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Abstract
Ralstonia solanacearum is a devastating soil-borne bacterial pathogen capable of infecting many plant species, including to
mato (Solanum lycopersicum). However, the perception of Ralstonia by the tomato immune system and the pathogen’s coun
ter-defense strategy remain largely unknown. Here, we show that PehC, a specific exo-polygalacturonase secreted by Ralstonia, 
acts as an elicitor that triggers typical immune responses in tomato and other Solanaceous plants. The elicitor activity of PehC 
depends on its N-terminal epitope, and not on its polygalacturonase activity. The recognition of PehC specifically occurs in 
tomato roots and relies on unknown receptor-like kinase(s). Moreover, PehC hydrolyzes plant pectin-derived oligogalacturonic 
acids (OGs), a type of damage-associated molecular pattern (DAMP), which leads to the release of galacturonic acid (GalA), 
thereby dampening DAMP-triggered immunity (DTI). Ralstonia depends on PehC for its growth and early infection and can 
utilize GalA as a carbon source in the xylem. Our findings demonstrate the specialized and dual functions of Ralstonia PehC, 
which enhance virulence by degrading DAMPs to evade DTI and produce nutrients, a strategy used by pathogens to attenuate 
plant immunity. Solanaceous plants have evolved to recognize PehC and induce immune responses, which highlights the sig
nificance of PehC. Overall, this study provides insight into the arms race between plants and pathogens.

Received January 5, 2023. Accepted March 11, 2023. Advance access publication March 29, 2023
© American Society of Plant Biologists 2023. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

Introduction
Ralstonia solanacearum is a soil-borne bacterial plant pathogen 
with a worldwide distribution and infects more than 250 plant 
species belonging to over 50 different families (Genin and 
Denny 2012; Mansfield et al. 2012). The pathogen infects 
Solanaceous plants, such as tomato (Solanum lycopersicum), to
bacco (Nicotiana tabacum.), and potato (Solanum tuberosum), 
causing bacterial wilt disease, which leads to huge economic 
losses (Denny 2007). The main virulence determinants of 

Ralstonia include type II secretion system-related cell wall de
grading enzymes, type III secretion system effectors, exopolysac
charides (EPS), and bacterial mobility (Peeters et al. 2013).

Ralstonia species thrive in the water-transporting xylem 
vessels of host plants. Although the xylem is a relatively 
nutrient-poor, high-flow environment, Ralstonia multiplies 
in the xylem sap despite this limited nutrition (Zuluaga 
et al. 2013). Notably, a quorum sensing system plays an im
portant role in regulating the pathogen transition from a 
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rapidly growing lifestyle, a characteristic of the early growth 
phase that consumes nutrients at a fast pace, to a slow- 
growing lifestyle, characteristic of the late growth phase, in 
which bacteria form a biofilm to adhere to plant surfaces 
and produce virulence factors to colonize effectively 
(Lowe-Power et al. 2018a). How Ralstonia flourishes inside 
the plant xylem and the defense mechanism of tomato 
against Ralstonia infection remain largely unknown.

Plants have evolved multiple layers of immunity to recog
nize and fend off pathogens. The plasma membrane-localized 
pattern recognition receptors (PRRs) sense the conserved 
microbe- and pathogen-associated molecular patterns 
(MAMPs and PAMPs, respectively) to initiate pattern-trigged 
immunity (PTI) (Jones and Dangl 2006). MAMPs derived 
from bacteria, oomycetes, and fungi can be proteins, carbo
hydrates, lipids, or lipopeptides. A highly conserved 22-amino 
acid (aa) fragment of bacterial flagellin (flg22) is sufficient to 
activate immunity in Arabidopsis thaliana and other plant 
species (Felix et al. 1999). An 18-aa peptide of the bacterial 
elongation factor-Tu, elf18, is recognized as a MAMP only 
in Brassicaceae species. According to their domain architec
ture, PRRs can be classified into 2 types: receptor-like kinases 
(RLKs) and receptor-like proteins (RLPs) (Wu and Zhou 
2013). Both types of PRRs perceive MAMPs and transmit im
mune signals to activate a series of immune responses, such 
as reactive oxygen species (ROS) burst, calcium (Ca2+) influx, 
mitogen-activated protein kinase (MAPK) activation, and 
defense-related gene expression (Yu et al. 2017; Yuan et al. 
2021). Many PRRs rely on BRASSINOSTEROID INSENSITIVE 
1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) family proteins 
as well as SUPPRESSOR OF BIR1-1 (SOBIR1) to trigger defense 
responses (Liebrand et al. 2014).

Besides recognizing the molecular components derived 
from pathogens, PRRs can also recognize damage-associated 
molecular patterns (DAMPs) of plant origin to activate 
DAMP-triggered immunity (DTI). DAMPs are divided into 
two categories: cell wall degradation fragments including oli
gogalacturonic acids (OGs) derived from pectin, and com
pounds released from the cytosol such as plant elicitor 
peptides and extracellular ATP (Gust et al. 2017). Immune re
sponses triggered by plant DAMPs are considered to amplify 
and transmit PTI. Both pathogens and symbionts establish 
plant–microbe interactions using fascinating and intricate 
extracellular strategies to avoid recognition (Gong et al. 
2020; Buscaill and van der Hoorn 2021). To subvert the 
host immune system, pathogens have evolved a variety of 
strategies such as masking themselves from host immune 
recognition, blocking immune signaling transduction, and re
programing immune responses (Buscaill and van der Hoorn 
2021; Chen et al. 2021). Degradation of DAMPs would be a 
good strategy for pathogens, but whether pathogens utilize 
this strategy to counter plant defense remains unknown.

The immune recognition system employed by tomato to 
detect Ralstonia displays unique features. The two common 
bacterial MAMPs derived from Ralstonia, flg22 and elf18, 
cannot be recognized by tomato to induce PTI responses 

(Felix et al. 1999; Kunze et al. 2004). Flagellin from 
Ralstonia presents a polymorphic flg22 sequence that avoids 
perception in the host, although soybean (Glycine max), a 
nonhost, was found to recognize Ralstonia flg22 in a recent 
study (Wei et al. 2020). Conserved peptide CSP22 derived 
from a bacterial cold shock protein triggers immune re
sponses only in Solanaceae species and is recognized by 
COLD SHOCK PROTEIN RECEPTOR in tomato (Hind et al. 
2016; Wei et al. 2018). Ralstonia infection occurs under high- 
temperature conditions; thus, the function of cold shock pro
tein in plant defense is unclear. Therefore, further research is 
needed to elucidate the mechanisms that allow tomato to 
perceive and defend against R. solanacearum infection.

Here, we report that PehC, an exo-polygalacturonase 
(exo-PG) from Ralstonia, can activate the early immune re
sponses of tomato in plant roots. PehC can hydrolyze OGs 
to suppress OG-triggered DTI in tomato. Moreover, galac
turonic acid (GalA) monomers released by PehC activity 
serve as a valuable carbon source for Ralstonia at the early 
growth stage. This study provides molecular insights into a 
distinct pathogen effector that exhibits dual functions to de
crease plant immune activation and increase nutrient acqui
sition from the host, which is in turn recognized by plants as 
an immune elicitor.

Results
Ralstonia secreted proteins trigger an immune 
response in tomato
To identify proteinaceous elicitors from Ralstonia, we exam
ined secreted proteins (SPs). To this end, a liquid culture of 
wild-type (WT) R. solanacearum strain GMI1000 was centri
fuged and filtered through a membrane filter to remove bac
terial cells. The suspension was precipitated by ammonium 
sulfate and dialyzed using a semipermeable membrane, and 
the total SPs were analyzed by SDS-PAGE (Fig. 1A). In the R. 
solanacearum resistant tomato cultivar Hawaii 7996, soaking 
of plant roots in the SP solution triggered an extracellular 
pH increase and ROS burst (Fig. 1, B and C). The immunogenic 
activity of SPs was abolished by pretreatment with Proteinase 
K (Fig. 1, B and C), suggesting that proteins or peptides are re
sponsible for the immunogenic activity of the SPs. The R. sola
nacearum susceptible tomato cultivar Moneymaker also 
responded to SPs (Supplemental Fig. S1, A and B). In addition, 
the SPs activated the phosphorylation of MAPKs, expression of 
immune marker genes screened previously using the RNA-seq 
data of R. solanacearum culture filtrate-treated tomato roots, 
and deposition of callose in tomato roots of both Hawaii 7996 
and Moneymaker cultivars (Fig. 1D; Supplemental Fig. S1, C to 
E). Together, these results indicate that SPs contain protein
aceous factor(s) that elicit typical tomato PTI responses.

To determine the responsible protein triggering tomato 
immunity, we separated the SPs by SDS-PAGE, cut the gel 
into 4 segments based on the molecular weight (MW) mar
kers, and extracted the proteins (Fig. 1E). We found that 
SP_S2 and SP_S4 triggered a dramatic and mild increase in 
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extracellular pH, respectively, upon soaking roots in the SP 
solution (Fig. 1F). Consistent with the pH change, we ob
served ROS burst triggered by SP_S2 and SP_S4, with 
SP_S2 inducing higher ROS production that SP_S4 
(Fig. 1G). The expression of tomato immune marker genes 
ethylene response factors 2a (SlERF2a) and ethylene response 
factors 2b (SlERF2b) was upregulated by the SP_S2 treatment 
(Supplemental Fig. S1F). In addition, both SP_S2 and SP_S4 
triggered callose deposition in tomato roots (Fig. 1H, 
Supplemental Fig. S1G).

To narrow down the responsible protein, proteins ex
tracted from the gel slice corresponding to SP_S2 were fur
ther separated into 4 portions (Fig. 1I). An increase in 
extracellular pH was detected in tomato roots after treat
ment with both S2-1 and S2-3, although the increase 

observed with S2-1 was greater than that observed with 
S2-3 (Fig. 1J). Consistent with the pH change, a ROS burst 
was detected with S2-1 and S2-3, with S2-1 inducing higher 
ROS production that S2-3 (Fig. 1K). S2-1 treatment also in
duced callose deposition in tomato roots (Fig. 1L).

PehC is an immune elicitor for tomato
Since the S2-1 fraction showed the strongest induction of PTI 
in tomato, we performed liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) to identify the immunogen
ic protein within this fraction. PehC was identified as the 
most abundant protein in the S2-1 fraction, based on protein 
coverage and peptide frequency data (Supplemental 
Table S1). Therefore, we hypothesized that PehC is the elicit
or that triggers PTI in tomato.

A B C D

E F G H

I J K L

Figure 1. SPs from R. solanacearum trigger tomato immune responses. A) SPs extracted from WT strain GMI1000 were separated by SDS-PAGE. B) 
SPs trigger extracellular alkalization in Hawaii 7996 roots. SPs pretreated with proteinase K are represented as DSPs. The tomato roots were treated 
with 10 μg/mL SPs or DSPs of GMI1000 and the pH was recorded by a pH meter continuously. Root sections from three 2-wk-old seedlings were 
measured for each sample. C) SPs induce ROS burst in Hawaii 7996 roots. The relative light units (RLU) were detected post SPs or DSPs treatment. 
Error bars represent ± SE (n = 10). Replicates represent individual samples containing 4 root sections. D) Callose deposition triggered by SPs in 
Hawaii 7996 roots. The tomato roots were treated with 10 μg/mL SPs or DSPs for 24 h. E) SPs were separated by SDS-PAGE and divided into 4 
segments based on MW: S1, S2, S3, and S4. F to H) S2 segment induces dramatic extracellular alkalization (F), ROS burst (G) and callose deposition 
(H) in Hawaii 7996 roots. PBS solution was used as a control. I) Schematic diagram of S2 segment that was divided into 4 segments as shown by 
different colors. J to L) S2-1 recognition induces dramatic extracellular alkalization (J), ROS burst (K) and callose deposition (L) in Hawaii 7996 roots. 
ROS production in (G) and (K) was presented as the total RLU during all time points upon treatment. Error bars represent ± SE (n = 7). The callose 
in each root section in (D), (H), and (L) was quantified using Image J and values represent the mean ± SE (n = 5, callose per mm2 in roots). Scale bars 
indicate 100 µm. Different letters in (G) and (K) represent significant differences by one-way ANOVA analysis (P < 0.05). Replicates represent in
dividual samples containing 4 root sections. All the experiments were repeated at least 3 times with similar results.
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To test this hypothesis, we purified recombinant glutathi
one S-transferase (GST)-fused PehC protein from Escherichia 
coli and tested its immunogenic activity (Supplemental Fig. 
S2A). The GST-PehC protein, but not GST (negative control), 
induced an extracellular pH increase and ROS burst in Hawaii 
7996 and Moneymaker plant roots (Fig. 2, A to D). GST-PehC 
also induced MAPK activation and callose deposition in 
Moneymaker roots (Fig. 2, E and F). Similar immune re
sponses were detected in Hawaii 7996 roots (Supplemental 
Fig. S2, B and C). Together, these results suggest that PehC 
is an immune elicitor secreted by Ralstonia that induces typ
ical PTI responses in tomato.

PehC is annotated as an exo-PG and the conserved GH28 do
main spans aa 343–419 (Fig. 2G) and can hydrolyze pectin and 
homogalacturonan to release GalA. In addition to PehC, the 
Ralstonia genome encodes 2 other PGs, PehA (endo-PG) and 
PehB (exo-PG) (Gonzalez and Allen 2003). Although PehA-C 
proteins contain similar functional domains and belong to 
the same superfamily, sequence similarities among these 3 pro
teins are quite low. Purified GST-PehA and GST-PehB fusion 
proteins did not trigger a ROS burst in tomato roots 
(Supplemental Fig. S2, D to F), suggesting that PehA and PehB 
do not exhibit immunogenic activity in tomato.

To identify the immunogenic region of PehC, its amino acid 
sequence was divided into 3 parts: N-terminal region (aa 1– 
343), middle region (aa 344–519; which carries the domain re
sponsible for PehC enzymatic activity), and C-terminal region 
(aa 520–680) (Fig. 2G). Deletion mutagenesis of PehC revealed 
that the N-terminal region of PehC is required to induce the 
ROS burst in tomato roots (Fig. 2H), suggesting that the 
PTI-eliciting function of PehC is independent of its enzymatic 
activity. In support of this hypothesis, the PehCH453A variant 
protein carrying an amino acid substitution in the conserved 
GH28 domain, which is required for enzymatic activity, trig
gered similar ROS production as the WT PehC (Fig. 2I). 
These results indicate that the N-terminal region of PehC con
tains an immunogenic fragment.

PehC induces bacterial wilt resistance and global gene 
reprograming
Next, we tested the biological significance of PehC-triggered 
immunity. Moneymaker (susceptible) plants were pretreated 
with PehC or water (mock) 2 d before R. solanacearum in
oculation. Compared with mock-pretreated plants, the 
PehC-pretreated plants showed a much lower disease index 
and significantly higher survival rate (Fig. 2, J and K, and 
Supplemental Fig. S2G). Meanwhile, the proliferation of the 
pathogen in roots and stems was assessed. Bacterial titer in 
both upper and lower parts of the stem was approximately 
2 log10 values lower in PehC-pretreated plants than in mock- 
pretreated plants (Fig. 2L).

To further understand the PehC-induced transcriptional 
reprograming in tomato, we analyzed the transcriptomic 
changes in the tomato cultivar Moneymaker after elicitation 
with PehC. The roots of 2-wk-old tomato seedlings were 

treated with or without 10 μg/mL GST-PehC recombinant 
protein for 1 or 6 h, with 4 biological replications. Then, 
RNA was extracted from those samples and sequenced, re
sulting in, on average, 42 million 150-bp strand-specific 
paired-end reads per sample. Root samples in the same group 
showed good correlation and repeatability (Supplemental 
Fig. S3, A and B). A total of 3,656 differentially expressed genes 
(DEGs), including 2,698 upregulated and 958 down-regulated 
genes, were identified at 1 h post-PehC treatment (Fig. 3A, 
Supplemental Data Set 1). In comparison, fewer DEGs 
(2,414) were identified at 6 h post-PehC treatment (1,879 up
regulated and 535 down-regulated genes) (Fig. 3A, 
Supplemental Data Set 2). Figure 3B shows a heatmap display
ing the expression patterns of DEGs. Cluster analysis of DEGs 
showed that the genes in Clusters II and III were upregulated 
at 1 h post-PehC treatment but were less induced or downre
gulated at 6 h post-PehC treatment, indicating that the 
PehC-activated transcriptional reprograming of tomato was 
relatively transient, possibly owing to the rapid immune re
sponse of tomato at an early stage of infection.

To better understand the changes in specific biological 
pathways after the PehC treatment, we performed a Gene 
Ontology (GO) enrichment analysis of the DEGs. Genes upre
gulated at 1 and 6 h post-PehC treatment were associated 
with defense response and oxidation–reduction reactions, 
which are related to the classic PTI immune response 
(Fig. 3C). For instance, the typical ethylene signaling 
pathway-related marker genes, including SlERF2a and 
SlERF2b, were upregulated (Fig. 3D), and GO terms such as 
protein phosphorylation, cell recognition, and drug trans
membrane transport were enriched, which is consistent 
with signal transduction under stress (Fig. 3C). In addition, 
the up-regulated genes were associated with the secondary 
metabolites related to immunity, such as lipid, phenylpropa
noid, and fatty acid metabolic processes (Fig. 3C, 
Supplemental Fig. S3E, and Supplemental Data Set 3). By con
trast, genes downregulated by the PehC treatment were asso
ciated with photosynthesis, metabolites, and energy-related 
to vegetative growth (Supplemental Fig. S3C). Collectively, 
GO enrichment analysis suggested that tomato defense re
sponses were activated upon the PehC treatment (Fig. 3D).

Previous reports indicate that flgII-28 is the major MAMP 
responsible for immunity-associated transcriptional changes 
in tomato (Cai et al. 2011; Pombo et al. 2017). Therefore, we 
compared the genes differentially expressed by the PehC 
treatment (PehC-DEGs) with those differentially expressed 
by the flgII-28 treatment (flgII-28-DEGs) to determine the 
change in immune-responsive gene expression due to the 
PehC treatment. For convenience, we combined the 1 and 
6 h post-PehC treatment datasets to form the PehC-DEG da
taset. A total of 188 RLKs, 39 RLPs, and 263 transcription fac
tors (TFs) were identified in the PehC-upDEG dataset; these 
included some cysteine-rich RLKs and a number of diseases 
resistance-related WRKY, MYB, and ERF family TFs (Fig. 3E, 
Supplemental Fig. S3D, and Supplemental Data Set 4). The 
percentage of RLKs, RLPs, and TFs in the PehC-DEG and 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data


2556 | THE PLANT CELL 2023: 35; 2552–2569                                                                                                                    Ke et al.

flgII-28-DEG datasets was found to be similar (Supplemental 
Data Set 5). A total of 1,199 up-regulated genes were com
mon to both the flgII-28-upDEG and PehC-upDEG datasets, 
including 114 RLKs, 19 RLPs, and 90 TFs (Fig. 3E). Among the 
known immunity-related PRRs, such as tomato systemin re
ceptor 1 (SlSYR1, Solyc03g082470) and systemin receptor 2 
(SlSYR2, Solyc03g082450), the receptors for plant peptide 
hormone systemin, were upregulated upon the PehC treat
ment (Wang et al. 2018). These data indicate that PehC is 

an immune elicitor that triggers defense responses and bac
terial wilt resistance in tomato plants.

PehC triggers immune responses in multiple hosts in 
a SERK coreceptor-dependent manner
Next, we investigated the PehC recognition ability of differ
ent tissues and plant species. First, since Ralstonia is a soil- 
borne pathogen and enters the plant through its roots, we 

A B C D

E F G H

I J K L

Figure 2. PehC activates tomato immunity as an elicitor. A) PehC induces extracellular alkalization in Hawaii 7996 roots. The tomato roots were 
treated with 10 μg/mL GST-PehC or GST as a control. Root sections from three 2-wk-old seedlings were measured for each sample. B) PehC triggers a 
strong ROS burst in Hawaii 7996 roots. Error bars represent ± SE (n = 7). Replicates represent individual samples containing 4 root sections. C) PehC 
induces extracellular alkalization in Moneymaker roots. This assay was performed as in (A). D) PehC triggers strong ROS burst in Moneymaker roots. 
This assay was performed as in (B). E) PehC induces MAPK activation in Moneymaker roots. MAPK activation was detected by immunoblotting 
using an α-pERK1/2 antibody (Top). Protein loading was shown by Ponceau S staining for RuBisCO (RBC, bottom). F) PehC triggers callose depos
ition in Moneymaker roots. The callose in each root section was quantified using Image J and values represent the mean ± SE (n = 5, callose per mm2 

in roots). Scale bars indicate 100 µm. G) Schematic diagram showing truncated variants of PehC and the H453 site which is the key residue for PehC 
enzymatic activity. PehC-N, N-terminus of PehC (1-343 aa). PehC-M, the middle part of PehC containing the enzymatic activation region (344-519 
aa). PehC-C, C-terminus of PehC (520-680 aa). H) N-terminal PehC specifically induces ROS burst in Moneymaker roots. Error bars represent ± SE 
(n = 9). I) GST-PehC triggers ROS burst in Moneymaker roots independent of its enzymatic activity. Error bars represent ± SE (n = 8). ROS produc
tion in (H) and (I) was presented as the total RLU during all time points upon treatment. Replicates represent individual samples containing 4 root 
sections. J) PehC-pretreatment enhances Moneymaker resistance to R. solanacarum infection. The disease index was recorded based on a scale ran
ging from “0” (no symptoms) to “4” (complete wilting) at indicated time points. Data points represent the average disease index ± SE (n = 24 in
dividual plants). The AUDPC was calculated and different letters represent significant differences by a LMMs analysis (P < 0.05). K) The survival ratio 
of Moneymaker upon R. solanacarum infection is increased by PheC pretreatment. The survival ratio was analyzed by comparing the number of 
survival plants to the total plants from the data in (J). The Kaplan Meier estimates survival analysis was performed and different letters represent 
significant differences by Log-rank (Mantel-Cox) test (P < 0.05). L) PehC-pretreatment inhibits the multiplication of R. solanacarum in Moneymaker 
stems. Tomato stems were collected and weighed at 3 dpi. The series of diluted samples were plated on triphenyl tetrazolium chloride (TTC) me
dium to count the CFU per gram of stem in fresh weight. Error bars represent ± SE (n = 12). Replicates represent individual samples containing one 
stem section from individual plants. Different letters in (H), (I), and (L) represent significant differences by one-way ANOVA analysis (P < 0.05). The 
above experiments were repeated 3 times with similar results.
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tested whether PehC-triggered PTI responses are root- 
specific. Interestingly, among the roots, leaves, cotyledons, 
and stems of tomato plants, only the roots responded to 
the PehC treatment and produced ROS (Fig. 4A). PehC failed 
to activate MAPK in tomato leaves (Fig. 4B). Second, we 
tested whether PehC triggers immunity in wild tomato 
(Solanum pimpinellifolium) and other tomato cultivars. 
Results showed that the PehC treatment triggered a ROS 

burst in the roots of wild tomato accessions LA1589 and 
Pimp84 as well as in the roots of the tomato cultivars Ailsa 
Craig and Micro Tom (Fig. 4C). Furthermore, PehC-induced 
ROS burst in the roots, but not in the leaves, of other 
Solanaceous species, including N. benthamiana, N. tabacum, 
and pepper (Capsicum annuum) (Fig. 4, D, E, and F). These 
findings demonstrate that PehC triggers immunity in the 
roots of Solanaceae plants.
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Figure 3. PehC triggers global transcriptional reprograming in tomato roots. A) Volcano plot of whole-genome transcripts in tomato treated with 
PehC 1 h versus 0 h (left panel) and 6 h versus 0 h (right panel). The x-axis indicates log2 (fold change) and the y-axis indicates –log10 (padj). Padj is 
the adjusted P-value. Red circles indicate up-regulated genes, blue circles indicate down-regulated genes, and gray circles indicate genes without 
significant expression change (ns). The up-regulated genes and down-regulated genes were calculated in accordance with log2 (fold change) ≥  
1.5 and padj < 0.05. B) Cluster of DEGs in tomato treated with PehC for 0, 1, and 6 h. Longitudinal clustering was performed according to the tran
scripts per kilobase of the exon model per million mapped reads (TPM) of all DEGs. C) Selected top GO terms enriched in up-regulated genes in 
tomato treated with PehC for 1 and 6 h. The GO enrichment analysis was performed on the agriGO website. D) Heatmaps showing the expression 
changes of up-regulated genes that related to defense response (top left panel), ET pathway (bottom left panel), RLKs (top right panel), and RLPs 
(bottom right panel) upon PehC treatment. Longitudinal clustering was performed according to the original TPM. “n” indicates the number of 
genes listed in the corresponding group. E) Venn diagrams of up-DEGs, up-RLKs, up-RLPs, and up-TFs with the comparison between PehC- 
and flgll-28-induced genes. F) The expression of immune-related genes was upregulated upon PehC treatment. Two-week-old Moneymaker 
seedlings were treated with GST-PehC for 1 h or 6 h. Data were normalized to the expression of SlACTIN2 in RT-qPCR analysis. Error bars represent  
± SD (n = 3 technical repeats from one independent experiment). Different letters represent significant differences by one-way ANOVA analysis 
(P < 0.05). These experiments were repeated at least 3 times with similar results.
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R. solanacearum also infects the model plant Arabidopsis, 
which belongs to the Brassicaceae family. We found that 
PehC triggered ROS burst and activated MAPKs in 
Arabidopsis roots (Fig. 4, G and H). Surprisingly, strong ROS 
production and MAPK phosphorylation were detected in 
Arabidopsis leaves upon PehC treatment (Fig. 4, I and J), 
which was in contrast to the results obtained in the tested 
Solanaceae species. Since Arabidopsis is not a natural host 

of Ralstonia, it is possible that the potential PehC receptor 
is universally expressed in both the roots and leaves of 
Arabidopsis but only in the roots of Solanaceous plants.

Given that BAK1 and SOBIR1 are two key coreceptors of 
plant RLKs and RLPs responsible for MAMP recognition 
(Liebrand et al. 2014), we tested the PehC-mediated immun
ity of bak1 and sobir1 Arabidopsis mutants. Notably, the so
bir1 mutant exhibited WT-like PehC-induced ROS burst in 
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Figure 4. PehC triggers immune responses dependent on the SERK coreceptors. A) PehC triggers ROS burst specifically in tomato roots. Different 
tomato tissues from 2-wk-old tomato seedings were treated with 10 μg/mL GST-PehC. Error bars represent ± SE (n = 8). Replicates represent in
dividual samples containing 4 root sections, 2 stem sections, or 1 leaf disc. B) PehC cannot trigger MAPK activation in tomato leaves. Leaf discs from 
4-wk-old Moneymaker or Hawaii 7996 were treated with 10 μg/mL GST-PehC or GST as a control. Total protein extracts were detected by immuno
blotting using an α-pERK1/2 antibody. C) ROS burst can be induced by PehC in roots of different tomato accessions. Roots of 2-wk-old LA1589, 
Pimp84, Micro Tom, and Alisa Craig seedings were treated with 10 μg/mL GST-PehC. Error bars represent ± SE (n = 12). D) PehC induces ROS burst 
in roots of different Solanaceous crops Nicotiana tabacum (Nt), Nicotiana benthamiana (Nb), and Capsicum annuum (Ca). Error bars represent ± SE 
(n = 10). E and F) PehC cannot activate ROS burst in C. annuum and N. benthamiana leaves. Error bars represent ± SE (n = 9, one leaf disc for each 
sample). G and H) PehC activates ROS burst (G) and MAPK activation (H) in Arabidopsis thaliana (At) roots. Data for ROS level are presented as box 
plots displaying all the points from min to max, split by the median (n = 16). I and J) PehC induces ROS burst (I) and MAPK activation (J) in Col-0 
leaves. Leaf discs of 4-wk-old Col-0 were treated with 10 μg/mL GST-PehC or GST. Data for ROS level are presented as box plots displaying all the 
points from min to max, split by the median (n = 7, one leaf disc for each sample). K) Compromised PehC-induced ROS bust in the leaves of bak1-5/ 
serk4-1 mutant. Measurements were plotted as box plots displaying all the points from min to max, split by the median (n = 16, one leaf disc for each 
sample). L) Compromised PehC-induced ROS burst in SlBAK1-silenced tomatoes. Hawaii 7996 seedlings were infiltrated with Agrobacteria contain
ing pTRV-GFP, pTRV-SlBAK1a, pTRV-SlBAK1b, or pTRV-SlBAK1ab, respectively. Root sections of indicated tomato plants were collected 2 wks after 
VIGS and were treated with 10 μg/mL GST-PehC. Measurements were plotted as box plots displaying all the points from min to max, split by the 
median (n = 17). Replicates in (C), (D), (G), and (L) represent individual sample containing 4 root sections. Asterisk in (A), (C to D), (G), and (I) 
indicates a significant difference compared to control (Student’s one-tailed t-test, *P < 0.05, **P < 0.01). Different letters in (K) and (L) represent 
significant differences by one-way ANOVA analysis (P < 0.05). The above experiments were repeated 3 times with similar results.
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both leaves and roots (Fig. 4K, Supplemental Fig. S4A), imply
ing that PehC may be not recognized by RLPs. By contrast, the 
PehC-triggered ROS burst was almost abolished in the bak1-5 
serk4-1 double mutant (Fig. 4K, Supplemental Fig. S4A). 
MAPK activation triggered by PehC in both leaves and roots 
was also largely reduced in the bak1-5 serk4-1 double mutant 
compared with the WT Arabidopsis (Col-0) plants 
(Supplemental Fig. S4, B and C), indicating that 1 or more 
RLK acts as the PehC receptor in Arabidopsis. Tomato pos
sesses 2 BAK1 orthologs: SlBAK1a and SlBAK1b. We transient
ly silenced SlBAK1a and SlBAK1b genes in tomato through 
Agrobacterium tumefaciens-mediated transformation of to
bacco rattle virus vectors and found that PehC failed to trig
ger a ROS burst in SlBAK1b- and SlBAK1a/b-silenced plants 
(Fig. 4L). Collectively, these results indicate that PehC recog
nition in plants is mediated by an RLK-type receptor and is de
pendent on SERK coreceptors.

PehC plays a positive role in R. solanacearum 
infection
Next, to investigate the biological function of PehC in Ralstonia 
infection, we generated a pehC deletion mutant (ΔpehC) by 
homologous recombination in the WT strain GMI1000 
(Supplemental Fig. S5A). A PehC complementation strain 
(ComPehC) was generated by expressing the native promoter- 
driven PehC labeled with an HA-tag, and confirmed by im
munoblotting (Supplemental Fig. S5B). We also generated the 
complementation strain ComH453A expressing PehCH543A, 
which encodes a catalytically inactive variant of PehC, to verify 
the importance of PehC enzymatic function (Supplemental Fig. 
S5C). The growth dynamics of ΔpehC, ComPehC, ComH453A, 
and WT strains showed no significant difference in rich medium 
(Fig. 5A), and the colony size, color, and morphology of these 
strains were comparable on triphenyl tetrazolium chloride 
(TTC) plates (Supplemental Fig. S5D). Furthermore, the 
pathogenicity-related biofilm formation and EPS secretion abil
ity as well as the motility of ΔpehC mutant, ComPehC and 
ComH453A complementation strains, and WT strain were 
also similar (Fig. 5B, Supplemental Fig. S5, E and F).

To test the contribution of PehC to virulence, we inocu
lated tomato Moneymaker plants with the WT (GMI1000), 
ΔpehC mutant, and ComPehC and ComH453A complementa
tion strains by the soil soaking method. The ΔpehC mutant 
strain displayed lower virulence and a relatively lower disease 
index than the WT strain, while the ComPehC strain showed 
restored virulence (Fig. 5C). Consistently, plants infected with 
the ΔpehC mutant strain showed a higher survival rate than 
those inoculated with the WT strain (Fig. 5D). However, the 
ComH453A complementation strain could not restore the 
virulence of the ΔpehC mutant to the WT level 
(Supplemental Fig. S6, A and B). Then, we quantified the bac
terial population in infected tomato stems at 3 d postinocu
lation (dpi). The bacterial titer of the ΔpehC mutant was 
1,000-fold lower than that of the WT strain in tomato stems, 
and the population of the ComPehC strain was restored to the 
level of the WT strain (Fig. 5E). Notably, the population of the 

ComPehC and ComH453A strains was significantly lower than 
that of the ΔpehC mutant, indicating that the catalytically in
active variant PehCH543A acts only as an immune elicitor. 
Furthermore, we competed for the ΔpehC mutant against the 
WT strain in planta by injecting a mixture of the WT and 
ΔpehC mutant cell suspensions into Moneymaker stems. The 
WT strain showed more competitive growth than the ΔpehC 
mutant strain, and the ComPehC strain, but not the 
ComH453A strain, could recover the growth defect of ΔpehC 
in tomato xylem (Fig. 5F). Our data suggest that PehC is required 
for R. solanacearum virulence and growth in tomato xylem.

Since PehC functions as an important immune elicitor for 
the Ralstonia–tomato interaction, we hypothesized that the 
total SPs of the ΔpehC mutant could evade recognition by 
plants. To test this hypothesis, SPs were isolated from the 
WT, ΔpehC, ComPehC, and ComH453A strains. Figure 1, 
F and G show that a fraction of SPs (MW < 25 kD) also 
showed immunogenic activity; therefore, to avoid the influence 
of this fraction, the SPs were separated using the 30-kD cutoff 
Ultra centrifugal filters. Indeed, an SP fraction (MW > 30 kD) 
extracted from the WT, ComPehC, and ComH453A strains, 
but not from the of ΔpehC mutant strain, triggered a strong 
ROS burst in Moneymaker roots (Fig. 5G). Additionally, the 
SP fraction of both WT and ΔpehC mutant strains that passed 
through the Ultra Centrifugal Filters triggered a ROS burst, with 
no significant difference (Supplemental Fig. S6C).

To further verify whether the ΔpehC mutant strain triggers 
lower immunity in planta, we monitored immune-responsive 
gene expression and callose deposition in tomato roots post 
Ralstonia infection. The ΔpehC mutant induced SlERF2a and 
SlERF2b expression and callose deposition to much lower le
vels than the WT, ComPehC, and ComH453A strains in 
Moneymaker roots (Fig. 5H, Supplemental Fig. S6, D and E). 
The weaker immune responses may also partially be due to 
the low cell density of the ΔpehC mutant in tomato roots. 
These results suggest that PehC contributes to Ralstonia viru
lence, but the protein itself is recognized as an immune elicit
or by tomato.

Immune evasion by PehC during R. solanacearum 
infection
The ΔpehC mutant evaded plant recognition and immunity, 
which could increase virulence. However, the mutant 
showed reduced virulence and fitness in tomato, indicating 
that PehC may perform other biological roles during the 
plant–Ralstonia interaction. To test this possibility, the en
zymatic activity of PehC and the amount of reducing sugars 
were measured by the 3,5-dinitrosalicylic acid (DNS) assay. 
The WT PehC protein, but not the PehCH453A variant, could 
hydrolyze pectin and OGs (Fig. 6A). Among the three PGs in 
R. solanacearum, PehA (endo-PG) hydrolyzes the cell wall 
pectin homogalacturonan backbone, leading to the produc
tion of OGs. We performed in vitro pectin degradation assays 
using the different R. solanacearum PGs. Through LC-MS 
analysis, we showed that PehC (exo-PG) could further hydro
lyze PehA-produced OGs, leading to the release of the 
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monosaccharide GalA (Fig. 6B). The LC-MS quantitative data 
also indicated that the enzymatic activity of PehC, but not 
that of PehA and PehB, could lead to higher accumulation 
of GalA (Fig. 6C). These data confirmed that PehC is an 
exo-PG that hydrolyzes long-chain pectin into the monosac
charide GalA.

Many studies have shown that OGs produced through the 
hydrolysis of pectin by endo-PGs act as DAMPs in various 
plant systems (Ferrari et al. 2013). R. solanacearum PehC 
was able to degrade OGs into the GalA monomer; we hy
pothesized that this may abolish the immunogenic activa
tion of OGs in the host plant. To test this hypothesis, we 
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Figure 5. PehC is required for R. solanacearum virulence and multiplication in plant xylem. A) Bacterial growth curve of GMI1000, ΔpehC mutant, 
and complementation strain ComPehC in rich medium Casamino Acids-Peptone-Glucose (CPG). The cell density was determined by measuring the 
OD at 600 nm at indicated time points. Data points represent average values and error bars represent ± SD (n = 3). B) Biofilm formation of 
GMI1000, ΔpehC, and CompehC in CPG medium. The biofilm formation was stained by crystal violet and quantitated at 590 nm. Error bars re
present ± SE (n = 7). C) Compromised virulence of ΔpehC mutant compared to the WT strain. Soil-drenching inoculation assays were performed 
with GMI1000, ΔpehC, and ComPehC on 4-wk-old Moneymaker plants. The disease index was recorded based on a scale ranging from “0” (no symp
toms) to “4” (complete wilting) at indicated time points. Data points represent the average disease index ± SE (n = 20 individual plants). The 
AUDPC was calculated and different letters represent significant differences by LMMs analysis (P < 0.05). D) Increased survival rate of 
Moneymaker plants post the ΔpehC mutant inoculation compared with GMI1000. The survival ratio was analyzed by comparing the number of 
survival plants to total plants from the data in (C). The Kaplan Meier estimates survival analysis was performed and different letters represent sig
nificant differences by Log-rank (Mantel-Cox) test (P < 0.05). E) Bacterial multiplication of GMI1000, ΔpehC mutant, and complementation strains 
in Moneymaker xylem. Soil-drenching inoculation assays were performed with different strains on 4-wk-old Moneymaker plants. Error bars re
present ± SD (n = 8, stem from one infected plant as a replicate). F) Compromised growth competition of ΔpehC mutants in Moneymaker stems. 
Injection inoculation was performed with a 1:1 mixture of 1 × 108 CFU/mL cell suspension of GMI1000 and ΔpehC mutants, or other indicated pairs. 
The bacterial titer was calculated 24 h post inoculation. Error bars represent ± SD (n = 12, stem from one infected plant as a replicate). G) SPs of 
ΔpehC strain induce weaker ROS burst in Moneymaker roots than that of GMI1000. The SPs of GMI1000, ΔpehC mutant, and complementation 
strains were separated by a 30 kD ultrafiltration centrifugal tube. ROS was measured upon the treatment by the >30 kD fraction. Error bars re
present ± SE (n = 8). Replicates represent individual samples containing 4 root sections. H and I) The ΔpehC mutant induces weaker expression 
of immune-related genes than GMI1000 in Moneymaker roots. The tomato roots were soaked in the suspension of GMI1000 or ΔpehC mutant 
strain for 30 min and samples were collected at 12 and 24 hpi. The expression of SlERF2a and SlERF2b was normalized to the expression of 
SlACTIN2. Values represent ± SD (n = 3). Different letters in (A), (E), and (H to I) represent significant differences by one-way ANOVA analysis 
(P < 0.05). Asterisk in (B) and (F) indicates a significant difference compared to the control (Student’s one-tailed t-test, **P < 0.01, ***P < 0.005, 
ns, not significant). The above experiments were repeated 3 times with similar results.
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monitored the immunogenic activity of different pectin deg
radation products. Indeed, the products of pectin hydrolysis 
catalyzed by the endo-PG PehA triggered ROS burst and 
extracellular pH increase in Moneymaker roots (Fig. 6, D 
and E). Interestingly, extracellular alkalization and the ROS 
burst in tomato roots were blocked when an exo-PG (PehB 
or PehC) was added to the pectin degradation reaction, to
gether with PehA. Consistent with these changes, PehB or 
PehC also inhibited PehA/pectin hydrolysis product-induced 
callose deposition in tomato roots (Fig. 6F, Supplemental Fig. 
S7A). Taken together, these results suggest that PehC de
grades the DAMP OGs, which are hydrolyzed by PehA to pre
vent the plant immune response during infection.

PehC-produced GalA acts as a carbon source for 
Ralstonia
Given that Ralstonia colonizes the xylem, the pectin and re
lated components of the cell wall are degraded by bacterial 
PGs and likely serve as potential carbon sources for 
Ralstonia. The phylogenetic analysis of bacterial PG proteins 
indicated that the endo-PG PehA homologs are widespread 
in many bacteria species; however, exo-PGs occur in only a 

limited number of bacterial species (Supplemental Fig. S8). 
Thus, we tested the bacterial growth rate in minimal medium 
(MM) supplemented with different carbon sources. Glucose 
promoted vigorous Ralstonia growth. Galactose and manni
tol, which were previously demonstrated to serve as carbon 
sources in the tomato xylem, supported Ralstonia growth at 
a relatively lower rate. However, GalA, as the pectin mono
mer, was able to support Ralstonia multiplication as the 
sole carbon source (Fig. 7A). Next, we performed a growth as
say with various pectin hydrolysis products as the sole carbon 
source in the MM. Pectin and OGs produced by PehA could 
not be utilized by Ralstonia (Fig. 7, B and C). However, the 
WT strain GMI1000 showed vigorous growth using products 
digested together by PehA and PehC or together by PehA 
and PehB as well as using products digested independently 
by PehC or PehB, suggesting that Ralstonia could utilize 
GalA monomers or dimers for growth and multiplication.

Further, we tested whether GalA could be produced in the 
tomato xylem during R. solanacearum infection. The petioles 
of Moneymaker plants were inoculated with GMI1000 to en
sure uniform infection of the xylem, and the xylem sap was 
collected at the indicated time points postinoculation. 
LC-MS analysis revealed a transient increase in GalA 
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Figure 6. The immune evasion by PehC during R. solanacearum infection. A) PehC hydrolyzes pectin and OGs dependent on its enzyme activity. The 
concentration of GalA was measured using the DNS method. Values represent data from 3 independent reaction and error bars represent ± SD. B) 
PehC mediates the production of monosaccharide GalA from pectin. LC-MS/MS analysis of the GalA concentration in the indicated hydrolysis re
actions. C) Quantitative analysis of GalA hydrolyzed from pectin by PehC in (B). Error bars represent ± SD (n = 3). D) PehC abolishes the ROS burst 
triggered by PehA/pectin reaction products OGs. Moneymaker roots were treated with indicated pectin hydrolysis reactions or pectin as a control. 
Error bars represent ± SE (n = 9). Replicates represent individual samples containing 4 root sections. E) PehC inhibits the extracellular alkalization in 
tomato roots induced by PehA/pectin reaction products OGs. Roots from three 2-wk-old Moneymaker seedlings were monitored as one biological 
repeat. F) PehC inhibits the PehA/pectin reaction products-induced callose deposition. The callose in the root section was quantified using Image J, 
and values represent the mean ± SE (n = 5, callose per mm2 in roots). Asterisk in (A) and (C) indicates a significant difference compared to the 
control (Student’s one-tailed t-test, **P < 0.01, ***P < 0.005). Different letters in (D) and (E) represent significant differences by one-way ANOVA 
analysis (P < 0.05). The above experiments were repeated 3 times with similar results.
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concentration in the xylem sap at 2 dpi, which dropped to a 
normal concentration subsequently (Fig. 7D). We also mea
sured the total concentration of reducing sugars (including 
GalA) in the xylem sap as another readout of PehC activity 
(Fig. 7E). The peak of concentrations both GalA and total re
ducing sugars in the xylem sap were observed at 2 dpi. Based 
on this observation, at 2 dpi, the disease index of tomato 
plants showing relatively uniform wilt symptoms was rated 
as 1. Then, we used the soil drench inoculation method to 
inoculate plants and collected the xylem sap samples from 
plants showing different disease indexes. Consistently, reducing 
sugars showed the highest concentration in the xylem sap of 

plants with a disease index of 1, which is equivalent to the early 
stage of wilt symptom development (Supplemental Fig. S7B). 
These results suggested that Ralstonia infection rapidly increases 
the concentration of reducing sugars in the xylem.

To study the biological relevance of PehC-mediated GalA 
production in the xylem sap, the ΔpehC mutant and 
ComPehC and ComH453A strains were analyzed. Interestingly, 
unlike the WT strain, the ΔpehC mutant strain could not in
crease the concentration of reducing sugars. The ability to in
crease the concentration of reducing sugars in the xylem was 
restored by ComPehC but not by ComH453A (Fig. 7F). To 
test the relationship between reducing sugars in the xylem 
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Figure 7. PehC produces GalA as a carbon source for Ralstonia infection. A) Bacterial growth dynamic of R. solanacearum in MM supplemented 
with different carbon resources. The cell density was measured at OD600 at indicated time point. Error bars represent ± SD (n = 3). B and C) The 
pectin hydrolysis products catalyzed by PehB and PehC promote the growth of GMI1000, respectively. Error bars represent ± SD (n = 3). D) 
GalA production in Moneymaker xylem sap post R. solanacarum inoculation was analyzed by LC-MS/MS. Base peak chromatograms indicate signal 
intensity at each retention time (min). A representative chromatogram of purified GalA was shown at the bottom. E) Total concentration of re
ducing sugars in the Moneymaker xylem sap post R. solanacarum inoculation. Petiole inoculation assays were performed with GMI1000 and the 
concentration of reducing sugars in xylem sap was measured using the DNS method at indicated time points. Error bars represent ± SE (n = 6, xylem 
sap from one infected plant as a sample). F) The increase of reducing sugars in the tomato xylem sap is dependent on PehC. Four-week-old 
Moneymaker was petiole-inoculated with indicated bacterial strains and the reducing sugar was measured using DNS assay. Error bars represent  
± SD (n = 6, xylem sap from one infected plant as a sample). G) Xylem sap from Ralstonia-infected Moneymaker facilitates bacterial multiplication 
in MM. The tomato xylem sap was collected from 6 healthy plants or plants infected by GMI1000, ΔpehC strain, CompehC, or ComH453A at 2 dpi. 
Error bars represent mean ± SD (n = 3). H) GalA promotes ΔpehC growth in Moneymaker xylem. Petiole inoculation assays were performed with 
GMI1000 and ΔpehC supplemented with or without 5 μM GalA. Bacterial multiplication in the xylem of each infected plant was monitored at 2 dpi. 
Error bars represent ± SE (n = 6). The AUC was calculated for statistical analysis in (A to C) and (G) and different letters represent significant differ
ences by Log-rank test (P < 0.05). Different letters in (E to F) and (H) represent significant differences by one-way ANOVA analysis (P < 0.05). The 
above experiments were repeated at least 3 times with similar results.
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and Ralstonia growth, we used the xylem sap of Moneymaker 
plants infected with different strains to supplement the MM. 
The growth curve indicated that the WT GMI1000 strain 
grew much faster with the xylem sap from WT-infected plants 
than with that from ΔpehC mutant-infected plants (Fig. 7G). 
Consistently, compared with the WT strain, propagation of 
the ΔpehC mutant strain in tomato stem was impaired 
(Fig. 5E), and GalA supplementation could promote ΔpehC 
growth in the tomato xylem (Fig. 7H). These data indicate 
that GalA produced by PehC from pectin or OGs serves as 
an important carbon source for Ralstonia in the xylem at the 
early stage of infection.

Discussion
The activation of plant innate immunity relies on the percep
tion of pathogen-derived molecules. Detection of MAMPs by 
PRRs results in PTI, which constitutes the first layer of defense 
against most microbial pathogens (Tang et al. 2017). Here, we 
revealed that Ralstonia employs the exo-PG PehC to degrade 
the plant cell wall-derived DAMP OGs, which are used to 
avoid plant immune activation and produce GalA as an im
portant carbon source, thereby increasing virulence. The sig
nificance of PehC for bacterial virulence is likely reflected by 
plants acquiring the ability to recognize PehC as an elicitor 
upon Ralstonia infection (Fig. 8). Collectively, our findings il
luminate the multiple roles of PehC at the interface of plant– 
pathogen interaction. PehC degrades pectin and OGs to not 
only decrease plant immunity but also increase the carbon 
nutrient GalA, thereby contributing to Ralstonia virulence. 
Consistent with the finding that PehA and PehB are required 
for rapid colonization by and the full virulence of Ralstonia 
(Huang and Allen 2000), our findings showed the virulence 
of the ΔpehC mutant was lower than that of the WT 
GMI1000 strain. However, a previous study showed that 
the virulence of ΔpehC is statistically indistinguishable from 
that of the parent strain K60 (Gonzalez and Allen 2003). 
These contradictory conclusions could be due to the differ
ences in the parent strains (GMI1000 and K60) or the differ
ent inoculation methods.

Ralstonia causes severe bacterial wilt on tomato and many 
other plant species, but the MAMPs from Ralstonia perceived 
by tomato are not well characterized. Early studies found that 
the PG-deficient pehA/B/C triple mutant exhibits stronger 
pathogenicity than the pehA/B double mutant (Gonzalez 
and Allen 2003). These results indicate that PehC may trigger 
plant immunity, because in the pehA/B double mutant back
ground, no DAMPs or nutrient precursors are produced and 
the virulence component of PehC is minimal, totally over
come by the immunity responses it triggers. In the current 
study, we demonstrated that PehC secreted by R. solanacear
um is indeed an immune elicitor that could be perceived by 
Solanaceae plants, specifically in root tissues. PehC triggers 
typical immune responses, and pretreatment with PehC en
hances resistance against Ralstonia infection in tomato plants. 
Furthermore, complementation with the catalytically inactive 

form of PehC (PehCH453A) further compromised the virulence 
of ΔpehC. The root-specific recognition of the pathogen indi
cates that the receptor(s) for PehC is expressed only in the roots 
of Solanaceae plants. Surprisingly, both the roots and leaves of 
Arabidopsis plants responded to the PehC treatment. This dif
ference between plant species is probably related to different ex
pression patterns of the potential receptor(s). Moreover, 
although Ralstonia infects Arabidopsis, it does so weakly. This 
may explain why Arabidopsis is not a natural host for 
Ralstonia. During the screening, we found that more than 1 frac
tion of the SPs conferred immunogenic function to tomato; the 
other MAMP components will be explored in future studies.

Secreted endo-PGs recognized by plants as MAMPs have 
been reported in fungal pathogens. However, in our assay, 
Ralstonia PehA (endo-PG) did not trigger an immune response 
in tomato, suggesting that PehA is not a MAMP in tomato. The 
endo-PG of Botrytis cinerea, BcPG1, activates defense responses 
in grapevine (Vitis vinifera), and the immunogenic activity of 
BcPG1 does not require its enzymatic activity (Poinssot et al. 
2003). This is reminiscent of Ralstonia PehC, whose immunogen
ic activity was independent of the enzymatic activity. 
Arabidopsis receptor-like protein 42 (RLP42) was identified as 
a receptor to recognize fungal PGs (Zhang et al. 2014). More re
cently, a conserved 9-aa fragment, pg9, was identified as the min
imal region of Botrytis PGs perceived by RLP42 (Zhang et al. 
2021). However, PehC-mediated immunity is likely activated 
through the RLK-type receptor(s) in tomato and Arabidopsis. 
Furthermore, additional immunogenic epitopes within BcPGs 
sensed by Brassicaceae species are localized in the GH28 domain 
of BcPG6 and are not conserved in Ralstonia PehC (Zhang et al. 
2021). Thus, the receptor of PehC awaits identification.

Cell wall degrading enzymes act as critical virulence factors 
for diverse pathogens. Pathogens break down plant cell wall 
to facilitate infection and to move freely inside plant tissues. 
On the other hand, fragments degraded from the cell wall in
cluding high MW compounds, such as cutins, cellobioses, and 
OGs, act as DAMPs, giving a danger warning (Gust et al. 2017). 
The plant cell membrane receptor wall-associated receptor 
kinase 1 (WAK1) perceives OGs and induces the host defense 
response to inhibit pathogen growth and propagation 
(Brutus et al. 2010). In turn, plant pathogens have evolved a 
variety of strategies to evade plant recognition, such as mask
ing or modifying MAMPs from host immune recognition 
(Buscaill and van der Hoorn 2021; Mart Nez-Cruz et al. 
2021). In addition, the degradation of DAMPs by pathogens 
may serve as another efficient strategy for inhibiting plant im
mune activation. Ralstonia PehB and PehC are both exo-PGs, 
which release GalA monomers or dimers from the polygalac
turonic acid backbone. During infection, endo-PG PehA 
cleaves the pectin polymer internally to produce oligomer 
OGs, and then PehB and PehC further degrade OGs to avoid 
recognition by WAK1. Our study shows that pathogens inter
fere with plant DAMP recognition, adding another dimension 
to pathogen-mediated plant immune suppression.

We also found that PehC functions as a producer of carbon 
sources. Xylem sap has long been described as a nutrient-poor 



2564 | THE PLANT CELL 2023: 35; 2552–2569                                                                                                                    Ke et al.

environment consisting of water and minerals since the mature 
vessel cells are dead (Zuluaga et al. 2013). Pathogens employ dif
ferent mechanisms to actively elevate nutrient concentration in 
the apoplast or xylem sap. Ralstonia effector RipI interacts with 
plant glutamate decarboxylases to promote the biosynthesis of 
gamma-aminobutyric acid and support bacterial growth (Xian 
et al. 2020). Moreover, type III effectors of Xanthomonas spp. in
duce the expression of host sugar transporters, likely causing an 
efflux of sugar to feed bacteria in the xylem or the apoplast (Cox 
et al. 2017). Ralstonia replicates fast and reaches a high cell dens
ity in the xylem, implying the presence of additional virulence 
activities to establish a nutrient-sufficient environment. Upon 
infection, compounds in the xylem sap change considerably, es
pecially for providing nutrition (Zuluaga et al. 2013).

Eight metabolites have been shown to promote Ralstonia 
growth as the sole carbon source (Lowe-Power et al. 
2018b). Pectin is a complex heteropolysaccharide present 
in the primary cell wall of plants, and its breakdown products 
serve as potential nutrients for pathogens. We showed that 
products depolymerized by the endo-PG PehA are not uti
lized by GMI1000. However, further breakdown products, 
such as GalA monomer (produced by PehC) and GalA dimer 
(produced by PehB), are utilized by Ralstonia as the sole car
bon source, which is consistent with previous reports 
(Gonzalez and Allen 2003). PehC hydrolyzes pectin to release 
GalA at an early stage of Ralstonia infection when the 

bacterial titer is low. With the multiplication of Ralstonia, 
the rate of GalA utilization exceeds the rate of GalA produc
tion. However, the amount of pectin in the xylem is limited. 
Therefore, GalA concentration peaked at the early stage of in
fection and then decreased. Notably, we found that PehC activ
ity is critical for early nutrient acquisition, potentially driving 
pathogen growth by increasing nutrient availability. However, 
the exuT mutant, which cannot uptake PG degradation pro
ducts, showed similar virulence in tomato compared with the 
WT strain (Gonzalez and Allen 2003). The importance of 
GalA for virulence in planta and the uptake pathway need fur
ther dissection. Collectively, our findings illuminate the distinct 
property of a pathogen virulence factor, PehC, which exerts dual 
functions (i.e. decrease plant immunity and increase nutrient 
availability) and is monitored by plants.

Materials and methods
Plant materials and growth condition
Tomato (Solanum lycopersicum) cultivars Hawaii 7996, 
Moneymaker, LA1589, Pimp84, Micro Tom, and Ailsa Craig 
were kindly provided by Dr. Taotao Wang. Arabidopsis thali
ana plants were in the Columbia-0 (Col-0) background, 
sobir1-12 and bak1-5/serk4-1 mutants were reported in pre
vious studies (Meng et al. 2015). Plants were grown in soil 
at 22 °C, 45% relative humidity, and 75 µE/m2/s1 (T5 LED 

Figure 8. A working model for the multiple roles of PehC during R. solanacearum infection. During the infection, R. solanacearum secretes PehA to 
hydrolyze pectin, an important component of cell wall of host plants, into OGs. OGs functioning as a DAMP could be recognized by plant WAK1- 
related receptor to trigger DTI. In order to avoid the recognition, R. solanacearum evolved PehB and PehC to degrade OGs which generate GalA2 

dimer and GalA monomer. These monosaccharide sugars can be utilized by Ralstonia as the carbon sources to support its growth and colonization 
at early infection stage. To counter the pathogenicity of R. solanacearum, tomatoes have further evolved the unknown pattern recognition recep
tor(s) to recognize PehC, leading to the activation of PTI.
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tube lights, 4000 K) with 12 h-light/12 h-dark cycles. 
Seedlings were grown on half-strength (1/2) MS plates con
taining 1% (w/v) sucrose and 0.8% (w/v) agar for about 2 
weeks at 22 °C in the same growth chamber.

Generation of PehC knockout and complementation 
strains
To generate the PehC knockout mutants, about 500 bp up
stream and downstream sequences flanking PehC were amp
lified from the GMI1000 genomic DNA. The fragments were 
inserted into the flanking regions of a Kanamycin resistance 
gene in pC007 vector to generate pC007-Up-Kan-Down. The 
resulting construct was verified by PCR analysis and trans
formed into GMI1000 competent cells by electroporation. 
The putative mutants were selected with expected antibiotic 
resistances and verified by PCR. The primers used are listed in 
Supplemental Table S2.

To complement PehC in the Δpehc mutant, as previous de
scribed (Gonzalez and Allen 2003) the native promoter 
(300 bp upstream of the start codon) of PehC was amplified 
by PCR using specific primers listed in Supplemental Table S2
and was cloned into pBBR1-HA vector through In-Fusion 
assembly. Then the PehC coding region was introduced to 
the above plasmid to create pBBR1-proPehC-PehC-HA or 
pBBR1-proPehC-H453A-HA plasmid (Supplemental Table S3). 
The resulting constructs were introduced into Δpehc mutant 
using electroporation. The complementation strains were 
selected using gentamycin (25 µg/mL) and kanamycin 
(25 µg/mL), confirmed by immunoblotting with α-HA anti
body (Roche, Cat. 12013819001,1:2000 dilution).

Characterization of bacterial-related phenotypes
For analysis of strains growth, GMI1000, Δpehc, and comple
mentation strains were cultured overnight in a 
Casamino Acids-Peptone-Glucose (CPG) medium. The bac
terial cells were collected and resuspended with a fresh 
CPG medium. The initial density was unified to OD600 =  
0.05, and the OD600 was measured every 8 h as an index 
to evaluate the growth of the strains.

To measure the biofilm formation of R. solanacearum, We 
conducted crystal violet staining based on previously re
ported studies (Yao and Allen 2007). Briefly, bacterial cells 
were inoculated into 96-well polystyrene plates of CPG me
dium at a concentration of OD600 = 0.1. After incubation 
at 28 °C for 48 h, the cells were stained with 0.1% (w/v) crys
tal violet. The stained cells were dissolved in 95% ethanol. 
The optical density (OD) of the solution at 590 nm was mea
sured to indicate the biofilm formation ability.

Mobility was measured on a semi-solid MM plate (FeSO4 

0.5 mg/L; (NH4)2SO4 0.5 g/L; MgSO4 0.05 g/L, and KH2PO4 

3.4 g/L; pH = 7.0) (Song et al. 2022). The bacteria were inocu
lated in the center of the MM plate containing 0.3% (w/v) 
agar. The colony diameter was measured with a vernier cali
per after the plate was cultured at 28 °C for 2 d.

In order to quantify the production of EPS, the bacteria 
were precultured overnight and inoculated into a CPG liquid 
medium. The original OD600 was maintained at 0.1, and the 
bacteria were cultured in a shaker at 28 °Cfor 72 h. The super
natant was collected and stained with acetylacetone-Na2CO3 

and P-diaminobenzaldehyde (1.5%, w/v). The OD of the solu
tion at 525 nm was measured to represent the EPS produc
tion capacity.

Purification of SPs from R. solanacearum
Bacteria were cultured in a CPG liquid medium at 28 °C for 48 h. 
The suspension was collected by centrifugation and then fil
tered with a 0.22 μm filter to eliminate bacterial pellets. Total 
proteins in the culture were precipitated by (NH4)2SO4. The 
precipitate was collected by centrifugation and then resus
pended in 10 mM Tris–HCl (pH 7.5). SPs were separated by 
SDS-PAGE and stained with Coomassie-blue. The gel was di
vided into different segments following frozen with liquid nitro
gen and then ground into powder, followed by the extraction 
with 8 M urea. Finally, the proteins were tested for activation 
of PTI responses in tomato roots.

Expression vectors construction and protein 
purification
The genomic DNA of GMI1000 was used as a template to amp
lify the coding sequences of PehA, PehB, and PehC. Fragments 
were cloned into the pGST prokaryotic expression vector with 
a C-terminal GST tag. pGST-PehA, pGST-PehB, and pGST-PehC 
(Supplemental Table S3) plasmids were transformed into 
Escherichia coli strain BL21 and induced for 12 h at 28 °C with 
0.25 mM IPTG. Purification of recombinant GST protein from 
the culture supernatant was performed by affinity chromatog
raphy using glutathione agarose resin. Diafiltration and ultrafil
tration were used for glutathione removal.

PehC exo-PG activity analysis
Enzymatic activities of PehC were measured following the 
3,5-DNS method as previously described (Evans et al. 2002). 
The commercial pectin (Coolaber, China) was used as sub
strates and the PG activity detection kit (Solarbio, BC2665, 
China) was used to measure PehC enzymatic activity. The 
standard reaction mixture containing 25 μg GST-PehC protein 
and 1 mg pectin in phosphate buffered saline (PBS) buffer (pH 
5.2) was incubated for 2 h at 40 °C, then an equal amount of 
DNS reagent was added. The mixture was boiled for 5 min 
and the color intensity was determined at 540 nm. The GalA 
concentration was calculated with the standard curve.

Detection of plant immune responses
For extracellular alkalinization, root samples were incubated 
with ddH2O for overnight recovery. After the recovery, water 
was replaced with indicated elicitor solution (10 μg/mL), and 
the extracellular pH was continuously measured using a 
Micro pH Probe. Root sections from three 2-wk-old tomato 
seedlings were analyzed as 1 replicate. For ROS burst, the 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
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tomato seedling roots were cut into 5 mm-sections. Each sam
ple containing 4 root sections was floated on 200 μL ddH2O in a 
96-well plate for overnight recovery. Before detection, the water 
was replaced with a solution containing 5 μM luminol L012 
(Wako Chemicals, Japan) and 10 μg/mL peroxidase from horse
radish (Sigma) with or without indicated elicitors. 
Luminescence was measured continuously over a 60 min period 
by a multimode reader platform (Tecan, SPARK 10 M). For 
MAPK assays, 2 tomato seedlings as 1 sample were soaked 
with indicated elicitor solution, and root tissues were collected 
at different time points. The total proteins were extracted and 
subjected to immunoblotting analysis. Phosphorylated MPK 
proteins were detected by an antiphospho-p44/42 antibody 
(Cell Signaling Technology, Cat. 9101S, 1:2000 dilution).

For callose deposition, tomato roots treated with elicitors 
were fixed in ethanol: acetic acid (3:1) solution, followed by re
hydration in 70% ethanol and 50% ethanol. After being washed 
with water, the roots were incubated in a staining solution con
taining 150 mM K2HPO4 (pH 9.5) and 0.01% (w/v) aniline blue. 
The samples were then observed using a Leica microscope un
der UV light (Olympus BX51). Immune gene induction: Tomato 
roots were treated with elicitors and then collected at indicated 
time points. Total RNA was extracted using Trizol reagent 
(Invitrogen) according to the manufacturer’s protocol. One 
microgram of RNA was used for reverse transcription using 
the HiScript III 1st strand cDNA synthesis kit. RT-qPCR analysis 
was carried out with the SYBR Green qPCR Master Mix on a 
CFX96 real-time machine (Bio-Rad). SlACTIN2 was used as the 
reference gene for normalization and the primers were listed 
in Supplemental Table S2.

RNA-seq and data analysis
Two-week-old tomato Moneymaker seedlings were treated 
with or without 10 μg/mL GST-PehC for 0 h, 1 h, or 6 h before 
harvested. Six seedlings were treated as 1 biological replicate and 
total of 4 biological replicates were performed. RNA extraction, 
library construction, and sequencing were performed by 
Shanghai Personalbio Technology. After sequencing, the reads 
with low sequencing quality or sequencing connectors in the 
raw data were filtered. Total RNA-seq reads were mapped to to
mato reference genome (https://solgenomics.net/) using 
HISAT2 software (Kim et al. 2015). Transcriptome quantifica
tion based on gene level was conducted with Feature 
Recounts after comparison, and DEGs were searched using 
DESeq2 (Love et al. 2014). The criteria for screening DEGs 
were log2fold change  ≥ 1.5 and false discovery rate <0.05. GO 
enrichment was performed using agri GO v2.0. The subsequent 
comparison and plotting were finished in R.

Virus-induced gene silencing (VIGS) assay on tomato
Plasmids of binary vectors containing pTRV-RNA1 and 
pTRV-RNA2 derivatives pTRV-SlBAK1a, pTRV-SlBAK1b, and 
pTRV-GFP (Supplemental Table S3) were transformed into 
Agrobacterium tumefaciens GV3101. Bacterial cultures were 
grown in an Luria-Bertani medium containing 50 mg/mL kana
mycin and 25 mg/mL gentamycin. The bacterial suspensions 

were adjusted to OD600 = 1.5 with a solution containing 
10 mM MgCl2, 10 mM MES, and 200 mM acetosyringone. The 
Agrobacterium suspensions containing pTRV-RNA1 and 
pTRV-RNA2 derivatives were mixed at 1:1 as indicated, respect
ively. Then bacterial suspensions were injected into tomato co
tyledons by leaf injection. Root sections were collected 2 wks 
postinoculation and treated with 10 μg/mL GST-PehC to detect 
the ROS burst in genes silenced tomatoes.

Bacterial inoculation and population analysis
For R. solanacearum soil-drenching inoculation, about 20∼25 
4-wk-old tomato plant were used for each bacterial strain in 
1 independent experiment. Each plant root was wounded by a 
razor blade and was soaked with 10 mL bacterial suspension at 
the OD600 = 0.1. Plants were maintained in a growth chamber 
with a 12 h photoperiod at 28 °C. The visual disease symptoms 
of each plant were scored based on a 0 to 4 disease index scale 
(Yao and Allen 2007), where 0 represented no symptoms, 1 cor
responded to 1% to 25% leaf area wilting, 2 for 26% to 49%, 3 for 
50% to 74%, and 4 for complete wilting). To assess the virulence 
difference among strains, the area under the disease progression 
curve (AUDPC), which is defined by the curve and the x-axis, 
was analyzed using linear mixed effect models (LMMs) with 
Tukey’s honestly significant difference for multiple comparisons 
by R according to previous described (Schandry 2017). Survival 
analysis was performed using Log-rank (Mantel-Cox) test of the 
Kaplan Meier estimate with Tukey’s honestly significant differ
ence for multiple comparisons and Bonferroni adjusted. 
Different letters denote a significant difference (P < 0.05, 
Supplemental Data Set 6).

For the PehC-triggered resistance to bacterial wilt, 
4-wk-old Moneymaker plants were pretreated by pipetting 
10 mL GST-PehC protein solution (10 μg/mL) to the soil 
around each plant and incubated for 2 d. The soil-drenching 
inoculation was performed with 10 mL GMI1000 suspension 
at the OD600 = 0.1 for each plant. The disease progress of 
each inoculated plant was rated as above.

For bacteria population quantification in tomato stems. The 
midstems which cotyledon of infected tomato plant were col
lected and weighted at 3 d postinoculation (dpi). The stems 
were surface sterilized by 70% ethanol for 30 s and sterilized 
in water for 1 min. Stem sample were soaked in ddH2O and 
were ground with a microelectronic drill. The bacterial suspen
sion was subjected to a serial of 1:10 dilution by ddH2O, and the 
series of dilution samples were plated on TTC medium to count 
CFU per gram of stem fresh weight.

For the bacterial competition test, the stem injection assay 
was performed with 8∼12 tomato plants for each strain in 1 
independent experiment. Briefly, the WT, ΔpehC mutants, 
ComPehc complementation strain bacterial suspension was 
adjusted to 106 cfu/mL. An equal amount of indicated paired 
bacterial suspension was mixed and 5 μL was injected into 
the tomato stem. The stems around the site of inoculation 
were collected from each infected plants and bacterial popu
lation size was monitored as above described.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
https://solgenomics.net/
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad098#supplementary-data


Roles of PehC in Ralstonia virulence                                                                             THE PLANT CELL 2023: 35; 2552–2569 | 2567

Xylem sap collection from tomato stems
Xylem sap was harvested by cutting the tomato stem at 1 cm 
above the rough leaf with a razor blade and allowing the sap 
to pool on the stump. The first droplet of xylem sap would 
flow out for about 2 to 3 min after the cut, which was dis
carded to prevent contamination of the exudate with the 
content of damaged cells or phloem vessels. The incision 
was rinsed with sterilized water, the subsequent xylem sap 
was collected into a sterilized tube. The pooled xylem sap 
from 1 plant was centrifuged at 12,000 × g for 10 min to re
move bacterial pellet and plant tissue residue.

Pectin hydrolysis assay with PehA, PehB, and PehC
Commercial pectin from plant cell wall extract was dissolved 
in Tris–HCl buffer (50 mM, pH 7.5) to a final concentration 
of 10 mg/mL. The pectin solution was treated with 
GST-PehA (5 μg/mL) and kept at 37 °C for 8 h. After treat
ment, 50 mg/mL Proteinase K was added and incubated at 
58 °C for 2 h to digest GST-PehA and then treated at 72 °C 
for 10 min for inactivation. The resulting solution was further 
treated with 5 μg/mL GST-PehB or GST-PehC for 8 h at 37 °C. 
After GST-PehB or GST-PehC treatment, a similar Proteinase 
K digestion was performed as described above.

Detection of GalA by LC-MS/MS
The GalA concentration in tomato xylem sap was analyzed 
using an LC-ESI-MS/MS system (UPLC, Shim-pack UFLC 
SHIMADZU CBM A system; MS, API 4000 Q TRAP) as previ
ously described (Chen et al. 2013). The analytical conditions 
were as follows: column, Waters ACQUITY UPLC HSS T3 C18 
(1.8 µm, 2.1 mm × 100 mm); flow rate, 0.40 mL/min; solvent 
system, water (0.04% acetic acid): acetonitrile (0.04% acetic 
acid); gradient program, 95:5 V/V at 0 min, 5:95 V/V at 
10.0 min, 5:95 V/V at 11.0 min, 95:5 V/V at 11.1 min, and 
95:5 V/V at 15.0 min. injection volume, 2 μL; column tem
perature, 40 °C. The ESI source operation parameters were 
as follows: source temperature 500 °C; ion source gas I, gas 
II, curtain gas at 55, 60, and 25.0 psi, respectively; ion spray 
voltage −5500 V (negative); the collision gas (CAD) was 
high. An MRM transition of 193 to 71 was monitored for 
GalA detection. The Analyst software 1.6.3 was used to quan
tify the content of GalA in each sample.

Bacterial growth assay with different carbon sources
R. solanacearum was cultured in a CPG medium overnight 
and collected by centrifugation. The bacterial pellet was re
suspended in sterile water and adjusted to a final OD600 
of 0.01 before inoculation in liquid MM (0.125 mg 
FeSO4·7H2O, 0.5 g (NH4)2SO4, 0.05 g MgSO4·7H2O, and 
3.4 g KH2PO4 in 1 L, the pH was adjusted to 7 with KOH) 
without carbon source. For the effects of oligosaccharides 
on R. solanacearum growth, the oligosaccharide materials 
were added into MM as the single carbon source, and the fi
nal concentration was adjusted to 5 mg/mL. For the effect of 
pectin hydrolyzed product, 50 μL hydrolysis product was 

added into 2 mL MM as the single carbon source, respective
ly. For the effect of tomato xylem sap, 100 μL different 
sources of xylem sap were into 2 mL MM, respectively. The 
OD600 of each sample was monitored per 12 h by the spec
trophotometer for drawing the growth curve. The area under 
the curve (AUC) for Ralstonia growth rate curve was calcu
lated using GraphPad Prism. Statistical analyses between 2 
sets of data were performed by Student’s one-tailed t-test 
and 3 or more groups of data were analyzed by one-way 
ANOVA with Tukey’s significant difference for multiple com
parisons. Different letters represent significant differences (P  
< 0.05, Supplemental Data Set 6).

Phylogenetic analysis
The amino acid sequences of the PG proteins were obtained 
from the Integrated Microbial Genomes and Microbiomes 
(IMG/M) website (https://img.jgi.doe.gov/) and NCBI website 
(https://www.ncbi.nlm.nih.gov/). Sequence alignment was per
formed with ClustalW and results have been provided as sup
plemental files in FASTA format. The phylogenetic tree was 
generated with MEGA6.0 software using the neighbor-joining 
method (Tamura et al. 2013). Three cellulase proteins (Pme, 
cbhA, and Egl) were selected as outgroups. The percentage of 
replicate trees in which the associated taxa clustered together 
in the bootstrap test (1,000 replicates) is shown next to the 
branches. The evolutionary distances were computed using 
the Poisson correction method and are in the units of the num
ber of amino acid substitutions per site. The tree branch lengths 
represent the number of variants per 100 amino acids. The 
alignment and machine-readable tree files are provided as 
Supplemental Files S1 and S2.

Accession numbers
Sequence data in this article can be found in the R. solanacear
um Database, the Integrated Microbial Genomes and 
Microbiomes (IMG/M) website, and Sol Genomics Network 
website under the following accession numbers: PehA 
(RSp0880), PehB (RSc1756), PehC (RSp0833), Egl (RSp0162), 
Pme (RSp0138), cbhA (RSp0583), SlACTIN2 (Solyc11g005330), 
SlERF2a (Solyc12g042210), SlERF2b (Solyc04g051360), 
SlWRKY33 (Solyc09g014990), SlDefensin19 (Solyc07g009090), 
SlPR1b (Solyc00g174340), SlPDF1 (Solyc04g009590), SlBAK1a 
(Solyc10g047140), and SlBAK1b (Solyc01g104970). The 
RNA-seq was deposited in the Gene Expression Omnibus (ac
cession number GSE204888) at the National Center for 
Biotechnology Information.
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