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ABSTRACT Quorum sensing (QS) is a widely conserved bacterial regulatory mecha-
nism that relies on production and perception of autoinducing chemical signals to
coordinate diverse cooperative activities, such as virulence, exoenzyme secretion,
and biofilm formation. In Ralstonia solanacearum, a phytopathogen causing severe
bacterial wilt diseases in many plant species, previous studies identified the PhcBSR
QS system, which plays a key role in regulation of its physiology and virulence. In
this study, we found that R. solanacearum strain EP1 contains the genes encoding
uncharacterized Luxl/LuxR (LuxI/R) QS homologues (Rasl/RasR [designated Rasl/R
here]). To determine the roles of the Rasl/R system in strain EP1, we constructed a
specific reporter for the signals catalyzed by Rasl. Chromatography separation and
structural analysis showed that Rasl synthesized primarily N-(3-hydroxydodecanoyl)-
homoserine lactone (3-OH-C12-HSL). In addition, we showed that the transcriptional
expression of rasl is regulated by RasR in response to 3-OH-C12-HSL. Phenotype
analysis unveiled that the Rasl/R system plays a critical role in modulation of cellu-
lase production, motility, biofilm formation, oxidative stress response, and virulence
of R. solanacearum EP1. We then further characterized this system by determining
the Rasl/R regulon using transcriptome sequencing (RNA-seq) analysis, which showed
that this newly identified QS system regulates the transcriptional expression of over
154 genes associated with bacterial physiology and pathogenic properties. Taken to-
gether, the findings from this study present an essential new QS system in regula-
tion of R. solanacearum physiology and virulence and provide new insight into the
complicated regulatory mechanisms and networks in this important plant pathogen.

IMPORTANCE Quorum sensing (QS) is a key regulator of virulence factors in many
plant-pathogenic bacteria. Previous studies unveiled two QS systems (i.e., PhcBSR
and Soll/R) in several R. solanacearum strains. The PhcBSR QS system is known for its
key roles in regulation of bacterial virulence, and the Luxl/LuxR (Soll/R) QS system
appears dispensable for pathogenicity in a number of R. solanacearum strains. In this
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virulence of R. solanacearum and present a valid target and clues for the control and
prevention of bacterial wilt diseases.

KEYWORDS cell-cell communication, signaling mechanism, pathogenesis, bacterial
wilt

alstonia solanacearum is the causal agent of bacterial wilt and infects over 200

plant species in 50 families throughout tropical and warm temperate regions all
over the world (1). Its hosts include many agronomically important crops, such as egg-
plants, tomatoes, potatoes, and tobacco (2); thus, the pathogen poses a great threat to
agricultural industry (3). As a soilborne and waterborne pathogen with superb abilities
to adapt to environmental changes, R. solanacearum can survive and disperse for years
in infected fields (4). Once encountering susceptible plants, R. solanacearum locates
plant hosts by sensing and chemotaxis toward root exudates by using flagellar motility
(5) and then infecting plants through wounds or at the points of emergence of lateral
roots. The common sign of the disease is the presence of bacterial cells massively colo-
nizing the plant xylem vessels, resulting in vascular dysfunction and severe wilt as the
primary symptom (1). The plant cell wall-degrading enzymes (PCWDEs), twitching and
swimming motility, extracellular polysaccharide (EPS), and dozens of type Il effectors
are needed for the full bacterial virulence (6, 7).

Quorum sensing (QS) is a widely conserved bacterial cell-to-cell communication
mechanism that coordinates various bacterial community activities, including biolumi-
nescence, extracellular enzyme production, motility, biofilm formation, and virulence
(8-11). By secreting the diffusible signals and sensing their surrounding concentrations,
bacterial cells can recognize their populations and thus regulate the expression of a set
of target genes in a population-density-dependent manner. A range of QS systems have
been unveiled over the years, and among them, the LuxIR system represents the most
characterized of the QS systems, with over 100 species of Proteobacteria using small dif-
fusible N-acyl-homoserine lactones (AHLs) as QS signals. In this system, Luxl is the AHL
synthase and LuxR is the AHL-dependent transcription factor (11, 12). LuxR interacts with
the cognate AHL signal to form the LuxR-AHL complexes, which then bind at a specific
DNA sequence called the /ux box in the target promoters to modulate gene expression
(13). Interestingly, a bacterial species may evolve more than one set of QS systems to
modulate its physiology and virulence (14). For example, Pseudomonas aeruginosa uses
at least four types of QS signaling systems, which constitute a multilayer hierarchy of a
regulatory network (15, 16), and Burkholderia thailandensis has three complete LuxR/Luxl
circuits (17). The environmental selective pressures that result in multiple QS signaling
circuits in bacteria are not well understood, although it has been suggested that the dif-
ferent properties of QS signaling might provide specific benefits in different ecological
niches (18).

In R. solanacearum, two QS systems have been characterized, including a LuxIR ho-
mologous system known as SollR and the PhcBSR system presented only in R. solana-
cearum species. The SollR QS system was initially identified in R. solanacearum
GMIT000, in which Soll synthesizes C6- and C8-homoserine lactone (HSL) signals.
However, this QS system appears dispensable for virulence as deletion mutation of ei-
ther Soll or SolR did not seem to alter its pathogenic potential (19). The PhcBSR QS sys-
tem consists of the methyltransferase PhcB, which synthesizes the QS signal (R)-methyl
3-hydroxypalmitate (3-OH PAME) or (R)-methyl 3-hydroxymyristate (3-OH MAME) (20—
22), and the two-component system PhcS and PhcR, which detects and responds to
the QS signal molecules mentioned above. When the signal molecule reaches a thresh-
old level, PhcS/PhcR phosphorylation will be activated, which subsequently elevates
the levels of functional PhcA. The activated master regulator PhcA initiates the produc-
tion of a range of virulence factors, such as exopolysaccharide (EPS) and plant cell wall-
degrading enzymes (PCWDEs) required for late-stage infection (23), and the type llI
secretion system (T3SS) required for early-stage infection (19, 21, 24-26).
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In the genome analysis of R. solanacearum EP1, which is a virulent strain isolated
from severely infected eggplants (Solanum melongena L) in Guangdong, China, we
found that the pathogen contains another set of /uxl//luxR homologues in addition to
previously reported soll/solR. To explore its potential roles, in the present study, we
performed a functional analysis of this new QS system, Rasl/RasR (designated Rasl/R
here), in strain EP1. We first constructed an Rasl signal-specific reporter to facilitate sig-
nal purification and characterization. We showed that Rasl is responsible for the syn-
thesis of primary signal N-(3-hydroxydodecanoyl)-HSL (3-OH-C12-HSL) and a small
quantity of N-(3-hydroxytetradecanoyl)-HSL (3-OH-C14-HSL) in R. solanacearum strain
EP1. Genetic and biochemical analyses validated that RasR is the cognate receptor
responding to 3-OH-C12-HSL and 3-OH-C14-HSL signals in modulating the expression
of target genes, including the QS signal synthase gene rasl. Phenotype analysis demon-
strated that the Rasl/R QS system plays a key role in modulating production of plant
cell wall-degrading enzymes (PCWDEs), twitching and swimming motility, biofilm for-
mation, and oxidative stress response, which are essential for the full virulence of R. sol-
anacearum strain EP1 on host plants.

RESULTS

Bioinformatic analysis of the lux QS gene homologs in R. solanacearum EP1. In
our effort to elucidate the regulatory mechanisms that govern the virulence of R. sola-
nacearum strain EP1, which was a dominant bacterial wilt pathogen in Guangdong
Province, China, we analyzed the recently sequenced genome of R. solanacearum strain
EP1 (GenBank accession no: CP015115.1 and CP015116.1). In this process, two previ-
ously unreported luxl/luxR homologous genes (AC251_22465 and AC251_22460; here
designated rasl and rasR, respectively) caught our attention. These two genes are
located on the megaplasmid, while the genes coding for SolR and Soll, which were ini-
tially identified in in R. solanacearum strain GMI1000, are located on the chromosomal
DNA. Significantly, the rasl/rasR homologues were conserved in the R. solanacearum
strains of phylotype |, Ill and IV, while not detected in the strains of phylotype Il. The
amino acid sequence of Rasl is identical to that of R. solanacearum strain GMI1000
(phylotype |, France), and shares about 98.9%, 98.9%, 96.2%, and 84.78% identity,
respectively, with those of its counterparts in four other R. solanacearum strains, includ-
ing strains FQY_4 (phylotype |, China), SD54 (phylotype I, China), CMR15 (phylotype Ill,
Cameroon), and PSIO7 (phylotype IV, Indonesia). Similarly, RasR of strain EP1 shares
about 100%, 100%, 100%, 97.48%, and 89.08% sequence homologies at the peptide
level with its homologs in strains GMI1000, FQY_4, SD54, CMR15, and PSI07, respec-
tively. In contrast, Rasl/RasR only shares about 34.8%/37.4% identities with the Soll/
SolR of R. solanacearum strain EP1 and 28.4%/24.7% identities with the LuxI/LuxR of
Vibrio fischeri. Rasl was found within the family of genes encoding putative acyl-acyl
carrier protein (ACP)-dependent AHL synthases by KEGG Orthology (KO) classification
(27) (Fig. 1A). Phylogenetic analysis showed that its most close homologue is Mbal
(51.63% similarity) from Methylobacter tundripaludum (Fig. 1A). Mbal is responsible for
biosynthesis of the QS signal N-3-hydroxydecanoyl-.-homoserine lactone (3-OH-C10-
HSL) and a small quantity of N-3-hydroxydodecanoyl-.-homoserine lactone (3-OH-C12-
HSL) (28), which is involved in regulating the biosynthesis of the secondary metabolite
tundrenone (29).

Specific bioassay system for Rasl signals. To purify and identify the signal(s) pro-
duced by Rasl, we decided to construct a Rasl signal-specific reporter. Sequence align-
ment unveiled that the rasl promoter contains a conserved LuxR binding motif (Fig.
1B), suggesting that transcriptional expression of rasl could be autoinduced by the Rasl
signal. We hence generated a RasR-Prasl-mCherry reporter construct (pYJLO1) by fusing
the rasl promoter with the open reading frame (ORF) of the mCherry gene, which to-
gether with the RasR coding sequence were cloned in the expression vector pBBPgdh
and introduced in the non-QS heterologous host Pseudomonas putida F1 to produce
the reporter strain YJLO1 (see Fig. ST in the supplemental material). This construct was
generated on the assumption that the AHL synthase gene rasl is controlled in a QS
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FIG 1 Rasl sequence and promoter analysis. (A) Phylogenetic tree of Luxl family members in selected Proteobacteria. The phylogenetic tree was
constructed using the maximum likelihood method derived from MEGA 7.0 software, and 1,000 bootstrap replicates were included in a heuristic
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FIG 2 Detection and purification of R. solanacearum Rasl signals. (A) Detection of AHL signals
produced by strain EP1 and its derivatives by reporter YJLO1, with ethyl acetate (EtoAc) as a negative
control. Error bars the represent standard deviation (SD) of values from three replicates. (B) Growth
curve of strain EP1 and the Rasl signal accumulation pattern. Error bars represent SD from three
replicates. (C) Gradient HPLC profiles of AHLs synthesized by R. solanacearum EP1 (@), the ras/ mutant
(A), or EP1 expressing AiiA lactonase (O). The dashed line shows the methanol gradient. (D) Isocratic
HPLC profiles of the AHL signals from strain EP1. The dashed line shows the value for 80% methanol.
Statistical significance: ***, P < 0.001; ****, P < 0.0001.

way in which the AHL signal production is activated by the signal-bound LuxR-type
receptor RasR (i.e., expression of the Prasl-mCherry fusion gene depends upon the
presence of RasR and its cognate AHL signal). Bioassay results showed that the result-
ant reporter strain YJLOT produced a strong fluorescence in response to the culture
extracts of R. solanacearum strain EP1 (Fig. 2A), validating the feasibility of using this re-
porter strain to detect the AHL signals produced by strain EP1.

FIG 1 Legend (Continued)
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search with a random tree and the tree bisection-reconnection branch-swapping algorithm. The signal synthases Rasl is highlighted in a solid red dot.
ACP (acyl carrier protein) or CoA (coenzyme A) represents the substrate preference for acyl-HSL synthases. (B) Sequence alignment of the putative
RasR-binding site with inverted repeats found in promoter regions of lux/-type gene family members from V. fischeri ES114 (luxl), P. aeruginosa PAO1
(rhll and lasl), R. solanacearum (soll). The sequence logo was constructed using WebLogo (http://weblogo.berkeley.edu/).
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To identify the Rasl-produced AHL signal and eliminate the influence of QS signals
produced by Soll, we constructed the soll and rasl deletion mutants and the ras/ com-
plemented strain, respectively, in the genetic background of R. solanacearum strain
EP1. We found that the reporter strain YJLOT could be activated by the ethyl acetate
extracts of the cell-free supernatants of strain EP1, the soll deletion mutant, and the
rasl complemented strain (Fig. 2A). In contrast, the signal response was not found in
the extracts from the cultures of the ras/ deletion mutant (Fig. 2A). Thus, these results
suggest that the reporter YJLO1 is specific to and should be useful for detection of the
Rasl signal(s) during purification.

To facilitate signal purification, we determined the time course of strain EP1 growth
and the pattern of Rasl signal accumulation in culture supernatants using the reporter
YJLO1. The results showed that strain EP1 reached the stationary phase at about 24 h
postinoculation, and the accumulation of Rasl signal in culture fluid lagged behind the
increase of cell density in the early part of growth and then accelerated (Fig. 2B), which
is consistent with the positive autoregulation pattern of AHL production. Notably, the
signal level reached the maximum at 36 h postinoculation and then decreased rapidly
(Fig. 2B).

Purification and identification of Rasl signals. To purify the signal molecules syn-
thesized by Rasl, the acidified ethyl acetate was used to extract the cell-free superna-
tants of strain EP1. The signal activity was mainly found in the organic phase, which
was then evaporated and dissolved in methanol. The methanol solution was diluted
accordingly and fractionated by C,4 reverse-phase high-performance liquid chromatog-
raphy (RP HPLC) with a 10 to 100% methanol gradient. Each fraction was assayed using
the Rasl signal reporter strain YJLO1 (Fig. 2C). The majority of signal activity was found
in fractions 56 and 62. As a control, the Rasl signal activity was not present in the su-
pernatant extract from the Aras/ mutant. Similarly, the Rasl signal activity was also not
found in the supernatant extract from strain EP1, adding AiiA (AHL lactonase), which
hydrolyzes the homoserine lactone ring of AHL family signals (30, 31). The finding
agrees with the bioinformatics prediction that the Rasl signals are the members of AHL
family molecules.

The active fractions from gradient HPLC separation were further fractionated by iso-
cratic HPLC with 80% methanol (Fig. 2D). Under this HPLC elution condition, the Rasl
signal activity was found in two fractions (i.e., fractions 8 and 13) (Fig. 2D), suggesting
that at least two AHL molecules are produced by Rasl in strain EP1. To determine the
chemical structures of the purified AHL molecules, we scanned and analyzed the two
purified fractions by high-resolution liquid chromatography-tandem mass spectrome-
try (LC-MS/MS). The results showed that the fractions 8 and 13 produced parent ions,
[M+HI*, of 300.2165 m/z and 328.2483 m/z, respectively. Both parent ions were
accompanied with an obvious daughter ion, [M+H]* = 102 (Fig. S2), which is the com-
mon characteristic of the homoserine lactone fragment of AHLs (32). The molecular
masses of the two fractions are consistent with the molecular formula of N-(3-hydroxy-
dodecanoyl)-HSL (3-OH-C12-HSL) and N-(3-hydroxytetradecanoyl)-HSL (3-OH-C14-HSL)
(Fig. 3A and C). The HPLC retention time and mass spectra (Fig. S2) of these purified
compounds were indistinguishable from those of the corresponding commercial
standards (Fig. 3B and D). Taken together, these findings demonstrate that two QS sig-
nals synthesized by the Rasl enzyme in R. solanacearum strain EP1 are 3-OH-C12-HSL
and 3-OH-C14-HSL (Fig. 3E and F).

To determine the biological activity of these AHL signals, we compared their signal-
ing activities using the reporter strain YJLO1. The results showed that the reporter
could respond to both AHL signals, but 3-OH-C12-HSL was more potent than 3-OH-
C14-HSL, especially at the lower end of the concentration ranges (Fig. 4A). Notably, at
the final concentration of 10 nM, the signaling activity of 3-OH-C12-HSL was about 4-
fold higher than that of 3-OH-C14-HSL (Fig. 4A). These results, together with those of
Fig. 2, suggest that the Rasl/R QS system of strain EP1 produces and responds primarily
to the AHL family signal 3-OH-C12-HSL.
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FIG 3 Mass spectrometry characterization of the AHL signals synthesized by Rasl. (A and C) Mass
spectrum showing the parental ions of fractions 8 (A) and 13 (C) shown in Fig. 2D. (B and D) Mass
spectrum showing the parental ions of chemically synthesized 3-OH-C12-HSL (B) and 3-OH-C14-HSL
(D). (E and F) Chemical structures of 3-OH-C12-HSL (E) and 3-OH-C14-HSL (F).

To quantify the 3-OH-C12-HSL signal level in R. solanacearum strain EP1, we scanned it
in the supernatant of wild-type (WT) EP1 culture over the course of bacterial growth. Rapid
increase of 3-OH-C12-HSL signal level occurred at the bacterial exponential growth phase
(optical density at 600 nm [ODg,] of about 0.1 to 1.0), and the maximum accumulation of
3-OH-C12-HSL was up to approximately 500 nM at the stationary phase (Fig. 4B). We then
determined the specificity of RasR in response to other AHL family signals by screening
nine different AHLs with fatty acyl groups ranging from 4 to 14 carbons. The results
showed that at the final concentration of 100 nM, the best signal in activation of the RasR-
Prasl-mCherry reporter system was 3-OH-C12-HSL, followed by 3-OH-C14-HSL and 3-OH-
C10-HSL (Fig. 4C). The reporter could hardly respond to C4-HSL, C6-HSL, C8-HSL, C10-HSL,
3-0x0-C6-HSL, 3-0x0-C8-HSL, 3-ox0-C12-HSL, or 3-OH-C8-HSL (Fig. 4C), even at a high con-
centration (1 «M) (data not shown). Obviously, the signal receptor RasR tends to respond
to long-chain 3-hydroxyl AHLs.

The Rasl/R QS system controls a range of biological functions. To determine the
biological functions regulated by the Rasl/R QS system, we constructed rasl, rasR, soll,
solR, phcA, and phcB deletion mutants, using WT EP1 as the parental strain, as well as
the corresponding rasl and rasR complemented strains. Phenotype analysis showed
that the deletion of phcA, phcB, rasl, or rasR caused a substantial reduction in the cellu-
lase (CEL) activity, while deletion of soll and solR did not seem to influence CEL activity
(Fig. 5A). On a semisolid motility agar assay, the Aras/ and ArasR mutants showed sig-
nificantly weakened swimming ability compared with the WT strain (Fig. 5B). Notably,
the AphcA and AphcB mutants were more hypermotile than the wild-type EP1 strain
(Fig. 5B). Under the microscope, the R. solanacearum EP1 wild type and the other
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mutants appeared to produce motile rafts of cells with clear striates in the colony
edge, as previously reported (33), while the Arasl and ArasR mutants were deficient for
twitching motility (Fig. S3). Furthermore, we found that deletion of ras/ and rasR
caused much increased biofilm formation on the CTG liquid medium compared with
the WT EP1 (Fig. 5C). In contrast, deletion of phcB and phcA caused only a slight
increase in biofilm formation, and deletion of soll and solR did not apparently affect
biofilm production compared to that of WT EP1 (Fig. 5C). Expression of the correspond-
ing WT rasl gene in Arasl(rasl) complemented strains and complementation of the
ArasR mutant with WT rasR rescued the changed phenotypes to the wild-type levels
(Fig. 5A to Q), validating the key role of Rasl signal and RasR regulatory protein in regu-
lation of these virulence-related traits.

Deletion mutation of Rasl/R QS system significantly attenuates bacterial viru-
lence. In the virulence assay, eggplants were inoculated with WT strain EP1 and its
derivatives using the naturalistic soil soak inoculation method (34, 35). The plants ino-
culated with strain EP1 and the Asoll and AsolR mutants displayed wilt symptoms
3 days after inoculation and were eventually killed within 10 days (Fig. 5H; Fig. S4C). In
contrast, the Arasl, ArasR, AphcA, and AphcB mutants failed to cause any death of egg-
plant plants under the same inoculation conditions, even at 20 days postinoculation
(dpi) (Fig. 5H; and Fig. S4A, B, and D). The Arasl(rasl) and ArasR(rasR) complemented
strains became fully virulent, similar to the WT strain EP1 (Fig. 5H; Fig. S4A and B).
Semiquantitative analysis showed that virulence of rasl, rasR, phcB, and phcA deletion
mutants was significantly attenuated compared with that of the wild-type strain, while
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i

the soll and solR deletion mutants and the Arasl(rasl) and ArasR(rasR) complemented
strains showed a similar level of virulence to wild type EP1 (Fig. S4). These results vali-
dated the essential role of the Rasl/R QS system in regulation of the bacterial
pathogenicity.

To determine whether the Rasl/R QS system contributes to the systemic infection of
R. solanacearum in plants, we calculated the bacterial CFU in plant stem or root tissues
at different time points following root cutting and soil soaking inoculation. The results
showed that the bacterial cells of wild-type EP1 spread rapidly from roots to stem tis-
sues, whereas the numbers of cells of the Arasl and ArasR mutants in stem or root tis-
sues were much lower, particularly during the first 7 days postinoculation (Fig. 5D and
E). The above findings indicate that the systemic infection abilities and survival around
inoculation point of the rasl/R mutants were much weakened, which are highly consist-
ent with the results of the virulence assay.
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The Rasl/R system is involved in regulation of bacterial resistance to oxidative
stress. In the process of bacterial infection, pathogenic invaders have to overcome various
host defense mechanisms for survival and proliferation. Given that the bacterial virulence
and systemic infection ability were much attenuated by deletion mutation of the Rasl/R
system (Fig. 5E and H), we were curious whether the mutation of this QS system might
also affect the pathogen’s ability to counteract the defense stresses from host plants.
Plant-generated reactive oxygen species (ROS), which act as part of the primary defense
responses to pathogenic invasions, are one of the challenges that bacterial invaders com-
monly encounter during infection. To examine this possibility, we conducted the bacterial
survival assay against hydrogen peroxide (H,0,), which is the major ROS of the host oxida-
tive burst at the early stage of pathogenic infection. The bacterial cells of strain EP1 and its
Arasl and ArasR derivatives were cultured in CTG medium, and the fresh bacterial cells af-
ter 24 h of culture were taken for the survival assay against H,0,. The results showed that
three strains grew at a similar rate in CTG medium, though the Aras/ and ArasR mutants
grew slightly faster than WT EP1 (Fig. 5G). The Aras/ mutant was not able to survive at an
H,O, concentration higher than 1 mM, and the ArasR mutant was unable to cope with
0.4 mM H,0,, whereas the WT strain EP1 was killed by H,0, only at a much higher concen-
tration—about 2 mM (Fig. 5F).

The Rasl/R QS system modulates the expression of multiple genes in R. solana-
cearum EP1. To unveil the regulatory spectrum of the Rasl/R QS system, we used tran-
scriptome sequencing (RNA-seq) to compare the genomic transcriptional profiles of
the WT strain EP1 and the ras/ and rasR deletion mutants. The analysis identified 228
genes regulated by RasR (21 upregulated and 207 downregulated), defined as more
than a 1.5-fold change in expression level by comparing the ArasR mutant with the WT
EP1 (Table S1). Similarly, we found that a total of 223 genes (44 upregulated and 178
downregulated) were regulated by Rasl (Table S2). Notably, 154 genes were coregu-
lated by RasR and Rasl, which constitutes the Rasl/R regulon (Table 1 and Fig. S5C).
Thus, among the RasR-regulated genes, about 69% of them were also presented in the
Rasl regulon, and these genes are associated with a range of biological functions,
including transportation, regulation, stress resistance and detoxification, pathogenicity,
flagellum synthesis, and fatty acid metabolism (Table 1). Similar signal-dependent, but
receptor-independent QS-regulated genes have also been reported previously in the
Las and Rhl systems of P. aeruginosa, respectively (36, 37). To validate the RNA-seq
results, 10 genes were arbitrarily selected for quantitative reverse transcription-PCR
(gRT-PCR) analysis (Fig. S5A and B), including AC251_22465, encoding an N-acylhomo-
serine lactone synthase, Rasl, AC257_00730, encoding transcriptional activator protein
SolR, AC251_00725, encoding fucose-binding lectin, AC257_19280, encoding cellulase,
AC251_23955, encoding type II/IV secretion system protein CpaF, AC251_19340, encod-
ing SAM-dependent methyltransferase, AC257_17135, encoding a universal stress pro-
tein, AC251_23985, encoding a type IVb pilin, AC251_22035, encoding an AraC family
transcriptional regulator, and AC257_25945, encoding an isopenicillin synthase (Table
S3). The gRT-PCR data of the Aras/ and ArasR mutants were highly consistent, and the
results validated the findings of RNA-seq analysis (Fig. S5A and B). Taken together, the
above results indicate that the Rasl/R QS system plays an important role in regulation
of the bacterial physiology and virulence by modulating the transcriptional expression
of a large set of corresponding genes.

DISCUSSION

In this study, a new functional QS system (i.e., Rasl/R) was identified and character-
ized in R. solanacearum strain EP1 isolated from infected eggplants (38). Phenotype
analyses showed that the Rasl/R system plays a key role in regulation of a range of bio-
logical activities associated with the bacterial virulence, including cellulase production
(Fig. 5A), swimming motility (Fig. 5B), twitching motility (see Fig. S3 in the supplemen-
tal material), biofilm formation (Fig. 5C), and oxidative stress response (Fig. 5F). RNA-
seq analysis showed that RasR and Rasl regulate the transcriptional expression of 228
and 223 genes, respectively (Tables S2 and S3 and Fig. S5C). A subset of genes selected
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TABLE 1 Functional groups of the genes co-regulated by RasR and Rasl?

Log2Fold
changes RasR vs
Gene family Gene name or ID WT (P, < 0.05)
Membrane component and transporter
Membrane protein ompW, AC251_02870, AC251_04210, AC251_04770, AC251_06130, AC251_08165, —1.89-—3.69

ABC transporters
Transporter

Regulator
Transcriptional regulator

Signal synthesis
Stress resistance and detoxification
Stress resistance
Detoxification
Pathogenicity
Type lll secretion

Virulence

Protein metabolism

Protein biosynthesis and degradation

Protein export
Others

Flagellum synthesis, motility and chemotaxis

Pili
Flagellar
TCA cycle and fatty acid metabolism
Metabolism
Fatty acid synthesis
Microbial metabolism
Phosphorylation
Biodegradation
Small molecule metabolism

Biosynthesis

Cell processes
Chromosome associated protein

Hypothetical protein

AC251_13900, AC251_23345, AC251_24890, AC251_24895, AC251_25935,
AC251_03860 AC251_00725
AC251_23810 —2.20

AC251_07410, AC251_16330, AC251_23670, AC251_13370 —1.75-—2.47
solR, AC251_00235, AC251_09675, AC251_13820, AC251_15330, AC251_20605, —1.91--2.60
AC251_22035, AC251_22575, AC251_23470
rasl, AC251_06640, AC251_25845 —1.56-—2.09
AC251_17135, AC251_18370 —3.20-—-3.54
AC251_14105 —1.80
AC251_22915, AC251_23955, AC251_23965 —1.68-—3.46
mprA, AC251_19195, AC251_19280, AC251_19825, AC251_19835 —1.68-—3.46
AC251_01470, AC251_16810, AC251_21480 —1.82--4.04
AC251_14960, AC251_16375, AC251_21190, AC251_23940 —1.64-—4.07
AC251_23970, AC251_23975, AC251_23980, AC251_23985 —1.85-—3.25
AC251_25380, AC251_25385 —2.28-—-245
AC251_16945, AC251_19335, AC251_19340 —1.68-—-4.33
AC251_07405 —2.71
AC251_11000, AC251_16920, AC251_18470, AC251_23850 —1.84-—3.36
AC251_08405, AC251_08410, AC251_13835, AC251_17060, AC251_17865, —2.04--6.55
AC251_18450, AC251_19840, AC251_22735, AC251_23840,
AC251_02875, AC251_08175, AC251_12535, AC251_13830, AC251_14030, —2.19-—-3.70
AC251_16360, AC251_23845, AC251_25950, AC251_17795
AC251_21490, AC251_21985, AC251_24430, AC251_24450, AC251_25945 —1.95-—3.55
AC251_18440 —3.15
AC251_00610, AC251_00820, AC251_00955, AC251_01460, AC251_01765, —1.62-—5.94

AC251_01855, AC251_01995, AC251_02915, AC251_04260, AC251_04315,
AC251_05905, AC251_06160, AC251_06550, AC251_06635, AC251_06725,
AC251_07010, AC251_08090, AC251_08170, AC251_08190, AC251_08195,
AC251_08210, AC251_08580, AC251_08900, AC251_08905, AC251_08910,
AC251_09280, AC251_09285, AC251_09290, AC251_09295, AC251_09965,
AC251_11895, AC251_13350, AC251_13355, AC251_13360, AC251_13365,
AC251_13375, AC251_13895, AC251_15040, AC251_15070, AC251_16365,
AC251_16425, AC251_16580, AC251_16860, AC251_16925, AC251_17065,
AC251_18280, AC251_18445, AC251_18455, AC251_18460, AC251_18465,
AC251_18475, AC251_19110, AC251_19320, AC251_19330, AC251_20475,
AC251_20610, AC251_21345, AC251_22045, AC251_22165, AC251_23175,
AC251_23540, AC251_23935, AC251_25790

aFunctional analysis was according to KEGG and gene annotation. Detailed information is provided in Tables S2, S3.

bPadj, adjusted P value.
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from the RNA-seq results were confirmed by qRT-PCR analysis, indicating the key roles of
this newly identified QS system in modulation of the expression of virulence genes. In
great agreement with the genetic and biochemical results, the virulence assay showed
that deletion mutation of either rasl or rasR in R. solanacearum strain EP1 largely blocked
its pathogenicity, survival, and systemic infection on eggplant plants (Fig. 5D, E, and H; Fig.
S4). Interestingly, the rasR and rasl mutants could grow faster at the exponential phase
than the wild-type strain EP1 in CTG medium (Fig. 5G), whereas their CFU in planta were
much lower than those of strain EP1 (Fig. 5D and E). The findings suggest that in addition
to the attenuated bacterial motility (Fig. 5B), which is key for bacterial infection and sys-
temic infection, the compromised oxidative stress resistance of these mutants (Fig. 5F)
might also be an important factor accounting for their limited survival in planta (Fig. 5D).

Comparison of the Rasl and RasR regulons identified a common set of 154 genes (Fig.
S50), which could be grouped into at least 7 functional categories, including transportation,
regulation, stress resistance and detoxification, pathogenicity, flagellum synthesis, and fatty
acid metabolism (Table 1). Numerous studies have demonstrated that the type Il secretion
system (T3SS) and motility are important virulence factors for early infection and adaption to a
changing environment (6, 39, 40). RNA-seq analysis in this study showed that deletion of ras/
or rasR caused downregulation of T3SS protein HrpB4 (Table 1 and data not shown). To our
knowledge, the role of HrpB4 has not yet been characterized in R. solanacearum, but recent
studies in Xanthomonas campestris pv. vesicatoria and Xanthomonas citri subsp. citri showed
that it is an essential pathogenicity factor playing a key role in promoting docking of the sort-
ing platform to T3SS and thus secretion of T3SS effectors (41, 42). It is plausible that downreg-
ulation of hrpB4 might restrain translocation of T3SS effectors from R. solanacearum to the
host plant. In R. solanacearum, swimming motility is mediated by polar flagella, and the flagel-
lar subunit protein FliC or motor switch protein FliM mutants were nonmotile and showed
reduced virulence in tomato (43). Twitching motility is another type of movement used by R.
solanacearum, which is driven by type IV pilus (TFP) appendages (6). Characterization of sev-
eral TFP~ mutants of R. solanacearum unveiled that pili contribute to natural competence, bio-
film formation, and multiple stages of pathogenesis (5, 6). The results of RNA-seq indicate that
these motility-related genes were downregulated when the rasl or rasR gene was deleted
(Table 1; Tables S2 and S3 and data not shown). These findings are highly consistent with the
results of virulence assay that deletion mutation of the Rasl/R QS system abrogated the bacte-
rial systemic infection ability and virulence (Fig. 5E and H; Fig. S4). Thus, the RNA-seq analysis
data provided a molecular basis underpinning the critical roles of the Rasl/R QS system in
modulation of the physiology and virulence of R. solanacearum EP1.

R. solanacearum strains collected from different regions of the world are usually remark-
ably different in various properties, such as host range, pathogenicity, and physiology (2, 44,
45). It has become clear that R. solanacearum is a species complex (RSSC) consisting of a het-
erogeneous group of related but genetically distinct strains (38). Based on the genetic simi-
larities of the internal transcribed spacer region, hypersensitive response and pathogenicity
(hrp) gene hrpB, and endoglucanase, R. solanacearum species were grouped into 4 phylo-
types (I to IV) (4). In this context, it is interest to note that the genes encoding the Rasl/R QS
system are present in all the phylotype | strains used in this study (GMI1000, FQY_4, EP1,
and YC45, SD54), as well as the phylotype Ill (CMR15) and phylotype IV (PSI07) strains, but
were not discovered in all the sequenced phylotype Il strains deposited in the NCBI data-
base. Genome sequence analysis showed that the rasl/R genes are located in the megaplas-
mid, in which many important virulence genes are also located, such as the hrp clusters
(T3SS), c-di-GMP genes, flagellar genes, and T6SS genes (38, 46). In this regard, it is interest-
ing to note that both the soll/R and phcBSR QS genes, which are conserved in all the four
phylotypes, are located on the chromosome of R. solanacearum. These findings suggest that
the Rasl/R QS system might have coevolved with the other virulence genes in the megaplas-
mid of RSSC.

Previous studies unveiled two QS systems (i.e,, PhcBSR and Soll/R) in several R. solana-
cearum strains. The PhcBSR QS system is known for its key roles in regulation of EPS and
cellulase production, T3SS, and bacterial virulence (19-22, 24, 25). Similar to the Rasl/R
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system, the Soll/R system also produces and responds to AHL family QS signals (i.e., C6-
HSL and C8-HSL) (19, 21, 47). However, the Soll/R QS system appears dispensable for path-
ogenicity and seems to influence the expression of only three genes (i.e., aidA, lecM, and
aidC) (1, 19). The aidA and aidC genes encode proteins that have not yet been functionally
characterized, while lecM encodes a mannose-fucose binding lectin (21). Consistent with
the previous reports, we found that in R. solanacearum strain EP1, the PhcBSR QS system is
essential for the bacterial virulence, whereas deletion mutation of Soll/R did not seem to
affect its pathogenicity on eggplants (Fig. 5H). This suggests that the biological functions
of these two QS systems are widely conserved. We also noticed that deletion of phcB and
phcA almost abolished the transcriptional expression of ras/ and soll, whereas deletion of
soll did not have much of an effect on the transcript level of ras/ (Fig. 2A; and Fig. S6). In
contrast, deletion of either ras/ or rasR almost blocked transcriptional expression of soll
(Fig. S6). These findings suggest that the three QS systems constitute a hierarchical QS net-
work in R. solanacearum, in which PhcBSR controls the expression of Rasl/R and the latter
regulates the expression of Soll/R.

It is intriguing that the two AHL-type QS systems in R. solanacearum evolved in such
a way with stringent signal specificity (Fig. 2A), which may be essential for executing dif-
ferent biological functions, respectively, reminiscent of those of the Lasl/R and Rhll/R QS
systems in Pseudomonas aeruginosa (16, 48). However, given that the AHL-type QS sys-
tems are widely conserved in prokaryotes, the influence of interspecies communication
on bacterial physiology and microbial ecology may deserve attention. The Rasl in R. sola-
nacearum EP1 synthesizes 3-OH-C12-HSL primarily, and RasR responds to long-chain
3-hydroxyl AHLs, such as 3-OH-C12-HSL, 3-OH-C14-HSL, or 3-OH-C10-HSL, and was sensi-
tive to and responded to 3-OH-C12-HSL and 3-OH-C14-HSL signals at a nanomolar level
(Fig. 4). The long-chain 3-hydroxyl AHL signals have also been produced by a few bacte-
rial species and play roles in modulation of various biological activities, including regula-
tion of antibiotic biosynthesis in Burkholderia thailandensis (17), secondary metabolite
tundrenone production in Methylobacter tundripaludum (28), and drug resistance gene
expression and affecting biofilm formation and flagellar movement in Acinetobacter bau-
mannii (49), biofilm formation and bacterial motility in Acinetobacter nosocomialis (50),
and nitrogen metabolism in Nitrosospira briensis (32). Particularly, Burkholderiales and
Methylococcales have also been identified in enrichments from eggplant soil samples
(51, 52), which suggests the possibility of cross talk among these bacterial species in the
soil environment surrounding host root systems. Given the key roles of the similar AHL
signals in modulation of bacterial pathogenicity and antibiotic production, respectively,
in different bacterial species living in the same niche, it would be of significant interest
to investigate the impact of this signal-mediated interspecies communication on bacte-
rial wilt epidemiology and on soil microbiome structure.

In summary, this study identified a previously unreported QS system, Rasl/R, in R. solana-
cearum strain EP1. This new QS system produces and responds to the QS signals 3-OH-C12-
HSL and 3-OH-C14-HSL and hence regulates critical bacterial abilities involved in survival
and infection. The findings from this study provide new insight into the complicated regula-
tory networks that govern the physiology and virulence of R. solanacearum and present a
valid target and clues for the control and prevention of bacterial wilt diseases.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The plasmids and bacterial strains used in this study are
listed in Table 2. R. solanacearum strains were grown at 28°C overnight in CTG rich broth (53), which con-
sists of 10.0 g of tryptone, 5.0 g of glucose, and 1.0 g of Casamino Acids per L, or in TZC (CTG agar con-
taining 0.005% of tetrazolium chloride) plates. P. putida F1 and RasR-Prasl-mCherry reporter strain YJLO1
were cultured at 30°C in Luria-Bertani (LB) broth, and Escherichia coli strains were cultured at 37°C in LB
broth, which consists of 10.0 g of tryptone, 5.0 g of yeast extract, and 10.0 g of NaCl per L. The swimming
motility soft agar contains 10.0 g bacteriological peptone, 3.0 g bacteriological yeast extract, 3.0 g bacte-
riological agar per L. The twitching motility testing agar contains 10.0 g of tryptone, 5.0 g of glucose, 1.0
g of Casamino Acids, and 16 g of bacteriological agar per L. The cellulase activity testing agar contains
1.0 g carboxymethyl ethyl cellulose, 3.8 g sodium phosphate, and 8.0 g agarose per L. Antibiotics were
used as needed at the following concentrations: 100 wg/mL ampicillin, 100 mg/L kanamycin, and 15 ug/
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TABLE 2 Strains, plasmids and primers used in this study

Applied and Environmental Microbiology

Strains/plasmids/primers Characteristics

Source or usage

pBBRT1MCS2-rasl!
pBBR1MCS5-rasR

pBBR-mcherry-F
pBBR-mcherry-R

Strains
EP1 R. solanacearum EP1, wild type strain, Rif?
GMI1000 R. solanacearum GMI1000, wild type strain, Rif?
Arasl The rasl gene deletion mutant of strain EP1, Rif?
Arasl (rasl) Complemented strain, Arasl expressing rasl, KmF, Rif®
ArasR The rasR gene deletion mutant of strain EP1, Rif®
ArasR(rasR) Complemented strain, ArasR expressing rasR, GmR, Rif®
Asoll The soll gene deletion mutant of strain EP1, Rif®
AsolR The solR gene deletion mutant of strain EP1, Rif®
AphcA The phcA gene deletion mutant of strain EP1, Rif®
AphcB The phcB gene deletion mutant of strain EP1, Rif?
P. putida F1 P. putida, wild type strain
YJLO1 P. putida F1 containing AHL reporter construct pYJLO1
YJLO2 P. putida F1 containing AHL reporter construct pYJL02
E. coli DH5a 80dlacZAM15A(lacZYA-argF)U169 recA1 endA1 hsdR 17 supE44 thi-1 gyrA relA1
Plasmids
pK18mobsacB Suicide and narrow-broad-host vector, Gm~®
pBBR1MCS2/5 Broad-host-range cloning vector, Km*/Gm®
pRK2013 Tri-parental mating help plasmid, Km®
pBBPgdh Pbbr1MCS-5 with RPA0944 promoter between Kpnl and Xhol sites, GmF
pYJLO1 pBBPgdh with rasR-Prasl-mCherry fusion gene, GmF®
pYJLO2 pBBPgdh with solR-Psoll- mCherry fusion gene, Gm®R

pBBR1MCS2 with rasl and its native promoter, KmF
pBBR1MCS5 with rasR and its native promoter, GmF®

Primer
rasl-1 5'-CGGAATTCTTGCTGAACAACTACCCGC
rasl-2 5'-CCATTCGTTTCAGTCAGGCCGACGAATACCTTGTAGCG
rasl-3 5'-CGCTACAAGGTATTCGTCGGCCTGACTGAAACGAATGG
rasl-4 5'-CGGGATCCGATTCGCCAATGACATCC
rasR-1 5'-CGGGATCCGTTATCGAGATGAACATTG
rasR-2 5'-CAGCAGATCTTCTTGCCAACAATGTTCATCTCGATAAC
rasR-3 5'-GTTATCGAGATGAACATTGTTGGCAAGAAGATCTGCTG
rasR-4 5'-CCAAGCTTACCAGGTCATCTCCGAAC
phcA-1 5'-TGAACCACGGCACCTACAA
phcA-2 5'-AACAGCCGCCTCATCAAATGGCTCAGACAGAAGGTGGA
phcA-3 5'-TCCACCTTCTGTCTGAGCCATTTGATGAGGCGGCTGTT
phcA-4 5'-GCAGACCTCAAGAACATCG
phcB-1 5'-CGGGATCCCTGTTCGGCAAGTACAATCG
phcB-2 5'-TTTCCACGGTGTGCGTCCGCTGCAGCGTGATGATGGTG
phcB-Gen-1 5'-CACCATCATCACGCTGCAGCGGACGCACACCGTGGAAA
phcB-Gen-2 5'-GAACACGTTGACACCGGTATGGCGGCGTTGTGACAATTT
phcB-3 5'-AAATTGTCACAACGCCGCCATACCGGTGTCAACGTGTTC
phcB-4 5'-GCGTCGACCTCGGTGAGGCTGTGGTTGAT
rasl-F 5'-CCAAGCTTTGTCTTGCGCCGCGTTTCTC
rasl-R 5'-CGGGATCCCCATTCGTTTCAGTCAGGCG
rasR-F 5'-ATGAAAAATTGGCAAGAAGATCTGCTGGAT
rasR-R 5'-TGTCTCCCGATCGCCAAAAAGCACCCTC

5'-ATCCAGCAGATCTTCTTGCCAA CATCTGCACCCTCCTCCTCGCTG
5'-GAGGGTGC GGCGATCGGGAGACAAGGAGGGTGCAGATGGTGAGCA

RS rasR-F 5'-CCCTTGCTCACCATCTGCACCCTCCTTGTCTCCCGATCGCCAAAAAGCAC

RS rasR-R 5'-GCAGCGAGGAGGAGGGTGCAGATGAAAAATTGGCAAGAAGATCTGCTGGA
rasR check F 5'-CTCCCACTTGAAGCCCTCGG

rasR check R 5'-CGTCTGGTCCGACCGGTTGT

pBBR-solR mcherry F
pBBR-solR mcherry R

soll promoter F
soll promoter R

5'-GTGATACGCGTCCTGGAAGCCTGGTCCCATCTGCACCCTCCTCCTCGCTG
5'-ATGCAGACATTCATTCATGGCGGCGGGAGGAGGGTGCAGATGGTGAGCA
5'-CTCGCCCTTGCTCACCATCTGCACCCTCCTCCCGCCGCCATGAATGAAT
5'-GTCAAGGCGATCGCCATCGGACTGATCTAGCGCATGCCACTGTGAACAGC

solR mCherry F 5'-GCACGGGCTGTTCACAGTGGCATGCGCTAGATCAGTCCGATGGCGATCGC
solR mCherry R 5'-AATCATCTGCAGCGAGGAGGAGGGTGCAGATGGGACCAGGCTTCCAGGAC
solR Check F 5'-GCTCACGGTCACAAGAAGA

(34)

(56)

This study
This study
This study
This study
This study
This study
This study
This study
(36)

This study
This study
Transgen

This study
This study
This study
(36)

This study
This study
This study
This study

Deletion of ras/

Deletion of rasR

Deletion of phcA

Deletion of phcB

Complementary ras/

Complementary rasR

Construction of Prasl-mCherry

Construction of rasR-Prasl-mCherry

Construction of Psoll-mCherry
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Strains/plasmids/primers

Characteristics

Source or usage

solR Check R
recA-F

recA-R
AC251_22465-F
AC251_22465-R
AC251_19280-F
AC251_19280-R
AC251_00725-F
AC251_00725-R
AC251_00730-F
AC251_00730-R
AC251_23955-F
AC251_23955-R
AC251_19340-F
AC251_19340-R
AC251_17135-F
AC251_17135-R
AC251_23985-F
AC251_23985-R
AC251_22035-F
AC251_22035-R
AC251_25945-F
AC251_25945-R

5'-GGCTTTGACTACTGCTGCTAC
5'-CACCGAAGCGTAGAACTTGA

5'-CCAACTGCCTGGTGATCTT
5'-CAATCTTGGTCGCTATCG
5'-ATCAAATGCTTCGTGTCG
5'-GCAGGACTTCACCAACTG
5'-CATCGGCATTGTTCTTCAC
5'-ATCAAGATCCAGGTGTCG
5'-GTCGTTGTAGTCGTTGTC
5'-TTGACTACTGCTGCTACG
5'-CTCATCACGGATGGACAC
5'-GGCTTCCTTGATGTCCTG
5'-CGAGTTCTCCAACCAGAC
5'-CGATTCCGTCATCCATATC
5'-GATCAGCCGTTCATTGAG
5'-CAAGCATTCGACCAAGTT
5'-GAGTACCAAGCACAATCAG
5'-GATTTCAGTGCCCAGAGT
5'-ACGCCATTTCAGTTCCTT
5'-CGAGTGCTGACAGATTCA
5'-GGATTGACCGTGATGAGAT
5'-GCATTACCAACACGGAAG
5'-CGATAAAGCGATCTGGAAA

gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
aRT-PCR
gRT-PCR
qRT-PCR
gRT-PCR
qRT-PCR
qRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR

mL gentamicin. AHL derivatives were used as necessary at a final concentration of 100 nM, unless other-
wise indicated.

Mutant and plasmid construction. Mutants with deletion of rasl, rasR, soll, solR, phcB, and phcA
were derived from R. solanacearum EP1 by a homologous recombination-based two-step allelic
exchange approach (54). Briefly, DNA fragments of about 500 to 800 bp flanking the gene of interest
were PCR amplified and cloned into the pK18mobsacB vector by standard restriction enzyme-based
techniques. The resultant constructs were transformed into E. coli DH5q, and the transformants were
selected on LB agar containing gentamicin. The primers for PCR amplifications are listed in Table 2. The
knockout plasmids were confirmed by DNA sequencing and introduced into R. solanacearum through
triparental mating with the helper strain E. coli HB101(pRK2013). Merodiploids were selected by plating
on CTG plates containing gentamicin, and deletion mutants were then selected on CTG agar containing
10 to 15% sucrose. The complemented Arasl(rasl) and ArasR(rasR) strains were derived by in trans
expression of corresponding WT genes in the Aras/ and ArasR deletion mutants, respectively. The coding
sequences of rasl and rasR were amplified by PCR using specific primer pairs (Table 2) that were cloned
into the pBBR1-MCS-2/5 vector by standard techniques. The resultant constructs were transformed into
E. coli DH5¢, purified, and electroporated into the R. solanacearum Arasl and ArasR deletion mutants. All
deletion mutations and complemented mutants were confirmed by PCR and DNA sequencing.

Construction of the RasR-Prasl-mCherry reporter plasmid (pYJLO1) was done by E. coli DH5a-medi-
ated assembly (55). Briefly, the DNA fragments containing the predicted Rasl promoter and the RasR
ORF were amplified by corresponding primers listed in Table 2 using strain EP1 genomic DNA as the
template. The linearized pBBR-mCherry fragment was generated by PCR amplification using the plasmid
pLL1 as the template (56). Two DNA fragments contain at least 25 bp of homologous overlap, which is
required for E. coli DH5a-mediated assembly. Transformants were selected on LB plates containing
10 ng/mL gentamicin and confirmed by DNA sequencing with the RasR-Check-F and RasR-Check-R pri-
mers (Table 2). The confirmed construct was electroporated into P. putida F1 to generate the reporter
strain YJLO1. To detect the signal produced by Soll, we decided to construct a soll signal-specific reporter
using the same method, and a solR-Psoll-mCherry reporter construct (pYJLO2) by fusing the soll pro-
moter with the ORF of the mCherry gene, which together with the solR coding sequence were cloned in
the expression vector pBBPgdh and introduced in the non-QS heterologous host Pseudomonas putida
F1 to produce the reporter strain YJLO2 (Fig. S1). The primers used for construction of the reporter strains
are listed in Table 2.

Bioassay of AHL signals. The AHL bioassay was performed with the reporter strain YJLO1 or YJLO2
using the following protocol. The bacterial cell-free culture supernatants were prepared by centrifuga-
tion (20,000 x g, 30 min, 4°C) to remove cells, which were then extracted twice with an equal volume of
acidified ethyl acetate (0.1 mL of glacial acetic acid/L). Ethyl acetate extracts were added to 16-mL glass
tubes, and ethyl acetate was removed by evaporation under a gentle stream of N, gas. Overnight culture
of the reporter strain YJLO1 or YJLO2 was diluted to an OD,,, of 0.05 and was added to the tubes con-
taining the signal solution in a final volume of 1.0 mL. The tubes were then incubated for 16 h at 30°C
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with shaking, and then fluorescence was measured as described previously (56). Corresponding syn-
thetic AHLs were used to prepare standard curves.

Purification of AHLs from R. solanacearum EP1. To purify the AHL signals synthesized by Rasl, R.
solanacearum EP1 was inoculated in 1 L of CTG liquid medium and cultured until it reached an ODy,, of
about 2.0. The bacterial cells were removed by centrifugation, and supernatants were extracted with
two equal volumes of 0.1% acidified ethyl acetate. The concentrated extracts were fractionated by the
C,4 reverse-phase (RP) HPLC column, as described previously (56). Each 1-mL fraction was collected and
assayed by using the reporter strain YJLO1, as described in the previous section. The bulk of the active
fractions were collected, dried, and separated by isocratic HPLC with 80% methanol. Fractions were col-
lected, dried, and tested as described in the text. Two purified active fractions and synthetic N-(3-hydrox-
ydodecanoyl)-HSL and N-(3-hydroxytetradecanoyl)-HSL were analyzed by LC-MS/MS in a Waters Acquity
ultraperformance liquid chromatography (UPLC) C,; RP column (1.7 um, 2.1 mm by 30 mm) with a
Thermo Linear Trap Quadrupole Orbitrap MS System (collision energy = 40 eV, cone = 35 V). Using the
same approach, we also purified the AHL signals from the soll mutant of R. solanacearum EP1 and found
the same active fractions as those from WT EP1.

RNA preparation, RNA-seq, data analysis, and qRT-PCR. Total RNA was extracted with Eastep
Super Total RNA extraction kit (Promega, Madison, WI, USA) from 1-mL cultures of R. solanacearum
strains when the OD,,, reached at about 1.0. Ribosomal RNAs were removed from the prepared total
RNA samples with the RiboZero rRNA removal kit (for Gram-negative bacteria) (lllumina, Madison, WI,
USA). cDNA library preparation and RNA sequencing were performed by Novogene (Beijing, China) using
Illumina HiSeq 2500 single-end reads. Clean reads were obtained by removing adaptors, unknown nu-
cleotides, and low-quality reads. In addition, clean reads were aligned to the R. solanacearum EP1 ge-
nome (GenBank accession no. CP015115.1 and CP015116.1), using Bowtie2 v.2.2.3 (57). For expression
quantification, the number of read pairs aligned to each gene was counted using the featureCounts tool
from the subread package v.0.30 (27). Additionally, the FPKM (fragments per kilobase of transcript per
million mapped reads) method was used to normalize the level of gene expression (58), Moreover,
DESeq2 was used for differential expression analysis (59), using the Benjamini-Hochberg adjustment for
multiple comparisons and a false-discovery rate of <0.05. The differentially expressed genes (DEGs)
were then subjected to enrichment analysis through Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses.

RNA samples were reverse transcribed into cDNA using HiScript Ill RT SuperMix for quantitative PCR
(gPCR) (Vazyme). gRT-PCR analyses were performed with ChamQ Universal SYBR qPCR master mix
(Vazyme). The gene expression level of recA was used as a control for qRT-PCR analysis. The primers
used in gRT-PCR analysis are listed in Table 2. The absolute values of relative expression of target genes
were calculated using the threshold cycle (2742<") method, as described previously (60). The RNA sam-
ples were extracted twice, and each time, qRT-PCR was performed in triplicate.

Twitching and swimming assay. CTG plates with 1.6% Difco agar were used for analysis of twitch-
ing motilities (6), and swimming motility soft agar (61) was used for analysis of swimming motilities.
Both motility tests were carried out by inoculation of a 1-uL bacterial suspension (ODg,, = 0.1) at the
plate center. After inoculation, plates were incubated at 30°C for 24 h for the twitching assay and 48 h
for the swimming assay. When the layered edges with multiple irregular projections appeared in the WT
strain, twitching motility was observed, and images were taken using a Leica microsystem (Leica
Microscopy, Wetzlar, Germany). Swimming motility were measured, and images were obtained by using
a ChemiDoc XRS system (Bio-Rad, Hercules, CA). The experiments were repeated at least twice in
triplicate.

Cellulase activity and biofilm assay. Bacterial suspensions were prepared from overnight cultures
in CTG rich broth and adjusted to an ODg, of 1.5. In addition, 20 uL of adjusted bacterial suspensions
was placed into the middle hole of previously prepared carboxymethyl cellulose (0.2%) plates (62).
Spotted plates were incubated at 28°C overnight for 24 h. Plates were stained for 15 min with 20 mL of
0.1% (wt/vol) Congo red, and then plates were soaked with 1 M NaCl for 10 min. After clear zones
appeared in the solution, the diameters of the transparent circles were observed and measured. The
experiments were repeated at least twice in triplicate.

The biofilm assay was performed according to the method described previously, with slight modifica-
tion (62, 63). In brief, 1 uL of bacterial overnight culture was added to 16-mL glass tubes containing 1 mL
CTG liquid medium and statically cultured in a constant-temperature incubator at 28°C for 48 h. After
staining with 0.1% crystal violet for 10 min at room temperature, the stained biofilm samples were rinsed
several times with water and dissolved in ethanol. Biofilm quantification was performed by measuring the
absorbance at 570 nm. The experiment was repeated at least three times, each time with three replicates.

Bacterial pathogenicity assay. For the virulence assay, 1-month-old root tip-cutting eggplant seed-
lings were inoculated by soil soaking with 40-mL bacterial suspensions in Milli-Q water (~10% CFU/mL),
and the same volume of Milli-Q water was used as the negative control. The inoculated plants were
then maintained in the greenhouse (30 = 2°C, 90% * 5% relative humidity). Each treatment contained
10 plants, and the experiment was repeated three times. Wilting symptoms were recorded daily based
on the following disease index scale: 0, no wilt;, 1, 1 to 25% of leaves wilted; 2, 26 to ~50% of leaves
wilted; 3, 51 to ~75% of leaves wilted; 4, >75% of leaves wilted; 5, plant died (64).

To determine bacterial systemic infection ability and survival around the inoculation point, the
method described by Shen et al. (62) was followed, with slight modification. In brief, about 0.1 g of egg-
plant roots or stems 3 cm from the root (1 g) were collected at 3, 5, 7, and 10 days postinoculation (dpi),
which were cut in small pieces and placed in tubes containing 1T mL of Milli-Q water with shaking. After
1 h of incubation at room temperature, serial dilutions were prepared, and the corresponding CTG
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medium was coated with them to measure viable bacterial cells (CFU) (62). Each treatment contained 10
plants, and the experiment was repeated three times.
Bacterial sensitivity assay on hydrogen peroxide. To test bacterial resistance to hydrogen perox-
ide, the method described previously was used with minor modifications (65). R. solanacearum cells in CTG
liquid medium were cultured for 24 h, and 100 L was taken and inoculated into 1 mL fresh CTG medium
containing different concentrations of hydrogen peroxide as indicated. At 24 h postinoculation, aliquots of
the cultures were taken, diluted, and plated on CTG agar plates. The plates were incubated at 28°C for 24
h prior to counting bacterial colony numbers. The experiment was repeated twice in triplicate.

Statistical analysis. All of the experiments were repeated at least twice in triplicate or as otherwise
indicated. Statistical significance was determined with a two-tailed t test for comparison between two
treatments and one-way analysis of variance (ANOVA) for comparison between multiple treatments,
where a P value of <0.05 was considered statistically significant. P values for all respective analyses are
indicated in the figure legends.
Data availability. The raw data from transcriptome analyses were deposited in the NCBI Sequence
Read Archive (SRA) under accession no. PRINA833281.
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