salinity tolerances, enzyme
activities, and rhizosphere colonization abilities (Fig. S4,
Table S2). Through these phenotypic, physiological, and
biochemical analyses along with further averaged nucleo-
tide identity (ANI) examinations, we found that strains
RO2 and R17 (ANI =97.29%) belonged to the same spe-
cies but were different strains. The remaining ten strains
were identified as different Streptomyces species, with
ANI values ranging from 84.09 to 90.77% (Table S3,
Table S4), indicative of their diverse phylogenetic back-
grounds and varying biocontrol potential.

Host protection ability of Streptomyces is linked

to the rhizosphere microbiome

To simplify the intricate interactions within the natu-
ral rhizosphere soils of tomato plants, we constructed a
synthetic community (SynCom) consisting of 100 well-
characterized bacterial strains isolated from the tomato
rhizosphere, representing the bacterial community in
tomato rhizosphere soil (Table S5). We conducted green-
house experiments in which we applied the twelve Strep-
tomyces strains both individually in sterile substrate and
in combination with the constructed SynCom to assess
plant protection against the disease (Fig. S1b, c, Fig. S5,
Fig. S6). We found that compared with the Streptomy-
ces strains alone (with an average biocontrol efficiency
of 48.73%), the combination of Streptomyces with Syn-
Com significantly enhanced biocontrol efficiency (with
an average biocontrol efficiency of 70.56%, Fig. 1b, P=
0.0004, df =18.26, t= —4.32, two-sided Student’s ¢-test).
The pathogen density (defined as the abundance of R.
solanacearum-specific fliC gene copy numbers per gram
of dry soil, quantified by qPCR) in each treatment com-
bining Streptomyces with SynCom was significantly lower
than in treatments with SynCom or the pathogen alone
(Fig. 1c, P< 0.001, F(33,5= 283.3, Dunnett-test). These
results indicated that the co-application of Streptomyces
and SynCom provides significantly greater plant protec-
tion than either the SynCom or individual Streptomyces
strains alone, suggesting a synergistic biocontrol effect.
In line with the natural soil, the correlation between the
direct inhibition of the twelve Streptomyces strains (in
the absence of the SynCom) and their biocontrol effi-
ciency was not significant in the sterile substrate (Fig.
S7, P= 0.36, R*= 0.08, F (1 ,5)= 0.92). Similarly, there
was no significant correlation between the direct inhibi-
tion of the twelve Streptomyces strains (with the presence
of SynCom) and their biocontrol efficiency (Fig. 1d, P=
0.26, R*=0.04, F (, 1= 1.42). Overall, direct inhibition by
Streptomyces alone did not sufficiently predict their plant
protection potential, and the presence of SynCom mem-
bers enhanced the biocontrol effect of Streptomyces spp.,
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Fig. 1 Antagonistic effect of Streptomyces against the pathogen and impact of rhizosphere microbes on biocontrol efficiency. a Correlation
analysis between the direct pathogen inhibition capacity of 50 Streptomyces isolates (as indicated by the average diameter of the inhibition zone)
and their biocontrol effectiveness in natural soil. b Comparison of biocontrol efficiency between individual applications of Streptomyces and its
use within a synthetic community (SynCom); the shaded area highlights the biocontrol efficiency attributable to SynCom alone (biocontrol
efficiency of SynCom =59.72%). ¢ Box plots depicting the pathogen density in each treatment (RXX/Y1: various Streptomyces combinations

with SynCom against Rs1115; SynCom: inoculated only with the synthetic community). The shaded area shows the pathogen density in the control
treatment (CK) where Rs1115 was present alone (pathogen density in CK=7.9 x 10° log,, copies g~ dry soil). d Correlation analysis of direct
pathogen inhibition and biocontrol efficiency for twelve Streptomyces isolates in combination with SynCom. e Significant correlation observed
between Streptomyces relative abundance and pathogen density in a greenhouse experiment involving Streptomyces combined with SynCom. f
Correlation analysis between the relative abundance of Streptomyces and its biocontrol effectiveness in the same experiment. The different colors
of the nodes (from red to blue) represent low to high biocontrol efficiency for each treatment. Linear regression was fitted using the Im function

potentially due to synergistic interactions. These findings
suggest that the disease suppression capabilities of Strep-
tomyces are significantly influenced by the rhizosphere
microbiome.

Inoculation of Streptomyces spp. promoted specific
SynCom members in the rhizosphere

To investigate the impact of Streptomyces inoculations on
the SynCom compositional dynamics and their implica-
tions for plant protection, we analyzed the bacterial com-
munities in the tomato rhizosphere within a greenhouse

experiment. This experiment paired each of the twelve
Streptomyces strains with the SynCom to combat wilt
disease (Table S6). By aligning 16S rRNA sequences
from amplicon sequencing to those of SynCom strains
from whole-genome sequencing, we detected all twelve
Streptomyces strains in the tomato rhizosphere. The rela-
tive abundance of Streptomyces spp. was negatively cor-
related with pathogen density (Fig. le, P< 0.001, R*=
0.23, F (146= 15.22), and positively correlated with the
biocontrol efficiency of Streptomyces on tomato plants
(Fig. 1f, P= 0.003, R*= 0.16, F ; 45,= 9.85). No impacts
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on SynCom alpha diversity were observed (P> 0.05, Dun-
nett-test, TableS7). However, SynCom community com-
position was significantly affected by the Streptomyces
spp., explaining 41% of community variations (Fig. 2a, P<
0.001, R*= 0.41, PERMANOVA).

We also observed that the SynCom with high bio-
control efficiency clustered at the top of the PCoA plot
(Fig. 2a). Horizontal (PCoA1) and vertical (PCoA2) coor-
dinates for each point were extracted to assess their cor-
relations with Streptomyces biocontrol effects (Table S7).
The results showed no significant associations between
PCoAl and the pathogen density (P= 0.14, R*= 0.02,
F (150= 2.23) or biocontrol efficiency (P= 0.056, R*=
0.05, F (1 50= 3.827). However, PCoA2 significantly cor-
related with the pathogen density (Fig. 2b, P= 0.004,
R*=0.134, F ; 5= 8.88) and biocontrol efficiency of dif-
ferent Streptomyces treatments (Fig. 2c, P= 0.004, R*=
0.14, F (1 50)= 9.164), suggesting that the protection abil-
ity of Streptomyces spp. on plants is associated with the
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SynCom structure. Additionally, we used the pairwise
DESeq analysis and Upset plots to analyze the commonly
shared enriched SynCom members across Streptomyces
treatments. Among these shared species, the SynCom
member CSC98 (Stenotrophomonas maltophilia) was the
most commonly shared across Streptomyces spp. with
high biocontrol efficiency (Fig. 2d, Fig. S8).

S. maltophilia CSC98 and P. cellulositrophicus CSC13as
keystone taxa

To further investigate the interactions between Syn-
Com members and Streptomyces species, we conducted
the co-occurrence network analysis of the rhizosphere
microbiome using the Molecular Ecological Network
Analysis (MENA) pipeline and visualized the results with
Gephi (Fig. 3a, Table S8, §9). The network comprised 518
positive and 116 negative correlations. Among these, 21
correlations were observed between SynCom members
and Streptomyces, as well as 16 correlations between
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Fig. 2 Impact of Streptomyces on community diversity in greenhouse experiments. a Principal coordinate analysis (PCoA) with Bray-Curtis
dissimilarity showing the community structure when combining Streptomyces with SynCom. Significant differences in microbiome community
structures were observed among various Streptomyces treatments, with the structure of the bacterial community distinctly separated

along the PCoA2 axis. The PCoA1 and PCoA2 values for each isolate were extracted to demonstrate changes in microbiome structure

under different Streptomyces spp. treatments based on biocontrol efficiency, with each point colored according to biocontrol efficiency. b
Relationship between PCoA2 and pathogen density, with the black line representing the linear regressions and 95% confidence intervals (n= 52,
P=0.004). ¢ Correlation analysis between PCoA2 and biocontrol efficiency, illustrated by linear regressions with 95% confidence intervals (n= 52,
P=0.004). d UpSet plots showing all significantly enriched bacterial species in SynCom; CSC98 (Stenotrophomonas sp.) was particularly prevalent
in treatments with high biocontrol efficiency (blue). All linear regressions were performed using the Im function
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SynCom members and the pathogen Rs1115. Notably,
both CSC98 and CSC13 exhibited strong connections
with Streptomyces and Rs1115, suggesting their potential
roles as keystone taxa in aiding Streptomyces spp. in con-
trolling the pathogen (Fig. 3a). Among the relationships,
strain CSC98 was directly associated with Rs1115 and
indirectly associated with Streptomyces via CSC13. Sub-
sequently, we found that CSC98 had a significant positive
correlation with the plant protection ability (Fig. 3b, P<
0.001, R*= 0.26, F (1,50)= 18.68 for pathogen density and
Fig. 3¢, P< 0.001, R*=0.26, F ; 50,= 19.37 for biocontrol
efficiency), while CSC13 did not significantly correlate
with either pathogen density (Fig. 3d, P= 0.09, R*= 0.37,
F (150 = 2.97) or the biocontrol efficiency (Fig. 3e, P=
0.14, R*=0.02, F 1,50)= 2.19). These findings suggest that
CS(C98 has a direct role in the suppression of Rs1115, and
CSC13 acts as a mediator in the Streptomyces’ interac-
tions with CSC98.

Synergistic effects of keystone taxa and Streptomyces
inhibit the pathogen

To investigate how interactions between Streptomy-
ces R02, which exhibited the most effective biocontrol
against Rs1115, and the key SynCom species (S. malt-
ophilia CSC98 and P. cellulositrophicus CSC13) influence
the biocontrol efficiency against Rs1115, we conducted
multiple cross-feeding experiments using metabolites
from the supernatants of liquid culture of the strains (Fig.
S1 d). Our results showed that the supernatant contain-
ing metabolites from Streptomyces R02 significantly pro-
moted the growth of CSC13 (Fig. 4a, P< 0.001, df =21.97,
t=4.27, two-sided Student’s t-test), while it had no effects
on the growth of CSC98 (Fig. 4b, P= 0.67, df =16.83, t=
0.44, two-sided Student’s t-test). Furthermore, metabo-
lites from CSC98 significantly promoted the growth of
CSC13 (Fig. 4c, P< 0.001, df =21.65, t= 5.76, two-sided
Student’s ¢-test). Similarly, the metabolites from CSC13
also significantly promoted the growth of CSC98 (Fig. 4d,
P= 0.0041, df =19.16, t= 3.26, two-sided Student’s
t-test). These findings demonstrated a mutually beneficial
relationship among S. maltophilia CSC98, Streptomyces
R02, and P cellulositrophicus CSC13, suggesting syner-
gistically metabolic interactions that contribute to the
collective biocontrol efficacy of Streptomyces R02 against
Rs1115.

We then investigated the antagonisms between the
two keystone microbes, Streptomyces R0O2 and the
pathogen, by focusing on direct inhibitory effects and
nutritional competition. These bacterial strains had dis-
tinct colony morphologies: yellowish pink for the path-
ogen, golden yellow for CSC98, and pale for CSC13,
which aided colony counting to assess competition
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in co-cultivation experiments. Our results showed
that CSC98 strongly competed with Rs1115 for nutri-
ents and significantly inhibited the growth of Rs1115
(Fig. 4e, P< 0.001, F(3;5= 196.40, ANOVA). In con-
trast, strain CSC13 did not compete nutritionally with
Rs1115 (Fig. 4f, P< 0.001, F (3,5 = 384.70, ANOVA),
but promoted the growth of Streptomyces R02 (Fig. 4g,
P<0.001, Fp33= 386.10, ANOVA). The supernatant of
S. maltophilia CSC98 and P. cellulositrophicus CSC13
alone did not inhibit Rs1115. Furthermore, neither
the co-cultured supernatants of the two strains nor an
equal mixture of their supernatants affected Rs1115
(Fig. 4h, P= 0.29, F4,; = 1.25, Dunnett-test). This is
consistent with the result that CSC13 and CSC98 did
not directly interact (e.g., inhibit) with Rs1115 on NA
plates (Fig. S9). Interestingly, as shown in our cross-
feeding experiments, the supernatant of CSC98 and
CSC13 significantly enhanced the inhibitory effect
of Streptomyces R02’s supernatant on Rs1115, with
the supernatant from CSC13 showing the strongest
enhancement among all treatments (Fig. 4i). Different
combinations/orders of supernatant treatments also
influenced the biocontrol efficiency of R02 (Fig. 4i). In
the CSC98_CSC13 + R02 treatment, where the CSC13
was first treated with the supernatant of CSC98, fol-
lowed by treating RO2 with the supernatant of CSC13,
we observed significant higher inhibition of Rs1115
(P< 0.001) than RO2 alone. In the reverse order treat-
ment, where CSC98 was treated with the supernatant
from CSC13 before R02 received the CSC98 super-
natant, a similar inhibition level of Rs1115 (P< 0.001)
was observed than R02 alone (Fig. 4i). In the co-culture
treatment (co-culture +R02), where R02 was treated
with the supernatant from the co-culture of CSC98 and
CSC13, we observed a significant reduction in Rs1115
turbidity compared to the control (Rs only), but the
inhibition was less pronounced than in the sequen-
tial treatments (CSC98_CSC13 +R02, CSC13_CSC98
+R02, CSC13 +R02, and CSC98 +R02). Notably, for
cross-feeding experiments, bacterial cultures were
standardized by diluting cultures to an ODg,, of 0.5
using a SpectraMax M5 plate reader, followed by cen-
trifugation (7000 rpm, 10 min, 4°C) and filter steri-
lization (Millex-GP Filter, 0.22 pum, PES membrane,
SLGPR33RB) to remove living cells. Overall, these
results highlight the importance of the specific bacterial
interactions in maximizing antagonistic activity, and
these inhibitory effects appear to be driven by micro-
bial interactions and enhanced antimicrobial produc-
tion of R02 by CSC13 rather than by increased biomass
of Streptomyces R02 (Fig. 4i, P< 0.001, F(; g4 = 215,
Dunnett-test and Tukey’s multiple range) (Table S10).
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Fig. 4 Quantitative analyses of microbial growth characteristics and interactions for Streptomyces R02, pathogen Rs1115, and strains CSC98

and CSC13. a Box plots comparing the impact of Streptomyces R02 supernatant on strain CSC13's growth. b Box plots showing the influence

of Streptomyces R02 supernatant on strain CSC98's growth. ¢ Box plots illustrating the effect of CSC98 supernatant on CSC13's growth. d

Impact of CSC13 supernatant on CSC98's growth. e Co-culture of strain CSC98 with Rs1115. f Co-culture of strain CSC13 with Rs1115. g Effects
of supernatants from strains CSC98 and CSC13 on the growth of Streptomyces R02. h Impact of supernatants from various strains and their
combinations (excluding Streptomyces R02) on Rs1115 growth. i Effects of single and combined bacterial supernatants on Rs1115's inhibition

by Streptomyces RO2 supernatant. Legend: R02_CSCXX indicates strain CSCXX treated with Streptomyces RO2 supernatant. CSCXX_R02 indicates
the biomass of Streptomyces R0O2 treated with strain CSCXX's supernatant. CSCXX represents strain CSCXX alone. CSCAA_CSCBB shows strain CSCBB
treated with strain CSCAA supernatant. RS indicates the growth of Rs1115 alone. Co_RS (e) and Co_RS (f) refer to Rs1115 in co-culture systems
with strains CSC98 and CSC13, respectively. Co_CSCXX indicates strain CSCXX in co-culture with Rs1115. R02 only (g) represents the biomass

of Streptomyces R02 alone. Rs only (h, i) represents ODg,, nm of Rs1115 alone. RO2 only (i) represents ODgy, nm of Rs1115 treated with strain R02
supernatant. Co_culture (h, i) represents the co-culture of strains CSC13 and CSC98. Mix (h, i) denotes supernatant from mixed strains CSC13

and CSC98 in equal proportions

Streptomyces RO2 on Rsl115 when the Streptomyces
was influenced by metabolites from CSC13, as observed
in the glasshouse and cross-feeding experiments. To

Transcriptomic and metabolomic analysis of the biocontrol
efficiency
Our results revealed a promoted inhibitory effect of
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elucidate the mechanisms, we investigated the transcrip-
tional and metabolic changes in Streptomyces R02 cells
with and without CSC13 metabolites (Fig. 5). There were
significant differences in the gene expressions (?= 0.005)
(Fig. 5a, Fig. S10a) with 1915 differentially expressed
genes between R02 and CSC13_R02 treatments (7 days
post-inoculation in NB medium) (Table S11, Fig. S10a,
b). Major transcriptional changes were associated with 19
different pathways, including oxidative phosphorylation,
valine, leucine, and isoleucine degradation (Fig. 5b, Fig.
S10c, Table S12), indicating that CSC13 induced signifi-
cant metabolic alterations in Streptomyces R02.
Importantly, the CSC13 +R02-treated group showed
a substantial increase in the antibacterial secondary
metabolite Erythromycin E (P< 0.001, F 5= 234) com-
pared to the R02 only and CSC13 only groups, which
both showed a low abundance of the compound (Fig. 5).
In details, metabolomics of CSC13 +R02, CSC13 only,
and RO2 only revealed a total of 6896 metabolites, com-
prising 33.74% amino acids and derivatives, 10.80%
organic acids, 10.34% glycerophospholipids (GP), 5.28%
alkaloids, and 11.28% others including ketones, alde-
hydes, lactones, and saccharides (Fig.S11a, Table S13).
Cluster heatmap analysis revealed significant differences
in the metabolite production across the three groups
(RO2 only, CSC13 only, and CSC13 +R02), which were
distributed into eight clusters. Metabolites in clusters
1 and 2 were most abundant in the CSC13-only group,
while clusters 3, 5, and 7 peaked in the R02-only group.
Conversely, clusters 4, 6, and 8 showed the highest lev-
els in the CSC13 +R02 group (Fig. S11b). The biological
replicates clustered closely, indicating high homogene-
ity among them, and the PCoA analysis revealed signifi-
cant differences between the groups (Fig. 5c, explaining
62% of variance, P= 0.001). The differential metabolite
analysis between the CSC13 +R02 and R02 only groups
revealed significantly enriched metabolites in the CSC13
+R02 group, which were mainly amino acids and deriva-
tives, benzene and substituted derivatives, lactones,
and so on (Fig. 5d, Table S14) and significantly enriched

(See figure on next page.)
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metabolites in pathways including (i) the biosynthesis of
secondary metabolites, (ii) the biosynthesis of antibiotics,
and (iii) other related metabolic pathways (Fig. S1lc, d,
e).

The CSC13-induced key genes were linked to the
metabolites in Streptomyces R02, collectively contrib-
uting to the enhanced inhibition of Rs1115. We identi-
fied 30 key genes that were upregulated in expression
in Streptomyces R02 treated with CSC13’s metabolites,
which were all significantly associated with the pro-
duction of the antibacterial compound Erythromycin
E (Fig. 5e, S12). These genes were from five major tran-
scriptomic pathways in Streptomyces: (i) valine, leucine,
and isoleucine degradation; (ii) glycolysis/gluconeogen-
esis; (iii) inositol phosphate metabolism; (iv) phenyla-
lanine metabolism; and (v) geraniol degradation and
biosynthesis of secondary metabolites (Fig. 5e, S12).
Through validation experiments with the key compound
Erythromycin E, we confirmed its strong inhibitory
against Rs1115. The diameter of the inhibition zone of
Erythromycin E against Rs1115 ranged from 3.5 +0.043
to 0.84 +£0.026 cm (Fig. 6a), with a minimum inhibitory
concentration (MIC) was 0.25 pug/mL (Fig. 6b, Table S15).
As the concentration of Erythromycin E decreased from
256 to 0.25 pg/mL, both the diameter of the inhibition
zone and the inhibition of Rs1115 cells in liquid culture
decreased significantly (Fig. 6¢, d). Overall, the results
from transcriptomic, metabolomic, and validation analy-
ses provide strong evidence that CSC13’s metabolites sig-
nificantly enhanced Streptomyces R02’s ability to inhibit
Rs1115 (Fig. 7).

Discussion

Our study found that the in vitro antagonistic effects
of Streptomyces did not explain their ability to protect
tomato plants from the pathogen Rs1115 in natural soils.
Greenhouse experiments showed significant variability
in biocontrol efficiency among 50 Streptomyces strains,
but no correlation between in vitro inhibition and plant
protection was observed. We found that combining

Fig. 5 Transcriptomic and metabolomic analysis of Streptomyces R02 under Paenibacillus cellulositrophicus CSC13 treatment (using supernatant
metabolites). a Two-dimensional principal coordinate analysis (PCoA) of Bray-Curtis dissimilarity comparing the transcriptome of Streptomyces
R0O2 with the co-culture of Streptomyces R02 and P, cellulositrophicus CSC13's metabolites (71% of variance explained, P=0.005, n=12). b Bubble
plot showing significantly enriched key genes from the KEGG enrichment analysis. Major transcriptional changes were observed in genes
associated with pathways of (i) valine, leucine, and isoleucine degradation, (ii) glycolysis/gluconeogenesis, (iii) inositol phosphate metabolism, (iv)
phenylalanine metabolism, and (v) geraniol degradation and secondary metabolite biosynthesis, which are highlighted in red. ¢ PCoA illustrating
significant differences in metabolite compositions between Streptomyces R02 only, P cellulositrophicus CSC13 only, and co-culture of Streptomyces
R02 and P, cellulositrophicus CSC13's metabolites (CSC13 +R02) (62% of variance explained, P=0.001, n= 18). d Bubble plot showing enriched
metabolites in the R02 +CSC13 treatment group compared with the R02-only control. The pathway containing the key metabolite, Erythromycin
E, is highlighted in red (Lactones). e Mantel test demonstrating significant correlations between the metabolite Erythromycin E and key genes,
and the inset graph showed the structure and abundance of Erythromycin E under different conditions
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Fig. 6 The inhibition effect of Erythromycin E against Rs1115. a Images of agar diffusion assays showing the inhibition zones of Rs1115 in response
to different concentrations of Erythromycin E. The compound was applied in a gradient from 0.125 to 256 pg/mL, with negative controls CK
(nutrient broth medium) and CK (dimethy! sulfoxide, DMSQ). The mean diameters of inhibition zones (+ standard error) are indicated below each
corresponding plate. b Images of bacterial growth in liquid NB medium supplemented with different concentrations of Erythromycin E. Optical
density (ODg,o) measurements are provided, showing bacterial turbidity at 24 h post-incubation. ¢ Quantification of inhibition zones from the agar
diffusion assay. d Growth inhibition of Rs1115 in liquid culture, as determined by ODg,, measurements after 24 h of incubation with different
concentrations of Erythromycin E. Statistical significance in these graphs is indicated (***P < 0.001; NS, not significant)
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Fig. 7 The diagram illustrates the enhanced inhibition of Streptomyces R02 on Ralstonia solanacearum Rs1115 through interactions
with Stenotrophomonas maltophilia CSC98 and Paenibacillus cellulositrophicus CSC13 in soil. S. maltophilia CSC98 and P, cellulositrophicus CSC13
demonstrated a mutually facilitative relationship, where each species promoted the growth and/or activity of the other. Similarly, P. cellulositrophicus
CSC13 and Streptomyces R0O2 also exhibited mutual facilitation, with both species benefiting from their interaction. Under this facilitation,
Streptomyces R02 exhibited stronger inhibition of R. solanacearum Rs1115, compared to when CSC13 was absent. This inhibition was attributed
to the CSC13-induced production of bioactive secondary metabolites in Streptomyces R02, Erythromycin E, which we confirmed to directly
inhibit R. solanacearum on nutrient agar and in nutrient broth. The induction of Erythromycin E in Streptomyces R02 by CSC13 was associated
with the upregulation of key genes across five major genetic pathways. In contrast, S. maltophilia CSC98 and R. solanacearum Rs1115 displayed
nutritional competition, resulting in a negative interaction likely due to competition for shared resources and limiting their growth potential. The
microbial interaction model reveals the critical role of Streptomyces R02 and its interactions with two bacterial strains in controlling against a major
plant pathogen, mediated by upregulations of key genes and a metabolite in the Streptomyces

Streptomyces spp. with a simulated rhizosphere micro-  critical role in pathogen inhibition. In particular, two Syn-
biome, significantly enhanced plant protection, suggest-  Com species, S. maltophilia CSC98 and P. cellulositrophi-
ing that microbial interactions in the rhizosphere play a  cus CSC13, emerged as keystone taxa [36], enhancing
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biocontrol efficiency through synergistic interactions
with Streptomyces R02. Metabolite analysis revealed
that the antibiotic Erythromycin E was notably upregu-
lated by CSC13 metabolites and showed a significant
increase among enriched metabolites (other compounds,
such as paromomycin, were also enriched, however, sig-
nificant genetic changes associated with its biosynthe-
sis have not yet been identified in this study (Fig. S13)).
Although CSC13 also largely promoted R02 growth (by
+2.64 folds), the substantial increase in Erythromycin E
(by +14.93 folds) indicates its primary role as a metabolic
inducer activating antibiotic biosynthesis pathways (Fig.
S12). Overall, our findings suggest that the protective
effect of Streptomyces on plants extends beyond direct
interactions with the pathogen to include synergies with
the rhizosphere microbiome, highlighting the impor-
tance of microbial interactions in natural soils for effec-
tive biocontrol.

Streptomyces spp. are effective biocontrol agents
against a wide range of plant pathogens, often utiliz-
ing antibiotic compounds and signaling metabolites [37,
38]. For instance, polyene antibiotics like amphotericin
B target ergosterols—a key component of fungal cell
membranes—destabilizing their membranes and caus-
ing oxidative damage. These antibiotics are effective
against pathogenic fungi, such as Fusarium spp. [37, 38].
However, our results indicate that evaluating the biocon-
trol potential of Streptomyces spp. exclusively through
in vitro agar plate assays significantly underestimates
their actual protective capacity in plants, as these assays
do not reflect complex microbial interactions occurring
in soil microbiomes, which are also influenced by soil
properties and climatic conditions. Our findings demon-
strate that considering microbial interactions within the
rhizosphere microbiome is essential, as these interactions
greatly enhance the protective efficacy of Streptomyces
spp. against Rs1115. The production of metabolites by
one microbe that can stimulate the growth of another is
a well-recognized phenomenon in microbial communi-
ties, playing a key role in sustaining cooperative networks
within microbiomes [39]. This aligns with the mutual
growth promotion observed between CSC98, CSC13,
and Streptomyces R02 in our study. We observed a grad-
ual decline in Streptomyces R02 colonization over time,
possibly due to decreasing spore viability and adaptation
to the stabilizing rhizosphere environment, indicating an
initial transient colonization phase followed by microbial
community equilibrium [40].

Metabolites from CSC13 significantly stimulated the
production of Erythromycin E in Streptomyces RO02,
suggesting that the induction of specialized metabo-
lites enhanced its biocontrol efficacy. Erythromycin
E, a widely used macrolide antibiotic, exhibits potent
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antibacterial activity against both gram-negative and
gram-positive bacteria [41]. Its production likely aided
Streptomyces R02 in suppressing Rs1115. In agricultural
systems, Erythromycin has strong antagonistic effects
against bacterial pathogens, including R. solanacearum,
contributing significantly to plant health [42]. While the
above studies provide historical context for the antibi-
otic activity of erythromycin, they may not fully capture
its role in plant protection against pathogens in current
contexts. Our study addressed this gap by demonstrating,
through dose-dependent inhibition assays (Fig. 6), that
purified Erythromycin E from Streptomyces R02 effec-
tively suppressed R. solanacearum even at low concentra-
tions (with significant inhibition observed at just 0.25 pg/
mL).

The mechanisms of the pathogen inhibition involved
likely include Erythromycin exerting selective pressure
on bacteria, thereby altering the composition of soil bac-
terial communities [43]. Previous studies have shown
that Erythromycin can significantly increase the relative
abundance of certain Proteobacteria and Firmicutes in
soils, as some members of these groups may be Eryth-
romycin-resistant and capable of utilizing it as a carbon
and energy source [44, 45]. While these studies suggest
that such effects typically occur at higher erythromycin
concentrations, our observed concentrations fall within a
lower yet still highly effective antimicrobial range against
Rs1115. Consequently, the interaction between Strep-
tomyces RO2 and two key species-CSC13 (Firmicutes)
and CSC98 (Proteobacteria)-remained unaffected by the
increased production of Erythromycin E. Instead, it spe-
cifically reduced the abundance and activity of the patho-
gen Rs1115.

In vitro, Streptomyces R02’s supernatant enhanced
CSC13 growth (Fig. 4a) but not CSC98 (Fig. 4b). In con-
trast, rhizosphere data (Table S6) showed R02-boosted
CSC98 abundance, not CSC13. These differences likely
stem from simplified in vitro conditions versus the com-
plex rhizosphere environment, influenced by nutrient
availability, microbial competition, and plant interac-
tions. CSC98 may have soil-specific advantages, while
CSC13’s laboratory growth promotion might be limited
in natural conditions. In this regard, further research is
needed to clarify these mechanisms.

Stenotrophomonas spp. are significant members of the
SynCom and are well-recognized for their ubiquitous
presence in the rhizosphere, root endosphere, and phyl-
losphere (e.g., on leaves), where they form close asso-
ciations with host plants [46, 47]. These bacteria can
become enriched in the Arabidopsis rhizosphere follow-
ing infection by the downy mildew pathogen Hyaloperon-
ospora arabidopsis. This enrichment mediates the legacy
effect of a primarily infected downy mildew population,
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conferring enhanced protection against the pathogen in
subsequent plant populations growing in the same soil
[48]. Similarly, Stenotrophomonas spp. became enriched
in the wheat rhizosphere following plant infections by
crown rot disease caused by Fusarium pseudogramine-
arum, mitigating infection in subsequent plant cycles
[49]. These Stenotrophomonas species can produce a
range of extracellular enzymes, including chitinases,
elastases, lipases, nucleases, and proteases [47, 50]. These
enzymes play crucial roles not only for the bacteria them-
selves but also in facilitating the colonization of other
rhizosphere microbes. They decompose plant cell-wall
components and soil organic matter, enhancing nutri-
ent availability for microbial proliferation and signaling
[47]. Most Stenotrophomonas spp. also exhibit antifungal
properties and mitigate fungal infections through iron
competition [51]. These species can form biofilms in con-
junction with other microbes, effectively colonizing the
rhizosphere and enhancing the growth of various crops
such as tomatoes, wheat, and lettuce [47]. In our study,
S. maltophilia CSC98 inhibited Rs1115 through nutrient
competition, likely due to its ability to deplete essential
nutrients such as carbon, and nitrogen more efficiently,
thereby starving Rs1115. Alternatively, it may pro-
duce siderophores like maltophores, which outcompete
Rs1115’s own siderophore systems and limit its access to
iron.

Microbial interactions observed in the glasshouse and
cross-feeding experiments highlight the pivotal role
of Stenotrophomonas spp. in enhancing the growth of
Paenibacillus sp. (CSC13). This enhancement is likely
due to the ability of Stenotrophomonas spp. to produce
extracellular substances such as enzymes and signaling
compounds, which facilitate the breakdown of complex
substrates into simpler nutrients that Paenibacillus can
utilize. Stenmotrophomonas may also produce growth-
promoting hormones or substances like siderophores
and phytohormones, indirectly benefiting Paenibacil-
lus by improving its overall metabolism [47]. Similar to
Stenotrophomonas spp., Paenibacillus spp. are predom-
inantly found in plant and soil environments but have
also been isolated from other habitats, such as the guts
of honeybees infected by American foulbrood, where
they act as pathogens [52]. When applied to plants,
Paenibacillus spp. have demonstrated the ability to
promote the growth of diverse crops, including maize,
pumpkin, and rice [53—-55]. Many strains of plant-asso-
ciated Paenibacillus can produce indole- 3-acetic acid
(IAA) and other auxin phytohormones [53-55]. Some
strains also exhibit capabilities such as phosphate solu-
bilization, atmospheric nitrogen fixation, and enhance-
ment of plant iron uptake through the production of
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siderophores, such as bacillibactin produced by Pae-
nibacillus larvae [52, 56, 57]. As discovered in this
study, CSC13 significantly enhanced the inhibitory
effect of Streptomyces R02 on Rs1115 by inducing the
production of erythromycin E in Streptomyces RO2.
However, the specific metabolites produced by Paeni-
bacillus sp. that triggered this production remain uni-
dentified, warranting further investigations to dissect
the interactions.

It remains uncertain whether this enhanced disease
suppression by R02 is entirely due to direct antago-
nism or if plant immune responses, such as induced
systemic resistance (ISR) [58], also play a role. It is
plausible that Erythromycin E and other metabolites
produced or enhanced by CSC13 contribute to ISR in
tomato plants, aiding pathogen reduction. Analyz-
ing immune-related gene expression in plants treated
with R02 and its SynCom would clarify ISR’s involve-
ment. Additionally, using R02 mutants deficient in
specific secondary metabolites, including Erythromy-
cin E, could help distinguish between direct antago-
nism and ISR mechanisms underlying the observed
biocontrol effects. As such, our results suggest that
Streptomyces may enhance plant protection through at
least two mechanisms. Firstly, the enhanced produc-
tion of antimicrobial compounds, as demonstrated in
co-culture with CSC13, contributes to pathogen sup-
pression (Fig. 7). Secondly, R02 stimulated beneficial
microbial populations, such as CSC98, which appears
to suppress RS1115 growth through nutritional com-
petition (Fig. 7). These dual contributions underline the
complex ecological dynamics in the rhizosphere [1-
3], which could be further explored in relation to the
microbial interactions revealed in our study (Fig. 7).

The implications of our findings regarding the micro-
biome-induced enhancement of biocontrol efficiency in
Streptomyces spp. are valuable for agricultural disease
management strategies and the application of biocon-
trol agents in agroecosystems [59]. We presented a
novel approach that leverages soil microbial interac-
tions—particularly the synergistic effects driven by
metabolic exchanges between microbes—to boost the
biocontrol efficacy of Streptomyces spp. against plant
pathogens. Biocontrol agents often fail to produce any
effects in field conditions, mainly due to inadequate lab
trials that do not take into consideration their associa-
tions with the native soil microbiota after applications.
Moving beyond the traditional paradigm of direct
microbial antagonisms [60], these findings provide
alternative strategies for developing biocontrol consor-
tia tailored to pathogens under various soil and envi-
ronmental conditions, thereby fostering consistent and
effective biocontrol effects in agricultural settings.
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Conclusions

Our study revealed the importance of microbial interac-
tions in enhancing the biocontrol efficacy of Streptomy-
ces spp. against soil-borne pathogens like Rs1115. The
integration of a SynCom from the rhizosphere demon-
strated that the protective capabilities of Streptomyces
spp. were significantly improved in cooperation with key
rhizosphere microbes S. maltophilia CSC98 and P. cel-
lulositrophicus CSC13. These interactions synergistically
suppressed the pathogen Rs1115 through mechanisms
that included the stimulated production of the crucial
antibacterial compound Erythromycin E in Streptomyces
RO2 and nutrient competition with the pathogen. These
findings highlight the necessity of considering complex
microbial interactions within microbiomes, rather than
relying solely on direct antagonism when developing
effective biocontrol strategies. Future research should
explore biocontrol agents and their metabolites under
field conditions to advance the development of probiotics
and postbiotics for agricultural applications.

Materials and methods

Microbes used in this study and their culturing conditions
In this study, we used R. solanacearum QL-Rsl115
(hereafter referred to as Rsl1115, GenBank accession
GU390462) as the model plant pathogen [61]. This
Rs1115 strain was originally isolated from tomato plants
in Qilin town, Nanjing, China (118° 57" E, 32° 03" N) and
cultured overnight in nutrient broth medium (NB) (10.0
g glucose L™, 5.0 g peptone L™}, 0.5 g yeast extract L™,
and 3.0 g beef extract L™}, pH 7.0; at 30°C, 170 rpm) for
the subsequent inoculations. The pathogen cells were
harvested by centrifugation (6000 rpm, 10 min), washed
twice with sterile saline solution (0.9% NaCl), and diluted
to a density of 10’ colony forming units (CFU) mL™
based on the optical density reading (ODg,,= 0.5) before
the experiments.

Among the Streptomyces strains used in this study,
48 strains (R01-R48) were isolated from the rhizos-
phere of wild-type tomato (Solanum lycopersicum cv.
“Micro-Tom”) [34], and two strains (Y1-Y2) were iso-
lated from the tomato rhizosphere (Lycopersicon escu-
lentum cv. “Red-Dwarf”), collected from Qilin Town,
Nanjing, China (118°57’E, 32° 03'N). The microbial iso-
lation method was previously described [34]. Briefly, the
rhizosphere soil was suspended in sterile distilled water
to form a soil suspension, which was serially diluted and
spread on a Gauze’s synthetic medium No. 1 agar plate
supplemented with cycloheximide 50 mg L™ and nali-
dixic acid 20 mg L™ to suppress the growth of fungi and
bacteria [62]. The growth of Streptomyces is relatively
slow, and the plates were incubated at 28 °C for 15 to 20
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days. Single colonies were then picked and transferred to
an International Streptomyces Project medium 3 (ISP3)
[63] for cultivation. Purified strains were preserved in
glycerol (20%, v/v) at —80°C. The Streptomyces spores
grown on ISP3 solid medium were washed with sterile
water and adjusted to 10 CFU mL™" using the hema-
cytometer method. All Streptomyces strains were tested
for antagonistic activities against Rs1115 using the spot
spray method on NA plates [61].

We constructed a synthetic community (SynCom) to
simulate the rhizosphere microbiome of tomato plants.
This SynCom consisted of 100 bacterial strains isolated
from the tomato rhizosphere, representing different
major genera to model the diversity and composition of
the rhizosphere soil microbiome (for detailed commu-
nity composition and abundances, see Table S5). These
microbes were isolated using the same procedures as
stated above. Briefly, the bacterial colonies were cultured
on NA plates for purification and maintained in glycerol
(15%, v/v) at —80°C for long-term preservation. For Syn-
Com construction, each strain was revived on NA plates,
and single colonies were inoculated in nutrient broth and
shaken at 30°C, 170 rpm for 24 h. Hereafter, each isolate
(adjusted to ODgy,= 0.5 using cells harvested from the
exponential growing stage ~24-36 h) was mixed in equal
volume, and the cells were harvested by centrifugation at
6000 rpm for 10 min, washed twice by sterile saline, and
diluted to 10® CFU mL ™! based on the ODgy,= 0.7.

Plant material and experimental soils

Tomato (Lycopersicon esculentum cv. “Red-Dwarf”) was
used as the model plant in this study. The seeds were
provided by Beijing Dongsheng Seed Industry Co. LTD.
Prior to the experiments, the seeds were surfaced and
disinfected following these steps: first, they were soaked
in sterile water for 16 h, then disinfected with 75% alco-
hol for 30 s. Afterwards, the seeds were rinsed with ster-
ile water (4 times) and immersed in 10% NaOCI for 20
min. Finally, the seeds were thoroughly rinsed with sterile
water (> 4 times), dried with sterile paper, and transferred
to 1/2 Murashig and Skoog (MS) medium [64] for ger-
mination over 3 days. After germination, the seeds were
planted in seedling trays, each containing 50 g of sterile
seedling substrate (Jiangsu Xingnong Substrate Technol-
ogy Co., LTD. Product No. 161102G0097 N) and grown
in a greenhouse at 22-32°C, with 70% relative humidity
and 16/8 h photoperiod under a Photosynthetic Pho-
ton Flux Density of 200 umol m™2 s~!, The plants were
watered regularly with sterile water. Seventeen days after
sowing (three-leaf stage), the plants were transplanted
into sterile pots each containing either 100 g of sterile
cultivation substrate (Jiangsu Xingnong Substrate Tech-
nology Co., LTD. Product No. 161102G0096 N) or 200 g
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of field soil. The same greenhouse conditions were main-
tained and watered regularly with sterile water. The field
soil (nature soil) used in this study was collected from an
agricultural field in Qilin town, Nanjing, China (118° 57’
E, 32° 03" N), which was free of R. solanacearum based
on our previous findings [34]. The substrate was fully
sterilized by gamma radiation before use.

Phylogenetic backgrounds and biological characterization
of Streptomyces strains

The genomic DNA of Streptomyces spp. was extracted
using Invitrogen PureLink® Genomic DNA kit. The PCR
amplification of the 16S rRNA gene was performed using
the universal primers 27 F (5'-AGAGTTTGATCATGG
CTCAG-3') and 1492R (5'-TACGGTTACCTTGTT
ACGACTT-3") [65]. The PCR products were sequenced
by Shanghai BIOZERON Biotechnology Co., Ltd, and the
obtained sequences were then analyzed using the EzBio-
Cloud platform [66]. We also used the pyani software for
average nucleotide identity (ANI) analysis to classify the
whole genome of Streptomyces spp. [67, 68]. Detailed
methods for whole bacterial genome sequencing and
genome analyses of these Streptomyces spp. are provided
in the supplementary materials.

The morphological characteristics of Streptomyces
spp. were analyzed by light microscopy (Eclipse E200,
Nikon) and scanning electron microscopy (SU8010 SEM,
Hitachi, Japan). Streptomyces was cultured on ISP3 solid
medium for 5 days. Fresh colonies were excised using
a sterile blade into pieces <6 mm X6 mm, thickness
<2 mm, then fixed in 2.5% glutaraldehyde for over 8 h.
The samples were washed three times with phosphate-
buffered saline (10 min each) and dehydrated using an
ethanol gradient (15 min each in 50%, 70%, 80%, and
90% ethanol; followed by three rounds of 30 min each in
100% ethanol). The samples were then replaced with tert-
butanol 3 times (30 min each), freeze-dried, mounted
on a sample stage with the observation surface facing
upward, and sputter-coated with a 10-nm gold film. Spore
morphology was then observed under SU8010 SEM
(Hitachi, Japan). The samples for SEM were prepared
as described by Jin et al. [69]. Color determination was
done with color chips from the ISCC-NBS color charts
[70]. Bacterial growth at different temperatures (5, 10, 15,
20, 25, 28, 32, 37, 40, 42, and 45 °C) was determined on
ISP3 medium after incubation for 14 days. Growth tests
for the pH range (4.0-12.0, at intervals of 1.0 pH unit)
and tolerance of various NaCl concentrations (0-9%,
with an interval of 1%, w/v) were tested in glucose yeast
extract medium (GY medium) (1% glucose, 1% yeast
extract, 0.05% K,HPO,-3H,0, 0.05% MgSO,-7H,0, w/v;
pH 7.2) at 28°C for 2 weeks [71]. Hydrolyses of Tweens
(20, 40, and 80) and production of urease were tested as
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described by Smibert et al. (1994) [72]. The utilization of
sole carbon and nitrogen sources, hydrolysis of starch,
reduction of nitrate, decomposition of cellulose, liquefac-
tion of gelatin, and production of H,S, IAA, and urease
were examined following standard procedures [73-75].
To assess Streptomyces colonization in the tomato rhizo-
sphere, we used a sterile cultivation system. Tomato
seedlings were grown on the sterile substrate, and 10 mL
of spore suspension (10° CFU/mL) was applied to the
roots. Each treatment had three replicates, with rhizos-
phere samples collected on days 10, 20, and 30. For plate
counting, 5 g of air-dried, ground soil was suspended in
45-mL sterile water with glass beads, shaken at 280 rpm
for 12—20 min at 28 °C, and serially diluted. Two hundred
microliters of aliquots from 1073, 10™%, and 107> dilu-
tions were plated on KHI medium with 0.1% actinomycin
and 0.1% naphthalene acid, then incubated in the dark at
28 °C for 5-7 days. To confirm strain identity, colonies
were initially selected based on morphology and color,
followed by liquid culturing and 16S rRNA sequencing,
ensuring no contaminants were present. The coloniza-
tion of Streptomyces in the rhizosphere was evaluated
by quantifying the number of individual colonies using a
serial dilution and plate counting method.

Effects of Streptomyces spp. on the wilt disease in nature
soil

We conducted a greenhouse experiment to test the pro-
tective ability of Streptomyces spp. on the bacterial wilt
of tomatoes in a natural soil environment. The experi-
ment comprised 52 treatments, including Streptomyces
(50 treatments inoculated with both Rs1115 and different
individual strains of Streptomyces spp.), Rs (inoculated
only with Rs1115), and healthy control (not inoculated
with any microbes). Tomato seedlings (Lycopersicon escu-
lentum cv. “Red-Dwarf”) were prepared as described
previously. After 17 days of growth on seeding trays con-
taining sterile substrates, tomato plants with similar sizes
were transferred to six-cell plant trays filled with ~200
g natural soil per cell. Seven days after transplantation,
50 individual strains of Streptomyces were inoculated
to the roots of each plant at a density of 1.0 x 10’ CFU
g~! soil. Seven days after inoculation with Streptomyces,
Rs1115 was inoculated to the roots at a final density of
1.0 x 10° CFU g™ soil. Each treatment consisted of three
biological replicates (seedling trays) and each biological
replicate contained six tomato plants (a total of 18 plants
per treatment resulting in a total of 936 plants for the
experiment). Tomato plants were cultivated and man-
aged under the same conditions as previously described.
At 50 days post-Rs1115 inoculation, the disease level
was recorded, which ranged from 0 to 4 (0, no wilting; 1,
1-25% of leaf area wilted; 2, 26-50% of leaf area wilted;
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3, 51-75% of leaf area wilted; and 4, 76—100% of leaf area
wilted). The disease rate (DR) was calculated following
the formula:

The number of diseased plants
x 100%

~ Total number of surveyed plants

The Disease Index (DI) was calculated following the
formula:

_ S(Nd x Cd)

DI = x 100
Ts x Ad

where Nd is the number of diseased plants at the given
disease level, Cd is the corresponding disease level, 75 is
the total number of plants surveyed, and Ad is the actual
highest disease level. The biocontrol efficiency (BE) was
calculated following the formula:

_ DIck — DIt
DIck

BE x 100%

where DI is the disease index of Rs1115 treatment, and
DI is the disease index of Streptomyces treatments [76,
77].

In this study, the DR measures the proportion of
infected plants, indicating disease prevalence without
considering severity. The DI combines both disease rate
and severity for a comprehensive impact assessment. BE
measures the extent of disease suppression, serving as an
indicator of biocontrol effectiveness.

Effects of Streptomyces spp. on the wilt disease

in a SynCom context

To investigate how Streptomyces controls wilt disease
and affects rhizosphere microbiomes, with or with-
out the SynCom, we selected the twelve Streptomyces
strains with superior biocontrol efficiency (ranging from
68% to 100%) to conduct a targeted greenhouse experi-
ment. The seedling substrate and cultivation substrate
were sterilized by gamma irradiation to eliminate natural
microbes and minimize their impact. A total of 27 treat-
ments were included: 12 individually selected Streptomy-
ces strains against Rs (-SynCom), 12 individually selected
Streptomyces strains combined with the SynCom against
Rs (+SynCom), Rs (inoculated with Rs1115 only), and
healthy (not inoculated with any microbes).

We used tomato seedlings (Lycopersicon esculentum cv.
“Red-Dwarf”) prepared as previously described. Briefly,
17-day-old seedlings grown on sterile substrates of simi-
lar sizes were transferred to six-cell plant trays containing
100 g of sterile substrate per cell. Seven days post-trans-
plantation, we inoculated the Streptomyces to the roots at
a density of 1.0 x 10" CFU g™ soil. For the Streptomyces +
SynCom treatments, both the SynCom and Streptomyces
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were inoculated at the same density. After seven more
days, Rs1115 was also introduced to the roots at a den-
sity of 1.0 x 10° CFU g! soil. Each treatment consisted
of three biological replicates with six plants per replicate,
resulting in a total of 486 plants being used for the exper-
iment. The plant growth conditions and methods for dis-
ease evaluation are referred to in previous descriptions.

Development of the SynCom database for enhanced
microbial sequencing and analysis

The SynCom database was then constructed to facilitate
accurate microbial diversity sequencing and comparison
by providing a tailored sequence library of 12 selected
Streptomyces strains and SynCom members, reduc-
ing interference from external microbes and ensuring
precise mapping and abundance determination of the
included species. The SynCom database was constructed
using 16S rRNA sequences derived from the complete
genomes of 122 individual strains, encompassing 100 dis-
tinct species. All 122 complete genomes were sequenced
using a combination of PacBio RS and Illumina sequenc-
ing platforms. We used ABySS [78] to perform genome
assembly with multiple-Kmer parameters to achieve
optimal results of the assembly. Subsequently, canu [79]
was used to assemble the PacBio corrected long reads
and GapCloser (“https://sourceforge.net/projects/soapd
enovo?2/files/GapCloser/”) was subsequently applied to
fill up the remaining local inner gaps and correct the sin-
gle base polymorphism for the final assembly results. To
extract 16S rRNA sequences of each genome, 16S rRNA
was determined using the RNAmmer (v1.2) [80]. Then,
one full-length 16S rRNA sequence was extracted from
each identified region to construct the SynCom data-
base. Additionally, cd-hit (v 4.5.7, —c 1.0 —n 5— M 0)
was employed to ensure the uniqueness of the sequences
within the SynCom database. Taxonomic IDs and corre-
sponding taxonomic classifications for each species were
established by conducting BLAST searches of the 16S
rRNA sequences against the NCBI database.

Rhizosphere sample collection, DNA extraction,

and amplicon sequencing

We analyzed the assembly of the tomato rhizosphere
microbiome in response to resistance against Rsl1115
induced by Streptomyces spp. Rhizosphere samples from
the treatment combining Streptomyces and SynCom were
collected 15 days post Rs1115 inoculations. The entire
tomato was carefully uprooted from the pot, and the
loose soil was shaken off. The soil adhering to the roots
was then scraped off using a sterile scraper and trans-
ferred to a sterile ziplock bag for storage at —80°C. Rhizo-
sphere samples from the 12 Streptomyces+ SynCom
treatments and one SynCom treatment were collected.
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The gDNA was extracted from these rhizosphere sam-
ples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek,
Norcross, GA, U.S.) according to the manufacturer’s pro-
tocols. The V4-V5 region of the bacteria 16S ribosomal
RNA gene was amplified by PCR using primers F515 (5'-
GTGCCAGCMGCCGCGG- 3”) and R907 (5'-CCGTCA
ATTCMTTTRAGTTT- 3') [81]. PCR reactions were
performed in triplicate using a 20-uL system consisting
of 4 uL of 5x FastPfu buffer, 2 pL of 2.5 mM dNTPs, 0.8
pL of each primer (5 uM), 0.4 pL of FastPfu Polymerase,
and 10 ng of template DNA. Thermal conditions were 95
°C for 2 min, followed by 25 cycles at 95 °C for 30 s, 55
°C for 30 s, and 72 °C for 30 s and a final extension at 72
°C for 5 min [81]. Amplicons were cut from 2% agarose
gels and purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA) accord-
ing to the manufacturer’s instructions. Negative controls
for DNA extraction and PCR amplification were included
to prevent false-positive results. Sequencing was per-
formed using the Illumina MiSeq platform (CA, USA).
The raw reads were deposited into the NCBI Sequence
Read Archive (SRA) database under the accession num-
ber PRINA1123384.

The raw sequencing files were demultiplexed using in-
house perl scripts according to the barcode sequences
information for each sample with the following criteria:
(i) The 250bp reads were truncated at any site receiving
an average quality score <20 over a 10 bp sliding win-
dow, discarding the truncated reads that were shorter
than 50 bp. (ii) Exact barcode matching was required,
allowing for a maximum of 2 nucleotide mismatches in
primer matching, reads containing ambiguous characters
were excluded. (iii) Only sequences with overlaps longer
than 10 bp were assembled according to their overlap
sequence. Reads that could not be assembled were dis-
carded. Subsequently, the passed sequences were derep-
licated and subjected to the DADAZ2 algorithm to identify
indel-mutations and substitutions [82]. Trimming and
filtering were performed on paired reads with a maxi-
mum of two expected errors per read (maxEE =1). Fol-
lowing the merging of paired reads and chimera filtering,
phylogenetic affiliation of each 16S rRNA gene sequence
was analyzed by BLAST (“https://blast.ncbi.nlm.nih.gov/
Blast.cgi”) against the SynCom database using the thresh-
old of e-value <1 x 107* and identity >90% [83, 84].

Quantification of the pathogen density in soil samples
using qPCR method

The fliC gene encodes a flagellar subunit and is a reli-
able marker for PCR-based detection of the pathogen
Rs1115 due to its conserved structure and location at
the end of a variable central region [85]. The structure
of the flagellin gene is conserved, located at the end of a
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variable central region. The qPCR assays were performed
using the Applied Biosystems 7500 real-time PCR sys-
tem (Applied Biosystems, CA, USA) with primers spe-
cific to fliC (forward: 5'-GAACGCCAACGGTGCGAA
CT- 3'; reverse: 5'-GGCGGCCTTCAGGGAGGTC- 3')
[85]. Each 20 pL reaction mixture contained 10 uL SYBR
premix Ex Taq (TaKaRa Bio Inc.), 2 pL of DNA template,
and 0.4 pL of each primer (10 mM each). The thermal
cycling conditions were as follows: an initial denaturation
at 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s
and 60 °C for 34 s. Melt curve analysis was performed,
with steps including 95 °C for 15 s, 60 °C for 1 min, and
95 °C for 15 s. Each sample was analyzed in triplicate.
Standard curves were constructed using a cloned fliC
gene from Rs1115 inserted into the pMDI19-T vector
(Takara, Dalian, China), following procedures described
in our previous study [86]. The pathogen density in the
rhizosphere was expressed as R. solanacearum fliC gene
copy numbers per gram of dry soil [87], with calculations
based on the method described by Whelan et al. [88].

Determining interactions between Streptomyces R02,
keystone species of SynCom, and the pathogen Rs1115
using supernatant cross-feeding assay

To quantify the type and direction of each pairwise
interaction among Streptomyces spp. and keystone spe-
cies and Rs1115. We examined the effects of Streptomy-
ces R0O2, treated with bacterial supernatants on Rs1115
growth, which was collected from a low-resource (20%
NB) medium [89]. To obtain the supernatants, micro-
bial cultures were grown in 20% NB medium for 24 h at
30 °C, 170 rpm, in darkness (shaker covered with black
plastic). The cultures were then diluted to ODg,,= 0.5
using a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA, USA), centrifuged (7000 rpm, 10 min,
4°C) and filter-sterilized (Millex-GP Filter, 0.22 pm, PES
membrane, SLGPR33RB) to remove living cells. All OD
measurements and storage were conducted in dark-
ness to minimize light-induced compound degradation.
Subsequently, 10 mL of sterile supernatant from each
strain’s culture and 1 mL spore suspension of Streptomy-
ces RO2 (density of 107 cells mL™!) was inoculated into
90 mL of fresh 100% NB medium at 170 rpm, 30°C. After
7 days of Streptomyces R02 growth, the sterile superna-
tant was obtained by the same method. Following this,
20 pL of sterile supernatant from each treatment and 2
uL overnight culture of Rs1115 (ODg,,= 0.5) were inocu-
lated into separate tubes containing 180 pL of fresh 20%
NB medium (to better reflect the effect of the superna-
tant). Control treatments were inoculated with 20 pL of
20% NB media instead of the supernatant, inoculated
with 20 pL sterile supernatant from Streptomyces R02
(same growth conditions but not affected by bacterial
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supernatants) of 20% NB media, and inoculated with 20
uL sterile water of 20% NB media. The control treatments
were inoculated with Rs1115 in the same way, and each
treatment was conducted in 12 replicates. We used a sim-
ilar method as described above to determine the effects
of Streptomyces R02’s supernatant on CSC98 and CSC13,
the interactions between bacterial CSC98 and CSC13,
the effect of these two bacterial supernatants on Strepto-
myces R0O2 and their collective effects on Rs1115.

Pairwise interactions between keystone taxa and Rs1115
Due to distinct differences in colony morphology among
the bacterial strains (CSC98 and CSC13) and Rs1115, we
then tested the growth of three bacterial stains alone or
in the presence of the other species using a two-species
co-culture system [90]. Monocultures were inoculated
at an initial density of 10° cells mL™" (bacterial densi-
ties were determined by plating on NA plates, followed
by counting to confirm the density and adjusting to 10°
cells mL™1), while co-cultures were inoculated at half of
this density for each species, and the inoculation was
standardized to 1.0% of the final culture volume, follow-
ing established protocols [89]. These experiments were
carried out in NB using 12-well plates (2 mL per well),
incubated at 30°C with shaking at 170 rpm for 24 h. After
incubation, the bacterial growth was quantified as col-
ony-forming units (CFU) per mL by serial dilution and
plating on NA plates.

Transcriptomic analysis of Streptomyces R02 and CSC13_
RO2 cells

Twelve microbial cell samples (R02, and CSC13_R02,
six replicates each) were prepared for transcriptome
sequencing. The total RNA was extracted from cell tis-
sues using TRIzol® Reagent (Invitrogen) following the
manufacturer’s instructions, and genomic DNA was
removed using DNase (TaKara). Paired-end libraries
were sequenced on the Illumina NovaSeq 6000 plat-
form (150bp*2, Shanghai BIOZERON Co., Ltd). The raw
paired-end reads were trimmed and quality controlled
by Trimmomatic (v0.36) with parameters of SLIDING-
WINDOW: 4:15 and MINLEN:75. Clean reads were
aligned to the reference genome with orientation mode
using Rockhopper software [91-93]. Differential gene
expression analysis was performed using the DESeq2
R package (v1.22.1) [94]. The resulting gene P-values
were adjusted using Benjamini and Hochberg’s method
to control the false discovery rate (FDR). Genes with a
log, fold change (Log,FC) >1, and FDR <0.05 were con-
sidered differentially expressed. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses were per-
formed using the KEGG Orthology-Based Annotation
System (KOBAS version 3.0) (http://kobas.cbi.pku.edu.
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cn/kobas3) to reveal the functions of the differentially
expressed genes.

Metabolomic analysis of microbial supernatant samples
using LC-MS/MS

Eighteen microbial metabolic supernatant samples
(CSC13+R02, CSC13 only, and RO2 only, six replicates
each) were prepared for metabolomic extraction and
transcriptome analysis. Briefly, the supernatant samples
were initially collected via centrifugation at 12,000 rpm
at 4C for 10 min. The supernatants, stored at —80°C,
were then thawed and vortexed for 30 s to mix. A 9-mL
aliquot of the sample was transferred to a fresh 50-mL
centrifuge tube, frozen at —80 °C overnight, and vacuum
freeze-dried. After freeze-drying, a 70% methanolic
internal standard extract was added at a ratio of 30 times
the freeze-dried product, vortexed for 15 min, and soni-
cated in an ice water bath (KQ5200E) for 10 min. It was
then centrifuged at 4°C and 12,000 rpm for 3 min, and
the resulting supernatant was filtered through a 0.22-pm
microporous membrane and stored in the injection vial
for LC-MS/MS detection. Details on LC-MS/MS condi-
tions and metabolomic analysis are provided in the sup-
plementary materials of this study.

Determination of the antibacterial activity of Erythromycin E
againstRs1115

A single colony of Rs1115 was selected from the NA plate
and cultured overnight in an NB medium. The following
day, the bacterial suspension was centrifuged (6000 rpm
for 10 min) to remove the supernatant, and the result-
ing pellet was resuspended in sterile water. The ODg,
of the suspension was adjusted to 0.5. Erythromycin E,
supplied by Hebei Baiwei Precision Plant Extract Co.,
Ltd., was diluted in DMSO to concentrations of 256 pg/
mlL, 128 pg/mL, 32 pg/mL, 16 ug/mL, 8 pg/mL, 4 pg/mL,
2 pg/mL, 0.5 pg/mL, 0.25 pg/mL, and 0.125 pg/mL. The
Oxford cup method was then employed on NA plates
to assess antibacterial activity. An aliquot of 100 pL of
the above concentration of Erythromycin E was loaded
into each Oxford cup. An equal volume of DMSO and
NB medium were included as controls. All these treat-
ments were then tested for antagonistic activities against
Rs1115, using the spot spray method to inoculate Rs1115
on NA plates.

Additionally, Erythromycin E solution of different con-
centrations was added to the NB medium at a proportion
of 10%. Rs1115 suspension with OD¢,,= 0.5 was inocu-
lated at 1% and cultured for 24 h to test ODg,. The mini-
mum inhibitory concentration (MIC) was defined as the
minimum concentration of the inhibitory zone or ODg,
below that of the DMSO controls. Each treatment was
performed with four technical replicates.
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Statistical analysis

All analyses were conducted in R version 4.2.2. Alpha
diversity of microbial communities was calculated by
package vegan [95]. The impacts of Streptomyces spp.
on rhizosphere microbiomes and their effects on dis-
ease severity and pathogen density were evaluated
using two-way ANOVA. Principal coordinates analy-
sis (PCoA) based on Bray-Curtis distances was per-
formed to assess the effect of Streptomyces spp. on the
rhizosphere microbiome composition using the vegan
package [96]. The differences in bacterial community
composition between treatments were tested using
permutational multivariate analysis of variance (PER-
MANOVA; Adonis, transformed data by Bray-Curtis,
permutations =999). The heatmap was drawn using
http://www.omicshare.com. The schematic illustration
summarizing the experimental design of this study was
drawn using https://www.biorender.com. Co-occur-
rence network analysis was conducted between Strep-
tomyces spp. and SynCom to specifically focus on the
members of the SynCom that responded to Streptomy-
ces spp. and were involved in disease inhibition follow-
ing the Molecular Ecological Network Analyses Pipeline
(MENA) [97], then visualized by Gephi software (ver-
sion 0.9.2) [98]. This random matrix theory (RMT)-
based approach enables differentiation of genuine,
system-specific microbial associations from random
noise without relying on arbitrary thresholds, which is
well-suited to sequencing datasets [98]. Prior to net-
work analysis, we retained only those ASVs present in
at least 50% of replicates across all samples to enhance
consistency and reliability. To address compositional
constraints inherent in microbiome data, we applied a
centered log-ratio (CLR) transformation, which nor-
malizes the data, stabilizes variance, and significantly
reduces the risk of spurious correlations. Spearman
correlation was subsequently used for the construction
of microbial correlation networks. Finally, we manu-
ally validated selected key microbial interactions, such
as those involving CSC13, CSC98, Rs1115, and Strep-
tomyces, to confirm the reliability of the inferred asso-
ciations. The microbes influenced by Streptomyces spp.
and significantly enriched were then determined by the
DESeq2 generalized linear model, using alpha =0.05
to exclude false positives. We determined significantly
enriched species by applying a corrected P-value <0.05
and a log, fold change >1 [94]. When comparing mean
differences between treatments, we used analysis of
variance (Tukey’s multiple ranges) and Student’s ¢-test
or Welch’s ¢-test (for samples with unequal variances
or unequal sample size), where P< 0.05 was considered
statistically significant.
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Additional file 1: Figure S1. Schematic illustration summarizing the
experimental design of this study. (a) Greenhouse experiments evaluated
the ability of 50 Streptomyces strains to inhibit bacterial wilt disease in
natural soils; twelve of these strains with the high biocontrol efficiency. (b)
and (c) Layout of greenhouse experiments involving twelve selected
Streptomyces isolates, conducted with and without the synthetic
community (SynCom). These experiments involved treating plants with
the 12 Streptomyces strains across 18 replicates to assess disease resistance
in relation to bacterial treatment and subsequent microbial community
profiling. (d) Examination of interactions between Streptomyces R02 and
key SynCom members through coculturing tests using respective
bacterial culture supernatants. (e) The mechanism of Rs inhibition by key
SynCom members and Streptomyces R02 was elucidated through
transcriptomic and metabolomic analyses. Figure S2 The phylogenetic
tree, constructed using the maximum-likelihood algorithm based on 16S
rRNA gene sequences, showing the genetic relationships between 50
strains of Streptomyces species (including Streptomyces asenjonii R02) used
in this study. Figure S3 The greenhouse experiment evaluating twelve
strains of Streptomyces (R02, R08, R11,R17, R21, R28, R33, R35, R39, R41,
R44, and Y1) for their efficacy against bacterial wilt disease on tomato
plants in natural soil. Plants marked with red flags indicate disease
presence. R02-R44, and Y1: Streptomyces strains inoculated against
Ralstonia solanacearum on the plant. Rs: only the pathogen Ralstonia
solanacearum was inoculated. Healthy: no microbial inoculation; DR:
disease rate; DI: disease index; BE: biocontrol efficiency. Detailed method
for calculation of the DR, DI and BE, please refer to the Material and
Methods. Number of replicates per treatment = 18. Figure 54 Phyloge-
netic analysis and morphological characteristics of the 12 Streptomyces
strains. (a) The phylogenetic tree constructed using the maximum-likeli-
hood algorithm based on 16S rRNA gene sequences, showing the genetic
relationships of the 12 Streptomyces strains. Branch lengths are propor-
tional to genetic distances, indicating evolutionary divergence. (b) Colony
morphology and scanning electron microscopy (SEM) images of the
Streptomyces strains, showing their distinct morphological traits. The left
panels show morphology of single colonies grown on ISP3 solid medium
for 7 days, while the right panels present high-resolution SEM images of
the spore chains and mycelial structures of each strain. Figure S5
Greenhouse experiment testing the effectiveness of twelve Streptomyces
strains against bacterial wilt disease in tomato plants using a sterile
cultivation substrate. Plants marked with a red circle are diseased. 'RXX/Y1’
denotes inoculation with different Streptomyces strains for combating
Ralstonia solanacearum. 'Rs'indicates inoculation with the Ralstonia
solanacearum strain alone. 'Healthy'represents plants not inoculated with
any microbes. 'DR’stands for disease rate, and ‘DI’ represents disease index.
For detailed methods on calculation of DR and DI, please refer to the
Material and Methods. Number of replicates per treatment = 18. Figure S6
Greenhouse experiment testing the effectiveness of twelve Streptomyces
strains combined with a synthetic community (SynCom) for resistance
against bacterial wilt disease in a sterile cultivation substrate. Plants
marked with red circles indicate those that are diseased. The treatment
labels are as follows: RXX/Y1+SynCom denotes inoculation with different
Streptomyces strains combined with SynCom to combat Ralstonia
solanacearum; Rs indicates inoculation with only the Ralstonia solan-
acearum strain; Healthy represents plants that were not inoculated with
any microbes; SynCom denotes plants inoculated only with the synthetic
community. DR: disease rate, DI: Disease Index. Figure S7 Scatter plot
showing the relationship between inhibition zone size (cm) on agar plates
and biocontrol efficiency (%) on tomato plants grown in sterile cultivation
substrate without the synthetic community (SynCom) for the 12
Streptomyces strains. The x-axis represents the antagonistic effect of each
strain against Ralstonia solanacearum, while the y-axis indicates the
corresponding biocontrol efficiency (%) in the absence of SynCom. Data
points are color-coded to represent different Streptomyces strains. The R?
and P-value showed a non-significant correlation between inhibition zone
size and biocontrol efficiency. Figure S8 (related to Figure 2d). An DESeq
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analysis showing differential ASV abundances between the treatments
of SynCom alone and SynCom combined with different Streptomyces
strains. Each subplot represents a specific Streptomyces strain (R02, R0,
R11,R17,R21,R28, R33, R35, R39, R41, R44, Y1) combined with the
SynCom. The right section (red points) shows members of the SynCom
significantly enriched in relative abundances under the Streptomyces
treatments, while the left section (blue points) shows those ASVs
significantly reduced in relative abundance. The gray points represent
ASVs with non-significant changes. Figure S9 (related to Figure 4e).
Interactions between CSC13, CSC98 with the pathogen Rs1115 on
nutrient agar plates. (A) The central spot was inoculated with CSC13
and (B) CSC98, respectively, with the surrounding bacterial colonies are
the pathogen. Figure S10 Differential gene expression analysis and
KEGG pathway enrichment between R02 and CSC13_R02 groups. (a)
Heatmap of differentially expressed genes (DEGs) clustered based on
Z-score values. Each column represents individual samples from two
groups, R02 and CSC13_R02, and the hierarchical clustering shows
distinct gene expression patterns between the two groups. (b) The
DESeq analysis showing the distribution of DEGs between CSC13_R02
and RO2 groups. The red and green dots represent significantly
upregulated (762 genes) and downregulated (1153 genes) DEGs,
respectively, with dotted lines indicating significance thresholds. (c) Top
25 KEGG pathway enrichment analysis for the DEGs, ranked based on
enrichment significance, with different levels of statistical significance
marked by * (P < 0.05), ** (P < 0.01), and *** (P < 0.001). Figure S11
Metabolomic profiling and enrichment analysis comparing CSC13+R02
and R02 only groups. (a) Pie chart showing the classification of
detected metabolites across different biochemical categories including
the major metabolic groups of amino acids and derivatives (33.74%),
organic acids (11.28%), and nucleotides and derivatives (10.34%). (b)
Heatmap of metabolite abundance based on Z-score values across
samples from CSC13+R02, R02 only, and CSC13 only groups, and the
hierarchical clustering of metabolites reveals distinct patterns of
metabolite accumulation across the different groups. (c) Bubble plot of
enriched KEGG metabolic pathways, with the bubble size correspond-
ing to the number of metabolites involved in each pathway, and color
indicates statistical significance (P-value). (d) OPLS-DA (orthogonal
partial least squares-discriminant analysis) score plot showing
differences between the metabolomic profiles of the CSC13+R02 and
R0O2 only groups, with clear separation observed. (e) Permutation test
results for OPLS-DA model validation. The bar graph shows the
distribution of R%Y and QY values, confirming the robustness of the
model with significant p-values (< 0.005) and high predictive accuracy
(Q* =098, R*Y = 0.999). Figure S12 Joint analyses of metabolites and
gene expressions by comparing CSC13_R02 with R02 only. (a) Workflow
of the co-culture experiment of CSC13 and R02. Microbial metabolites
in supernatants were filtered and analysed, with comparisons made
between CSC13+R02 and R02 only groups. (b) Changes in metabolic
and genetic pathways of Streptomyces RO2 after treatment with the
supernatant of CSC13, involved in six key KEGG pathways, (i)
Biosynthesis of 12-,14- and 16-membered macrolides and related
pathways, (i) inositol phosphate metabolism, (iii) phenylalanine
metabolism, (iv) pinene, camphor and geraniol degradation, (v) valine,
leucine and isoleucine degradation, and (vi) glycolysis/gluconeogen-
esis (refer to the legend on the left for details). Genes upregulated in
CSC13_R02 are marked in red, and dashed arrows represent
biosynthesis links to key metabolites of Erythromycin E. (c) Bar chart
showing enriched key genes in CSC13_R02 relative to RO2 only.
Significant differences are marked by asterisks (**P < 0.01, ***P < 0.001),
with genes such as katG,DLAT and acdH showing significant
upregulations in the co-culture condition. Figure S13 Other bacterio-
static-related secondary metabolites produced by Streptomyces R02.
The table provides an overview of the three secondary metabolites,
detailing their names, classifications, and structural characteristics. (a)
Box plots show the content of secondary metabolite Rosmarinic acid
among the three treatments (F , 15y = 14.21, P <0.001, ANOVA). (b) Box
plots show the content of secondary metabolite Quercetin among the
three treatments (F ;5= 60.98, P < 0.001, ANOVA). (c) Box plots show
the content of secondary metabolite Paromomycin among the three
treatments (F 5,5y = 10.66, P = 0.001, ANOVA).

Additional file 2: Supplementary Dataset 1. The information of the fifty
Streptomyces strains. The table showed fifty Streptomyces strains ID in this
study and species taxonomy, the average diameters of inhibition zone
against of Ralstonia solanacearum and their 16S rRNA sequences. The data
of Average inhibition zone (cm) comes from the reference of yang et al
[34]. Supplementary Dataset 2: The physiological characteristics of the
twelve Streptomyces strains and their resistance to Rs when combined
with SynCom or applied alone under sterile substrate conditions. The
table showed twelve Streptomyces strains spore chain morphology and
surface propa, aerial mycelium and substrate hyphae color, growth
temperature range, pH range, salt tolerance, enzyme activity, rhizosphere
colonization ability, carbon and nitrogen source utilization (+ positive,

- negative) and the disease rate, disease index, biocontrol efficiency of
Streptomyces+SynCom and Streptomyces only. Supplementary Dataset
3:The data of the whole genome sequencing of twelve Streptomyces
strains. Supplementary Dataset 4:The Average Nucleotide Identity (ANI)
analysis revealed the genomic proximity among twelve strains of Strepto-
myces. Supplementary Dataset 5: The data of the members of Synthetic
community. The table showed CSC ID and strains ID of the members of
Synthetic Community in this study and species taxonomy and their 16S
rRNA. Supplementary Dataset 6: Results of 16S rRNA amplicon sequenc-
ing for rhizosphere microbial diversity in a greenhouse experiments
combining Streptomyces and SynCom. Microbial relative abundance

data for each treatment. Supplementary Dataset 7: The alpha diversity
indices and PCoA1 and PCoA2 values of 12 Streptomyces combined with
SynCom and SynCom alone in the glass house experiment. Note: SynCom:
SynCom alone, R02: R02 combined with SynCom, R08: R08 combined
with SynCom, R11: R11 combined with SynCom, R17: R17 combined
with SynCom, R21: R21 combined with SynCom, R28: R28 combined

with SynCom, R33: R33 combined with SynCom, R35: R35 combined
with SynCom, R39: R39 combined with SynCom, R41: R41 combined

with SynCom, R44: R44 combined with SynCom. Y1:Y1 combined with
SynCom. Supplementary Dataset 8 (related to Fig 3a): Macro correlation
network node data of twelve strains of Streptomyces and all members of
the SynCom. Note: Streptomyces: strain R11, R35, R28, R08, R39, R17, R02,
Y1, R44,R33,R41, R21 are collectively referred to as Streptomyces. Sup-
plementary Dataset 9 (related to Fig 3a): Macro correlation network edge
data of twelve strains of Streptomyces and all members of the SynCom.
Note: Streptomyces: strain R11, R35, R28, R08, R39, R17, R02, Y1, R44, R33,
R41,R21 are collectively referred to as Streptomyces. Supplementary
Dataset 10 (related to Fig 4): The data of the metabolite-based interactions
experiments between Streptomyces R02, key species CSC13 and CSC98,
and Rs1115.The table showed the data of the effects of Streptomyces R02
on the growth of strains CSC13 and CSC98, the effects of strains CSC13
and CSC98 on mutual growth, co-culture of strain CSC13 and CSC98 with
Rs1115, effects of supernatants from strains CSC98 and CSC13 on the
growth of Streptomyces R02, impact of supernatants from various strains
and their combinations (excluding Streptomyces R02) on Rs1115 growth,
effects of single and combined bacterial supernatants on Rs1115's inhibi-
tion by Streptomyces R02 supernatant. Supplementary Dataset 11 (related
to Fig S10a,b): Analysis of differential gene expression in Streptomyces
R02 under the influence of metabolites produced by P cellulositrophicus
CSC13 (RO2: Streptomyces R02 only; CSC13_R02: Streptomyces R02 under
the influence of metabolites produced by P cellulositrophicus CSC13, ND:
no data of K_ID). Supplementary Dataset 12 (related to Fig 5b, Fig S10¢):
The KEGG enrichment analysis conducted for all significantly upregulated
genes. Supplementary Dataset 13 (related to Fig S11a): All identified
compounds of the metabolomic analysis. Note: CSC13+R02: Metabo-

lite produced by Streptomyces R02 under P, cellulositrophicus CSC13
treatment; CSC13 only: Metabolites produced by the strain CSC13; R02
only: Metabolites produced by strain R02. (In the table, Erythromycin E is
marked in red and other antimicrobial related secondary metabolites are
marked in yellow). Supplementary Dataset 14: The significant differences
in metabolites between the treatment CSC13+R02 and the control R02
only. Note: CSC13+R02: Metabolites produced by Streptomyces R02 under
P, cellulositrophicus CSC13 treatment; R02 only: Metabolites produced by
strain RO2. Supplementary Dataset 15 (related to Fig 6): Erythromycin E
exhibits bactericidal activity against Rs1115 (The data of inhibition zone
and ODgp).
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