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Abstract
Some pathogens colonize plant leaves, but others invade the roots, including the vasculature, causing severe disease symptoms. Plant 
innate immunity has been extensively studied in leaf pathosystems; however, the precise regulation of immunity against vascular 
pathogens remains largely unexplored. We previously demonstrated that loss of function of the receptor kinase FERONIA (FER) 
increases plant resistance to the typical vascular bacterial pathogen Ralstonia solanacearum. Here, we show that upon infection with 
R. solanacearum, root xylem cell walls in Arabidopsis thaliana become highly lignified. FER is specifically upregulated in the root xylem in 
response to R. solanacearum infection, and inhibits lignin biosynthesis and resistance to this pathogen. We determined that FER 
interacts with and phosphorylates the transcription factor RESPONSIVE TO DESICCATION 26 (RD26), leading to its degradation. 
Overexpression and knockout of RD26 demonstrated that it positively regulates plant resistance to R. solanacearum by directly 
activating the expression of lignin-related genes. Tissue-specific expression of RD26 in the root xylem confirmed its role in vascular 
immunity. We confirmed that the FER–RD26 module regulates lignin biosynthesis and resistance against R. solanacearum in tomato 
(Solanum lycopersicum). Taken together, our findings unveil that the FER–RD26 cascade governs plant immunity against R. solanacearum 
in vascular tissues by regulating lignin deposition. This cascade may represent a key defense mechanism against vascular pathogens 
in plants.
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Introduction
Plants have developed a two-layered immune system to detect and 
combat pathogens. The first layer, called PAMP-triggered immunity 
(PTI), is activated when pattern recognition receptors (PRRs) located 
at the cell surface recognize pathogen-associated molecular pat
terns (PAMPs). The second layer, known as effector-triggered im
munity (ETI), is activated when intracellular nucleotide-binding 
domain leucine-rich repeat-containing receptors (NLRs) detect 
pathogen effectors (Chisholm et al. 2006; Jones and Dangl 2006). 
Substantial progress has been made over the past two decades in 
understanding the recognition mechanisms and downstream sig
naling events of PTI and ETI (Yuan et al. 2021; Chang et al. 2022), 
particularly for pathogens infecting their hosts through leaves. 
Although PTI and ETI also play a role in plant interactions with vas
cular pathogens, there has been limited research specifically ana
lyzing these interactions in the xylem of infected plants (Kashyap 
et al. 2021). Considering the notable differences between mesophyll 
cells and xylem cells, it is plausible that plants employ specific 
mechanisms to regulate resistance or immunity in the xylem tissue 
that would have been missed when characterizing leaf pathogens.

Xylem-invading pathogens pose a major threat to plants as they 
proliferate within the xylem, producing toxins and exopolysacchar
ides that block water transport, which results in severe wilting and 
eventual plant death (Kashyap et al. 2021; De La Fuente et al. 
2022). To defend against these pathogens, plants have developed 
complex physicochemical barriers within the xylem tissue. One de
fense mechanism is the deposition of lignin, creating a physical bar
rier that limits pathogen colonization. Lignin is involved not only in 
basal immune responses (Chezem et al. 2017) but also in ETI (Cui 
et al. 2015; Lee et al. 2019; Kim et al. 2020; Jeon et al. 2023). 
Lignin-related genes are transcriptionally upregulated in resistant 
plants after inoculation with vascular pathogens (Ishihara et al. 
2012; Galindo-González and Deyholos 2016; Sabella et al. 2018). 
Increased lignin content correlates with greater plant resistance to 
vascular pathogens (Ferreira et al. 2017; Novo et al. 2017). Despite 
the importance of lignin in resistance to vascular pathogens, the 
upstream regulators and signaling pathways controlling lignin 
deposition during pathogen invasion remain largely unknown. A re
cent study discovered a conserved signaling cascade consisting of 
MITOGEN-ACTIVATED PROTEIN KINASE PHOSPHATASE 1 (MPK1), 
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a MITOGEN-ACTIVATED PROTEIN KINASE (MAPK), and a MYB-type 
transcription factor, that activates lignin biosynthesis in vascular tis
sues, providing vascular resistance in both rice (Oryza sativa) and 
Arabidopsis (Arabidopsis thaliana) (Lin et al. 2022).

The malectin-like receptor kinase FERONIA (FER) is a member 
of the Catharanthus roseus receptor-like kinase 1-like family 
(CrRLK1L) and plays multiple roles in regulating plant growth, as 
well as in abiotic and biotic stress responses (Chen et al. 2016; 
Zhang et al. 2020b; Zhu et al. 2021). Depending on the plant tissues 
and pathogens involved, FER can either positively or negatively 
regulate plant immunity (Stegmann et al. 2017; Guo et al. 2018; 
Zhang et al. 2020a). It has been proposed that FER acts as a scaf
fold, facilitating the assembly of immune receptor complexes, 
thereby positively regulating plant immunity (Stegmann et al. 
2017). FER is also involved in sensing cell wall softening and main
taining cell wall integrity (Feng et al. 2018). The cell wall is a com
plex structure that pathogens must break through for a successful 
infection, making it a crucial component of plant defense against 
pathogens. FER, along with cell wall-associated kinases, can coor
dinate plant defense by modulating lignin modifications in plant 
cell walls (Liu et al. 2023a).

Bacterial wilt, caused by the bacterium Ralstonia solanacearum, is a 
destructive vascular plant disease. This pathogen invades the corti
cal tissue of host roots, blocks the xylem, and ultimately leads to 
stunted growth and deadly wilt in the host plant (Lowe-Power et al. 
2018). Ralstonia solanacearum can infect over 250 plant species, includ
ing various Solanaceae species such as tomato (Solanum lycopersi
cum), potato (Solanum tuberosum), pepper (Capsicum annuum), and 
eggplant (Solanum melongena). Ralstonia solanacearum is considered 
the world’s second most important phytopathogenic bacterium 
(after Pseudomonas syringae), owing to its substantial scientific and 
economic impact (Mansfield et al. 2012). To successfully infect 
host plants, R. solanacearum uses various pathogenicity factors, in
cluding Type II and Type III secretion systems. These systems secrete 
cell wall-degrading enzymes such as pectic lyases and cellulases into 
the extracellular space, as well as Type III effectors into host cells, to 
facilitate infection (Poueymiro and Genin 2009; Genin and Denny 
2012). The colonization of the vascular tissue by R. solanacearum 
makes the molecular study of bacterial wilt resistance rather chal
lenging owing to the limited access to these cells. We previously 
showed that mutation of FER or inhibition of FER-kinase activity en
hances plant resistance to R. solanacearum (Liu et al. 2023b), but the 
molecular mechanisms underlying FER-mediated resistance to bac
terial wilt remain to be determined.

Here, we demonstrate that cell wall lignification increases in the 
root xylem in response to R. solanacearum infection. We reveal that 
FER negatively regulates lignin biosynthesis in the xylem. FER physi
cally interacts with and degrades RESPONSIVE TO DESICCATION 26 
(RD26, also reported as NAC072), a NAC transcription factor belong
ing to the ATAF subfamily (Fujita et al. 2004), which otherwise pos
itively regulates plant resistance to R. solanacearum by activating the 
expression of genes involved in lignin deposition. The FER–RD26 
module sheds light on the mechanisms underlying plant resistance 
to the vascular pathogen R. solanacearum, providing valuable 
insights for future vascular immunity studies and breeding of 
disease-resistant crops.

Results
Plants enhance cell wall lignification in their 
xylem in response to R. solanacearum infection
To confirm the colonization of the root xylem of Arabidopsis seed
lings by R. solanacearum, we inoculated Arabidopsis seedlings with a 

green fluorescent protein (GFP)-labeled R. solanacearum strain 
(GMI1000-GFP, Phylotype I) (Zhou et al. 2020) and visualized the 
roots using fluorescence microscopy (Supplementary Fig. S1A). 
We observed clear GFP signal in the root xylem of infected seed
lings, indicating successful colonization of the pathogen (Fig. 1A, 
Supplementary Fig. S1B). We then investigated the plant defense 
response against R. solanacearum in the xylem tissue, focusing on 
cell wall lignification, which is a crucial component of vascular im
munity (Kashyap et al. 2021; Lin et al. 2022). Accordingly, we 
stained lignin in the roots with phloroglucinol-hydrochloric acid 
(HCl) staining and quantified the lignin content by the acetyl 
bromide-based method, which revealed a significantly higher level 
of lignin accumulation at 12 h post inoculation (hpi) with R. solana
cearum in the xylem of infected Arabidopsis roots than in those of 
mock-inoculated seedlings (Fig. 1, B and C). In addition, lignin accu
mulation was more pronounced in the vicinity of infected areas 
(Fig. 1D). We also examined the expression of PHENYLALANINE 
AMMONIA-LYASE 1 (PAL1), a gene involved in lignin biosynthesis, 
using the proPAL1:PAL1-VENUS reporter line (Xue et al. 2020). 
PAL1 expression was substantially increased in the xylem after 
R. solanacearum inoculation (Fig. 1E). Collectively, these findings 
demonstrate that seedlings increase their cell wall lignification as 
a defense mechanism against R. solanacearum in the xylem.

FER is involved in the regulation of lignin 
biosynthesis in response to R. solanacearum 
infection in the xylem
Our recent study unveiled a role for the receptor kinase FER in plant 
resistance to R. solanacearum (Liu et al. 2023b). Additionally, FER was 
shown to regulate defense responses in response to altered cell wall 
composition (Liu et al. 2023a). Therefore, we hypothesized that FER 
might be implicated in cell wall lignification in response to R. solana
cearum infection. We determined that the fer-4 mutant (Duan et al. 
2010) is more resistant to R. solanacearum infection than the wild- 
type Col-0 (Supplementary Fig. S2, A to E). FER transcript levels 
were similar in the roots of mock-treated and GMI1000-inoculated 
seedlings (Supplementary Fig. S2F). suggesting that R. solanacearum 
inoculation has no impact on FER transcription. We then took ad
vantage of a transgenic line expressing FER-GFP under the control 
of its native promoter (proFER:FER-GFP) (Duan et al. 2010). FER pro
tein abundance was higher in the root xylem of proFER:FER-GFP 
seedlings upon R. solanacearum inoculation (Fig. 2A), indicating a 
role for FER in root xylem in response to R. solanacearum infection. 
To assess cell wall lignification, we stained and quantified the lignin 
content in the roots of Col-0 and fer-4 seedlings. In mock-inoculated 
seedlings, fer-4 exhibited higher lignin levels in the xylem than did in 
Col-0 (Fig. 2, B and C). Furthermore, the lignin content increased to a 
greater extent in fer-4 in response to R. solanacearum infection than in 
Col-0 (Fig. 2, B and C). These results indicate that FER acts as a neg
ative regulator of lignin biosynthesis in the xylem during R. solana
cearum invasion.

We further examined the colonization of R. solanacearum in the xy
lem of Col-0 and fer-4 roots, which revealed impaired bacterial colo
nization in the fer-4 xylem compared to Col-0 (Fig. 2D). To further 
confirm the role of FER in bacterial wilt resistance and lignin regula
tion, we evaluated the disease phenotype of the other Arabidopsis 
accession C24 and sirène (srn) (Rotman et al. 2003; Duan et al. 2010), 
an independent mutant of FER in the C24 background. To this end, 
we inoculated C24 and srn seedlings grown on plates for an in vitro 
inoculation assay; similar to fer-4, srn exhibited increased resistance 
to R. solanacearum infection, as evidenced by the more modest 
inhibition of root elongation observed in the mutant following 
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infection (Supplementary Fig. S3, A and B). This result validates 
the negative role of FER in plant resistance to R. solanacearum. 
Phloroglucinol-HCl staining and quantification of lignin content 
showed that lignin accumulates to higher levels in srn in response 
to R. solanacearum infection than it does in C24 (Supplementary 
Fig. S3, C and D). The greater deposition of lignin in the root xylem 
of srn seedlings was associated with diminished colonization by 
R. solanacearum (Supplementary Fig. S3E). In summary, these findings 
suggest that increased lignin deposition confers resistance to R. sola
nacearum, while FER suppresses lignin accumulation in the xylem 
and negatively regulates plant resistance to R. solanacearum.

FER interacts with the NAC transcription factor 
RD26
To unravel the molecular mechanism by which FER regulates 
lignin biosynthesis, we searched for interacting proteins of FER. 
Accordingly, we performed a yeast two-hybrid (Y2H) screen using 

a truncated version (amino acids [aa] 492 to 895) of FER (FER-KD) cor
responding only to the kinase domain as bait against an Arabidopsis 
cDNA library (Du et al. 2016). We identified one clone encoding a frag
ment (aa 110 to 297) of NAC072, also reported as RD26, as a candidate 
interactor. RD26 belongs to the NAC transcription factor family. 
Some members of the NAC family have been shown to regulate lig
nin deposition in Arabidopsis (Liu et al. 2021).

We confirmed the interaction between FER-KD and full-length 
RD26 by targeted Y2H (Fig. 3A). We also purified recombinant 
His-FER-KD and glutathione S-transferase (GST)-tagged RD26 and 
performed GST pull-down assays to assess their direct binding in vi
tro. Indeed, GST-RD26 was able to bind to His-FER-KD in vitro 
(Fig. 3B). To validate the FER–RD26 interaction in planta, we cloned 
the full-length RD26 coding sequence in-frame and upstream of the 
sequence encoding the N-terminal half of firefly luciferase (NLUC); 
we cloned the sequence encoding FER-KD or full-length FER in- 
frame and downstream of the sequence encoding the C-terminal 
half of LUC (CLUC) to perform a luciferase complementation 

Figure 1. Cell wall lignification in the xylem of Arabidopsis roots in response to R. solanacearum infection. A) Colonization of vascular bundles by 
R. solanacearum in Col-0 roots. Seven-day-old seedlings were inoculated with 10 μL of a bacterial suspension of a GFP-labeled R. solanacearum strain 
(GMI1000-GFP) at a titer of 1 × 107 CFUs/mL. Photographs were taken at 0 and 5 dpi. Green indicates GFP signal. Magenta indicates PI staining of the cell 
walls. Scale bars, 50 μm. B and C) Lignin visualization (B) and quantification (C) in the xylem of Arabidopsis roots at 12 h post inoculation (hpi) with 
R. solanacearum. The roots were stained with phloroglucinol-hydrochloric acid (HCl) at 12 hpi with R. solanacearum and the lignin content was quantified 
by the acetyl bromide-based method. Scale bars, 50 μm. DW, dry weight (oven drying). Values are means ± SD (n = 3). **P < 0.01 (Student’s t-test). D) 
Simultaneous visualization of R. solanacearum colonization (based on GFP fluorescence) and lignification in the vascular cylinder of Arabidopsis roots. 
Col-0 seedlings were inoculated with the R. solanacearum GMI1000-GFP strain; lignin was stained with basic fuchsin at 5 dpi. Scale bars, 20 μm. Green 
represents GFP signals. Magenta indicates staining of lignin with basic fuchsin. E) Spatial PAL1 expression pattern in response to R. solanacearum 
inoculation. The proPAL1:PAL1-VENUS reporter line was inoculated with R. solanacearum; the GFP signal was observed at 12 hpi. In each treatment, single 
confocal sections (single image, left) and maximal projections of Z-stacks (Max Z, right) are shown; median longitudinal and transverse section views 
are shown on the top and bottom, respectively. Green indicates VENUS signal. Magenta indicates PI staining of cell walls. Scale bars, 50 μm. GFP and PI 
fluorescence intensities along the yellow lines in the transverse sections are shown below the confocal images. All experiments were performed 3 times 
with similar results.
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imaging (LCI) assay. We co-infiltrated Nicotiana benthamiana leaves 
with mixtures of Agrobacterium (Agrobacterium tumefaciens) cultures 
harboring CLUC-FER-KD or full-length CLUC-FER with RD26-NLUC. In 
both cases, we detected high luciferase activity (Fig. 3C), indicating a 
strong interaction between FER (truncated to the kinase domain 
and full-length) and RD26. We confirmed the FER–RD26 interaction 
in vivo through co-immunoprecipitation (Co-IP) assays using total 
protein extracts from 35S:RD26-GFP seedlings and an anti-FER anti
body (Fig. 3D).

FER belongs to the CrRLK1L family and shares high similarity 
with other members. To explore the possible interaction of RD26 
with several FER homologs, we conducted Y2H assays using 
RD26 as bait and the kinase domain of FER or the candidate 
CrRLK1L as prey. We only detected a specific interaction between 
FER-KD and RD26 (Supplementary Fig. S4).

Ralstonia solanacearum colonizes the root xylem for bacterial prolif
eration (Fig. 1A) and FER expression was strongly induced in the xy
lem upon R. solanacearum infection (Fig. 2A). We hypothesized that 
the FER–RD26 interaction might take place in the xylem. To test 
this hypothesis, we generated complementation lines harboring a 
transgene consisting of VENUS cloned in-frame and downstream 
of full-length RD26 and driven by the xylem-specific promoter 
from MAGNESIUM TRANSPORTER 6 (MGT6) (Meng et al. 2022) in the 

rd26 background (rd26 proMGT6:RD26-VENUS). Confocal microscopy 
observations confirmed the specific expression of RD26 in xylem pa
renchyma cells (Supplementary Fig. S5). We then carried out Co-IP 
assays with the rd26 proMGT6:RD26-VENUS line, using an anti-FER 
antibody. RD26-VENUS successfully co-precipitated with FER 
(Fig. 3E), indicating that FER and RD26 interact in the root xylem.

FER phosphorylates RD26 to promote its 
degradation
Being a receptor-like kinase, FER regulates various cellular programs 
by phosphorylating its substrates. Given the direct interaction be
tween FER and RD26, we asked whether RD26 might serve as a sub
strate for FER. We therefore performed in vitro kinase assays using 
purified recombinant GST-RD26, His-FER-KD, and His-FERK565R-KD, 
a kinase-dead version of FER (Xu et al. 2024). We used an antibody 
that specifically recognizes phosphorylated serine and threonine 
residues (anti-pSer/anti-pThr) to probe each protein mixture: we 
detected the phosphorylation of GST-RD26 in the presence of 
His-FER-KD but not with His-FERK565R-KD, suggesting that FER can 
phosphorylate RD26 in vitro (Fig. 4A). Furthermore, immunoprecipi
tation of RD26 produced from 35S:RD26-MYC transgenic seedlings 
using MYC-trap beads followed by immunoblotting with the 

Figure 2. FER is involved in lignification of the Arabidopsis root xylem upon R. solanacearum infection. A) Spatial expression pattern of FER in response to 
R. solanacearum infection. The proFER:FER-GFP reporter line was inoculated with GMI1000 or with sterile water (Mock). Confocal microscopy images were 
taken at 12 hpi. Green represents GFP signals. Magenta indicates PI staining of the cell walls. Scale bars, 50 μm. Quantification of the GFP and PI 
fluorescence signal in the proFER:FER-GFP reporter line after inoculation with R. solanacearum along the orange lines is shown to the right. B and C) Lignin 
visualization (B) and quantification (C) in the xylem of Arabidopsis roots after inoculation with R. solanacearum. Col-0 and fer-4 roots were stained with 
phloroglucinol-HCl at 12 hpi with R. solanacearum. Scale bars, 50 μm. DW, dry weight (oven drying). Values are means ± SD (n = 3). Different lowercase 
letters indicate significant differences by one-way ANOVA (P < 0.05). D) Colonization of vascular bundles by R. solanacearum in Col-0 and fer-4 roots. 
Seven-day-old seedlings were inoculated with GMI1000-GFP at a titer of 10 μL of 1 × 107 CFUs/mL. Photographs were taken at 5 dpi. Green indicates GFP 
signal. Magenta indicates PI staining of the cell walls. Scale bars, 50 μm. GFP fluorescence intensities along the yellow lines in the median longitudinal 
sections are shown to the right. All experiments were performed 3 times with similar results.
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anti-pSer/anti-pThr antibody revealed higher phosphorylation lev
els for RD26 in 35S:RD26-MYC roots than in fer-4 35S:RD26-MYC roots 
(Fig. 4B), indicating that FER is one of the kinases that phosphorylates 
RD26 in vivo. We identified the FER-mediated phosphorylation sites 
of RD26 through liquid chromatography–tandem mass spectrome
try (LC-MS/MS) analysis of the in vitro reaction products of 
GST-RD26 incubated with His-FER-KD. FER-KD phosphorylated 
RD26 at the residues Ser-61, Ser-92, Ser-182, Ser-263, Ser-273, and 
Thr-292 in vitro (Supplementary Fig. S6). We mutated these six phos
phorylation sites in RD26 to alanine residues (RD26mutA). An in vitro 
kinase assay revealed that mutation of these phosphorylation sites 
nearly completely abolishes FER-KD-mediated RD26 phosphoryla
tion (Fig. 4A), demonstrating that the phosphorylation of RD26 by 
FER indeed takes place at these serine and threonine residues.

To assess the effect of FER phosphorylation on RD26 protein 
stability in vivo, we cloned the full-length RD26 sequence in- 
frame and upstream of LUC, with the expression of RD26-LUC 
driven by the 35S promoter; we transfected the resulting 
reporter into Col-0 and fer-4 protoplasts. The luciferase activity 
derived from the RD26-LUC fusion was clearly higher in fer-4 
than in Col-0 (Fig. 4C), indicating that FER promotes RD26 
degradation. Co-expression of RD26-MYC with FER-KD-GFP in 
N. benthamiana leaves also resulted in decreased RD26 abun
dance compared to that in the presence of FERK565R-KD-GFP 
(Supplementary Fig. S7A).

We further performed a cell-free degradation assay by incubat
ing recombinant purified GST-RD26 with plant protein extracts. 
Under these conditions, GST-RD26 was more stable in fer-4 extracts 
than in Col-0 extracts (Fig. 4D). In another set of cell-free 
degradation assays, we incubated total protein extracts from 
Col-0 and recombinant purified GST-RD26 or its nonphosphorylat
able variant GST-RD26mutA or the phosphorylation-mimic variant 
GST-RD26mutD with the six phosphorylation sites changed to 
aspartic acid. The degradation of GST-RD26mutA was slower than 
that of GST-RD26, while the degradation of GST-RD26mutD was 
faster (Supplementary Fig. S7B), confirming the phosphorylation- 
dependent degradation of RD26. To validate this observation, we 
assessed the protein stability of RD26-GFP and RD26mutA-GFP in 
Col-0 and fer-4 by Agrobacterium-mediated infiltration of the en
coding constructs in Arabidopsis leaves. RD26-GFP was more 
stable in the leaves of fer-4 than Col-0, whereas RD26mutA-GFP 
exhibited a similar stability in Col-0 and fer-4 (Supplementary 
Fig. S7C), suggestive of FER-mediated RD26 degradation. Moreover, 
protein quantification after treatment with the translation inhibi
tor cycloheximide (CHX) revealed a longer half-life for RD26 in 
the fer-4 mutant (Supplementary Fig. S7D).

Gene expression databases indicate that RD26 is predomi
nantly expressed in the vasculature of Arabidopsis roots 
(Supplementary Fig. S7E) (Fucile et al. 2011). We generated a trans
genic line expressing RD26-VENUS under its native promoter 

Figure 3. FER interacts with RD26 in vitro and in vivo. A) Yeast two-hybrid assay confirming the interaction between FER and RD26. The full-length 
RD26 coding sequence was cloned into the pGADT7 (AD) vector and the sequence encoding FER-kinase domain (FER-KD) was cloned into the pGBKT7 
(BD) vector. The RD26 and FER-KD constructs were co-transformed into yeast and transformants were selected on synthetic defined (SD) medium 
lacking leucine and tryptophan (+His). Protein–protein interaction was tested on SD medium lacking leucine, tryptophan, and histidine and containing 
20 mM 3-AT (-His). The empty vectors AD and BD were used as negative controls. B) GST pull-down assay. Recombinant GST-RD26 and His-FER-KD were 
produced in E. coli, purified, and co-incubated, followed by pull-down with glutathione beads. RD26 and FER-KD were detected by immunoblot analysis 
with anti-GST and anti-His antibodies, respectively. C) Luciferase complementation imaging (LCI) assay. Agrobacterium tumefaciens cell suspensions 
each harboring one of the indicated constructs were mixed and infiltrated into N. benthamiana leaves; luciferase activity was examined with a 
charge-coupled device (CCD) camera at 2 days post infiltration. D) Co-immunoprecipitation (Co-IP) assay. FER was immunoprecipitated with anti-FER 
antibodies. Co-immunoprecipitated RD26 was detected using anti-GFP antibodies. 35S:GFP and preimmune mouse serum (pre-im) against 35S: 
RD26-GFP were used as negative controls in the Co-IP assay. E) Co-IP assay using rd26 proMGT6:RD26-VENUS expressing RD26-VENUS from the 
xylem-specific MGT6 promoter. The immunoprecipitated FER and co-immunoprecipitated RD26 were detected using anti-FER and anti-GFP antibodies, 
respectively. All experiments were performed 3 times with similar results.
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(proRD26:RD26-VENUS) in the Col-0 background and observed 
strong fluorescent signals in the root xylem of the transgenic seed
lings (Fig. 4E), confirming the high accumulation of RD26 in the 
vasculature. Upon R. solanacearum inoculation, this fluorescent sig
nal was decreased in the xylem of proRD26:RD26-VENUS roots 
(Fig. 4E), suggesting that RD26 is being degraded. To test whether 
the degradation of RD26 is dependent on FER, we introduced the 
proRD26:RD26-VENUS transgene into the fer-4 mutant. The fluores
cent signal only slightly decreased in fer-4 proRD26:RD26-VENUS 

roots after inoculation with R. solanacearum (Fig. 4E), indicating 
that RD26 is degraded in vivo in a FER-dependent manner.

We further detected RD26-VENUS with an anti-GFP antibody in 
the roots of proRD26:RD26-VENUS and fer-4 proRD26:RD26-VENUS 
seedlings. RD26 protein abundance decreased by 64% in proRD26: 
RD26-VENUS roots but only by 35% in fer-4 proRD26:RD26-VENUS 
roots following R. solanacearum inoculation (Fig. 4F), confirming the 
FER-dependent degradation of RD26 in planta. To determine if FER 
regulates the RD26 transcript levels, we performed RT-qPCR in the 

Figure 4. FER phosphorylates and regulates the stability of RD26. A and B) FER phosphorylates RD26. A) In vitro phosphorylation assay showing that 
recombinant purified His-FER-KD can phosphorylate GST-RD26. KD, kinase domain. Phosphorylation levels were detected with anti-pSer/pThr 
antibodies. FER and RD26 were detected by CBB staining of the SDS-PAGE gels. B) FER phosphorylates RD26 in vivo. Seven-day-old Arabidopsis seedlings 
of 35S:RD26-MYC, fer-4 35S:RD26-MYC, and Col-0 were used for in vivo phosphorylation assay. RD26 phosphorylation levels were detected with 
anti-pSer/pThr. RD26 was detected with anti-MYC antibodies. C) RD26 is more stable in fer-4 than in Col-0, based on a dual-luciferase reporter assay. 
The full-length RD26 coding sequence was cloned in-frame and upstream of the firefly luciferase (LUC) reporter gene, and driven by the cauliflower 
mosaic virus (CaMV) 35S promoter. Renilla luciferase (REN) driven by the 35S promoter was used as infiltration control. The resulting constructs were 
transformed into Col-0 and fer-4 root protoplasts. Values are means ± SD (n = 3). The significance of differences was evaluated using Student’s t-test 
(**P < 0.01). D) RD26 protein is more stable in fer-4, as shown by a cell-free degradation assay. Recombinant purified RD26 was mixed with total 
protein extracted from Col-0 or fer-4 seedlings. RD26 was detected with anti-GST antibodies. MG132 is a commonly used proteasome inhibitor. CBB, 
Coomassie Brilliant Blue staining. Quantification was carried out using FIJI. E) Spatial expression pattern of RD26 in the roots of proRD26:RD26-VENUS 
and fer-4 proRD26:RD26-VENUS seedlings in response to R. solanacearum inoculation. Arabidopsis seedlings were inoculated with a GMI1000 bacterial 
suspension at a titer of 10 μL of 1 × 107 CFUs/mL. Single confocal sections (single image, left) and maximal projections of Z-stacks (Max Z, right) are 
shown; median longitudinal and transverse section views are shown on the top and bottom, respectively. Green indicates VENUS signals; Magenta 
indicates PI staining of the cell walls. Scale bars, 50 μm. Quantification of the VENUS fluorescence signal in transverse section after inoculation with 
R. solanacearum is shown below. F) Protein abundance of RD26 in the roots of proRD26:RD26-VENUS and fer-4 proRD26:RD26-VENUS seedlings in response 
to R. solanacearum infection. RD26 in roots was detected using anti-GFP antibodies. Quantification was carried out using FIJI. All experiments were 
performed 3 times with similar results.
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roots of Col-0 and fer-4 seedlings. We observed no significant differ
ence between Col-0 and fer-4 (Supplementary Fig. S7F). Additionally, 
R. solanacearum infection showed no effect on RD26 transcript levels 
in the roots of proRD26:RD26-VENUS or fer-4 proRD26:RD26-VENUS 
seedlings (Supplementary Fig. S7G). These results indicate that FER 
does not affect the transcript levels of RD26 in roots. Based on these 
findings, we propose that FER interacts with RD26 and promotes the 
degradation of RD26 through phosphorylation.

RD26 positively regulates plant resistance to 
R. solanacearum
To investigate the biological function of RD26 during R. solanacea
rum infection, we generated RD26-overexpressing transgenic lines 
(RD26-OE #1 and RD26-OE #2) in Arabidopsis. These transgenic 
lines had smaller rosettes and shorter petioles than did Col-0 
plants (Supplementary Fig. S8, A and B). Additionally, we obtained 
two T-DNA insertion mutant lines, rd26-1 and rd26-2. Notably, loss 
of RD26 function did not affect the growth of Arabidopsis plants, as 
the rosettes of the two rd26 mutants had the same size as that of 
Col-0 (Supplementary Fig. S8, A and B). We inoculated the roots 
of Col-0, RD26-OE, and rd26 seedlings with R. solanacearum in vitro 
as previously described (Lu et al. 2018). Overexpression of RD26 sig
nificantly decreased the suppression of root growth imposed by 
R. solanacearum infection, while rd26-1 and rd26-2 exhibited a great
er suppression of root growth than did Col-0 (Fig. 5, A and B).

We also inoculated adult plants with the pathogen using the 
natural soil drenching method. The RD26-OE lines showed delayed 
wilting symptoms compared to Col-0, while rd26-1 and rd26-2 dis
played accelerated disease development compared to Col-0 
(Fig. 5, C and D). Next, we quantified the bacterial titers in the roots 
of Col-0, RD26-OE, and rd26 seedlings following R. solanacearum in
oculation. Starting at 4 days post inoculation (dpi), the RD26-OE 
lines had significantly lower bacterial counts than did Col-0, while 
the bacterial titer was higher in rd26 than in Col-0 (Fig. 5E). These 
results indicate that RD26 plays a positive role in enhancing plant 
resistance to bacterial wilt. To investigate the role of the FER–RD26 
cascade in plant resistance to R. solanacearum, we generated the 
fer-4 rd26-1  double mutant and RD26-OE transgenic lines in the 
fer-4 background (fer-4 RD26-OE) (Supplementary Fig. S8, C and 
D). Compared to fer-4, the elongation of fer-4 RD26-OE roots was 
not as suppressed by R. solanacearum infection, while that of fer-4 
rd26-1 roots was more sensitive to R. solanacearum infection 
(Fig. 5, F and G), indicating that RD26 functions downstream of FER.

In addition, we generated RD26mutA-overexpressing transgenic 
lines in the rd26-1 background (rd26-1 RD26mutA-OE). The roots of 
rd26 RD26mutA-OE seedlings were slightly but significantly longer 
than those of RD26-OE seedlings, indicative of decreased sensitivity 
to R. solanacearum-imposed suppression of root growth (Fig. 5, F 
and G). Taken together, these results suggest that RD26 functions 
downstream of FER and positively regulates plant resistance to bac
terial wilt.

fer-4 and RD26-OE share a similar transcriptome 
profile and regulate the expression of 
lignin-related genes upon R. solanacearum 
infection
To investigate the relationship between the resistance phenotype 
of RD26-OE and fer-4, we conducted transcriptome deep sequencing 
(RNA-seq) analysis in the roots of RD26-OE, fer-4, and Col-0 without 
R. solanacearum inoculation. In fer-4, we identified 2,569 differen
tially expressed genes (fer-DEGs) compared to Col-0 (P < 0.05 and 
|log2[fold-change]| > 1). Similarly, we identified 1,794 DEGs in 

RD26-OE (RD26-OE-DEGs) compared to Col-0 (P < 0.05 and |log2FC| 
> 1). There was a significant overlap between the DEGs detected 
for both comparisons (Supplementary Fig. S9A). Most of the DEGs 
exhibited consistent expression patterns in fer-4 and RD26- 
OE roots, with a high degree of correlation (R = 0.78, P < 0.001) 
(Supplementary Fig. S9B). A gene ontology (GO) term enrichment 
analysis indicated that the DEGs shared by fer-4 and RD26-OE are 
associated with various biological processes, including phytohor
mone signaling, dehydration, abiotic stimulus, hypoxia, and salt 
stress (Supplementary Fig. S9, C and D). We performed a similar 
RNA-seq analysis on the roots of fer-4 and RD26-OE seedlings after 
R. solanacearum inoculation. The DEGs in response to R. solanacea
rum infection in the genotypes were again largely overlapping 
(Supplementary Fig. S10, A to C). The upregulated genes in fer-4 
and RD26-OE after R. solanacearum inoculation were enriched in cel
lular response to chemical stimuli, response to bacterium, and lig
nin metabolism (Supplementary Fig. S10, D and E). These findings 
support our earlier observation of increased cell wall lignification 
upon R. solanacearum inoculation (Fig. 1, B and C). Overall, the above 
gene expression analysis indicates that loss of FER function and 
RD26 overexpression elicit similar transcriptional responses in 
the absence and presence of R. solanacearum.

Based on our transcriptome analysis, which revealed the upregu
lation of lignin-related genes in fer-4 and RD26-OE after R. solanacea
rum infection (Supplementary Fig. S11A), we hypothesized that RD26 
might regulate plant resistance to R. solanacearum by activating the 
expression of these genes. We searched for RD26-binding motifs in 
the promoters of lignin-related genes induced by R. solanacearum, 
based on the previously determined NAC recognition sequence con
taining CATGT and harboring CACG as the core DNA-binding sites 
(Tran et al. 2004). We identified RD26-binding motifs in the pro
moters of most lignin-related genes including PAL1, MYB63, and 
MYB52 (Fig. 6A, Supplementary Fig. S11B). To validate the binding 
of RD26 to these promoters in vivo, we performed chromatin immu
noprecipitation followed by quantitative PCR (ChIP-qPCR) using 35S: 
RD26-GFP (RD26-OE) seedlings with an anti-GFP antibody. We de
tected the enrichment of DNA fragments from the PAL1, MYB63, 
and MYB52 promoters among the immunoprecipitated chromatin 
in these RD26-OE seedlings, using Col-0 as a negative control 
(Fig. 6B). Using an electrophoretic mobility shift assay (EMSA), we 
confirmed the direct binding of recombinant purified GST-RD26 to 
probes containing the CATGT and CACG motifs in the PAL1, 
MYB63, and MYB52 promoters (Fig. 6C, Supplementary Fig. S11C). 
Subsequently, we cloned the PAL1, MYB63, and MYB52 promoters 
upstream of the LUC reporter gene and co-transfected each resulting 
reporter construct with a 35S:RD26 effector construct (or the empty 
vector as control) in Arabidopsis protoplasts. The presence of RD26 
significantly increased relative luciferase activity compared to 
the empty vector control, indicating that RD26 activates transcrip
tion from the PAL1, MYB63, and MYB52 promoters (Fig. 6D). 
Additionally, we examined the expression of these genes in the roots 
of Col-0, RD26-OE, fer-4, and rd26 seedlings by RT-qPCR analysis. The 
overexpression of RD26 or disruption of FER led to a significant upre
gulation of PAL1, MYB63, and MYB52 expression, while knockout of 
RD26 significantly downregulated the expression of these genes 
(Fig. 6, E to G). In summary, these results demonstrate that RD26 di
rectly targets and regulates the expression of lignin-related genes.

RD26 regulates resistance to R. solanacearum in 
the xylem through lignin deposition
To investigate whether the FER–RD26 module specifically regulates 
lignin deposition in the root xylem, we stained lignin in the roots of 
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Col-0, RD26-OE, and rd26 seedlings with phloroglucinol-HCl. We de
termined that lignin specifically accumulates in the root xylem of 
RD26-OE seedlings (Fig. 7A), reflecting the precise regulation of lig
nin by RD26 in this tissue. Next, we quantified lignin levels in the 

roots of Col-0, RD26-OE, and rd26 seedlings under normal growing 
conditions. The root xylem of RD26-OE seedlings had a higher lig
nin content than did that of Col-0, while mutation of RD26 
significantly decreased lignin content (Fig. 7B). We also assessed 

Figure 5. RD26 positively regulates plant resistance to R. solanacearum. A and B) Inoculation with R. solanacearum inhibits root growth of Arabidopsis 
seedlings. A) Seven-day-old seedlings of Col-0, RD26-OE (RD26-overexpressing transgenic lines), and rd26 mutants were inoculated with 10 μL of a 
bacterial suspension at a titer of 1 × 107 CFUs/mL. The photographs were taken at 3 dpi. Scale bar, 1 cm. B) Root length of the seedlings shown in (A). 
Values are means ± SD (n = 14). Different lowercase letters indicate significant differences by one-way ANOVA (P < 0.05). C and D) Bacterial wilt 
phenotype of Col-0, RD26-OE, and rd26 plants after inoculation with R. solanacearum. Different Arabidopsis genotypes were inoculated with 20 mL of a 
bacterial suspension at a titer of 1 × 108 CFUs/mL. C) Representative photographs of infected plants showing the wilt phenotype. Photographs were 
taken at 8 dpi. Scale bar, 1 cm. D) Disease index of the inoculated plants, recorded daily. The average disease index is shown. The values represent 
means ± SD (n = 10). E) Quantification of bacterial titer in Arabidopsis roots after R. solanacearum inoculation. The number of bacteria in the roots of 
Arabidopsis plants was determined at 2, 4, and 6 dpi. Values are means ± SD (n = 10). Different lowercase letters indicate significant differences by 
one-way ANOVA (P < 0.05). F and G) Inoculation with R. solanacearum inhibits root growth of Arabidopsis seedlings. F) Seven-day-old seedlings of Col-0, 
RD26-OE, rd26-1, fer-4, fer-4 rd26-1, fer-4 RD26-OE, rd26 RD26mutA-OE, and rd26 RD26mutD-OE were inoculated with a bacterial suspension at a titer of 10 μL 
of 1 × 107 CFUs/mL. The photographs were taken at 3 dpi. Scale bar, 1 cm. G) Root length of the seedlings shown in (F). Values are means ± SD (n = 14). 
Different lowercase letters indicate significant differences by one-way ANOVA (P < 0.05). All experiments were performed 3 times with similar results.
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pathogen-induced lignification by challenging Arabidopsis seedlings 
with R. solanacearum. The lignin content increased more prominently 
in RD26-OE seedlings than in rd26 seedlings upon infection, relative 
to the mock control (Fig. 7, A and B). We also observed the induction 
of lignin deposition in rd26 in response to R. solanacearum (rd26, 
GMI1000 vs. Mock) (Fig. 7, A and B), suggesting that plants employ al
ternative pathways, in addition to RD26, to regulate lignin biosynthe
sis in response to R. solanacearum infection.

Next, we determined the lignin content in the roots of fer-4 
RD26-OE and fer-4 rd26-1 seedlings. After inoculation with R. solana
cearum, the lignin content of fer-4 rd26-1 was clearly lower than that 
in fer-4, while the lignin content of fer-4 RD26-OE was higher than 
that in fer-4 (Supplementary Fig. S12), confirming that RD26 func
tions downstream of FER. Furthermore, we examined bacterial col
onization in the roots of Col-0, RD26-OE, and rd26 seedlings. Ralstonia 
solanacearum showed a diminished colonization of the root xylem of 

RD26-OE seedlings compared to Col-0, while the bacteria prolifer
ated more in the roots of rd26 seedlings (Fig. 7C). These results sug
gest that RD26-mediated regulation of lignin in the root xylem 
confers resistance to R. solanacearum.

To further elucidate the role of RD26 in xylem resistance to R. sol
anacearum, we assessed lignin deposition and bacterial colonization 
in the roots of the transgenic line expressing RD26 specifically in the 
xylem from the MGT6 promoter (Supplementary Fig. S5). Upon 
R. solanacearum inoculation, the RD26-VENUS signal in the paren
chyma tissue decreased substantially (Fig. 7D), suggesting RD26 deg
radation. When we analyzed lignin levels in the roots of Col-0, rd26, 
and rd26 proMGT6:RD26-VENUS seedlings, we observed a compara
ble lignin accumulation in Col-0 and rd26 proMGT6:RD26-VENUS, 
whereas lignin deposition was significantly lower in rd26 (Fig. 7, E 
and F). We also evaluated bacterial colonization in the roots of 
Col-0, rd26, and rd26 proMGT6:RD26-VENUS seedlings. Ralstonia 

Figure 6. RD26 targets lignin-related genes. A) Prediction of RD26-binding sites (CATGT and CACG) within 2,000 bp of the PAL1, MYB63, and MYB52 
promoters. The positions are relative to the start codon. B) Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR) assay showing that RD26 
binds to the PAL1, MYB63, and MYB52 promoters. Seven-day-old Arabidopsis seedlings of 35S:RD26-GFP and Col-0 were used for the experiment, and 
anti-GFP was used for the IP. Values are means ± SD (n = 3). **P < 0.01; ***P < 0.001 (Student’s t-test). C) EMSA showing that recombinant purified GST-RD26 
binds to a fragment of the promoter of the lignin-related gene PAL1 in vitro. The probe is a FAM fluorescence-labeled DNA probe. Unlabeled probe was 
used as competitor. D) RD26 activates the promoters of lignin-related genes in planta. The promoters of the lignin-related genes were cloned upstream 
of the firefly LUC reporter gene. The resulting promoter:LUC constructs were co-transfected in Arabidopsis protoplasts together with the effector 
construct 35S:RD26 or the empty vector control. E to G) RT-qPCR analysis of relative transcript levels for the lignin-related genes PAL1, MYB63, 
and MYB52 in RD26-OE (RD26-overexpressing transgenic line) and Col-0 (E), Col-0 and fer-4 (F), and Col-0 and rd26 (G). D–G) Values are means ± SD (n = 3); 
*P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t-test). Experiments were performed 3 times with similar results.
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Figure 7. RD26 regulates resistance to R. solanacearum in the xylem through lignin deposition. A and B) Lignin visualization (A) and quantification (B) in 
xylem of Arabidopsis roots at 12 hpi with R. solanacearum. Roots from Col-0, RD26-OE (RD26-overexpressing transgenic lines), and rd26 Arabidopsis 
seedlings were stained with phloroglucinol-hydrochloric acid (HCl). Scale bars, 50 μm. DW, dry weight (oven drying). Values are means ± SD (n = 3). 
Different lowercase letters indicate significant differences by one-way ANOVA (P < 0.05). C) Differential colonization of R. solanacearum in Col-0, 
RD26-OE, and rd26 roots. Seven-day-old seedlings were inoculated with GMI1000-GFP at a titer of 10 μL of 1 × 107 CFUs/mL. Green represents GFP signals. 
Magenta indicates PI staining of the cell walls. Scale bars, 50 μm. Quantification of GFP fluorescence signal along the yellow lines after inoculation 
with R. solanacearum is shown to the right. D) Spatial expression pattern of proMGT6:RD26 in rd26 proMGT6:RD26-VENUS seedlings in response to 
R. solanacearum inoculation. The rd26 proMGT6:RD26-VENUS reporter line was inoculated with GMI1000 at a titer of 10 μL of 1 × 107 CFUs/mL. Confocal 
microscopy images were captured at 12 hpi. Green represents VENUS signals. Magenta indicates PI staining of the cell walls. Scale bars, 50 μm. 
Quantification of fluorescence signal along the yellow lines in the rd26 proMGT6:RD26-VENUS reporter line after inoculation with R. solanacearum is 
shown to the right. E and F) Lignin visualization (E) and quantification (F) in the xylem of roots from Arabidopsis Col-0, rd26 proMGT6:RD26-VENUS and 
rd26 seedlings. Roots were stained with phloroglucinol-HCl. Scale bars, 50 μm. Values are means ± SD (n = 3). Different lowercase letters indicate 
significant differences by one-way ANOVA (P < 0.05). G) Differential colonization of R. solanacearum in the roots of Col-0, rd26 proMGT6:RD26-VENUS, and 
rd26 seedlings. Seven-day-old seedlings were inoculated with GMI1000-GFP at a titer of 10 μL of 1 × 107 CFUs/mL. Green represents GFP signals. Magenta 
indicates PI staining of the cell walls. Scale bars, 50 μm. Quantification of GFP fluorescence signal along the yellow lines after inoculation with 
R. solanacearum is shown to the right. Experiments were performed 3 times with similar results.
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solanacearum colonization levels were comparable in Col-0 and rd26 
proMGT6:RD26-VENUS, both of which were lower than in rd26 
(Fig. 7G). These results suggest that the tissue-specific expression 
of RD26 in parenchyma cells rescues lignin deposition and bacterial 
colonization in the xylem.

To confirm the role of xylem lignin in plant resistance to R. sola
nacearum, we assessed the extent of xylem lignification and bacterial 
wilt phenotype of ccoaomt1, a mutant in CAFFEOYL COENZYME A 
O-METHYLTRANSFERASE 1 defective in lignin biosynthesis (Do 
et al. 2007). Phloroglucinol-HCl staining showed that lignin accumu
lates to lower levels in the root xylem of ccoaomt1 seedlings than in 
that of Col-0 (Supplementary Fig. S13A), confirming the role of 
CCoAOMT1 in lignin biosynthesis. Next, we examined bacterial col
onization in the roots of Col-0 and ccoaomt1 seedlings. Ralstonia sola
nacearum colonized more of the root xylem in ccoaomt1 seedlings 
than in Col-0 seedlings (Supplementary Fig. S13B), validating the 
role of xylem lignin in plant resistance to the vascular bacterial 
pathogen R. solanacearum. Further in vitro and natural soil drench 
inoculation assays also confirmed the susceptible phenotype of 
ccoaomt1 against R. solanacearum (Supplementary Fig. S13, C to F).

The FER–RD26 module regulates lignin 
biosynthesis and resistance to R. solanacearum in 
tomato and tobacco (Nicotiana tabacum)
Ralstonia solanacearum has a wide host range, with Solanaceae plants 
such as tomato being the most common hosts. To explore the func
tion of FER and RD26 in resistance to R. solanacearum in tomato, we 
used RNA interference (RNAi) to silence SlFER (Solyc09g015830) or 
SlRD26 (Solyc12g013620, also reported as SlJA2). RT-qPCR analysis 
revealed the significant decrease in SlFER or SlRD26 transcript levels 
in silenced lines (Supplementary Fig. S14A). Next, we evaluated lig
nin deposition in the roots of these SlFER-RNAi and SlRD26-RNAi 
seedlings. Based on phloroglucinol-HCl staining, lignin accumu
lated to a higher level in SlFER-RNAi roots, while it accumulated 
less in SlRD26-RNAi roots, than in seedlings of a line transformed 
with the empty vector (EV) as control (Fig. 8A). Quantification of 
lignin levels also confirmed the negative role of SlFER and the pos
itive role of SlRD26 in lignin accumulation (Fig. 8B). We inoculated 
EV, SlFER-RNAi, and SlRD26-RNAi seedlings with R. solanacearum. 
Silencing of SlFER enhanced tomato resistance to R. solanacearum, 
while silencing of SlRD26 promoted R. solanacearum infection 
(Fig. 8, C to E). These results demonstrate the similar role of FER 
and RD26 in plant lignin biosynthesis and resistance to R. solanacea
rum in tomato and Arabidopsis.

To assess the negative role of FER in bacterial wilt resistance in 
tobacco (Nicotiana tabacum), we evaluated the disease phenotype 
of Ntfer mutants in one of the two tobacco FER genes, previously 
generated in our laboratory via clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated nuclease 
9 (Cas9)-mediated gene editing (Supplementary Fig. S14B). 
Compared to wild-type plants (K326), Ntfer mutants showed de
layed disease progression and diminished bacterial colonization 
(Supplementary Fig. S14, C to E), although the resistance pheno
type of Ntfer was not as pronounced as that seen in the fer-4 
mutant of Arabidopsis, possibly because the tobacco genome 
harbors two copies of FER, which might redundantly mediate re
sistance to R. solanacearum. In addition, phloroglucinol-HCl stain
ing and quantification of lignin content confirmed that the Ntfer 
mutant has a higher lignin content than its corresponding wild 
type (Supplementary Fig. S14, F and G).

We showed above that RD26 targets lignin-related genes such 
as PAL1, MYB63, and MYB52 (Fig. 6 and Supplementary Fig. S11). 

To investigate the role of these RD26 target genes in lignin 
biosynthesis and resistance to R. solanacearum, we silenced 
SlMYB115 (Solyc04g064540), the ortholog of MYB52 in tomato 
(Supplementary Fig. S15A). Compared to the EV control, silencing 
of SlMYB115 decreased lignin accumulation in tomato roots 
(Supplementary Fig. S15, B and C). We further inoculated EV and 
SlMYB115-RNAi plants with R. solanacearum. Silencing of SlMYB115 
diminished tomato resistance to R. solanacearum (Supplementary 
Fig. S14, D to F). These results indicate that the target genes of 
RD26 are also involved in lignin biosynthesis and resistance to R. sol
anacearum in tomato. To further demonstrate the role of xylem lignin 
in resistance to R. solanacearum, we silenced the homolog of 
CCoAOMT1 in tomato, which we showed above negatively regulated 
lignin biosynthesis and resistance to R. solanacearum in Arabidopsis 
(Supplementary Fig. S13). The silencing of SlCCoAOMT decreased 
the lignin content of tomato roots and diminished resistance to R. sol
anacearum (Supplementary Fig. S15). Taken together, these results 
suggest that the FER–RD26 module regulates resistance to R. solana
cearum through lignin accumulation in the root xylem in its natural 
hosts tomato and tobacco.

Discussion
Pathogens have developed unique genes or virulence strategies 
for successful infection of different plant tissues. For instance, 
the hydrolase gene CbsA in the family Xanthomonadaceae plays 
a key role in the phenotypic switch between vascular and nonvas
cular pathogens (Gluck-Thaler et al. 2020). However, the precise 
regulation of vascular-specific defense responses in plants against 
pathogens remains largely unknown. In this study, we discovered 
FER–RD26 as a module that governs plant vascular resistance to 
R. solanacearum in the xylem of Arabidopsis roots (Fig. 9). The 
FER–RD26 pathway represents a previously undescribed signaling 
pathway that maintains a balance between plant defense against 
the vascular pathogen R. solanacearum and the regulation of lignin 
in the root xylem. In a recent study by Lin et al., the MKP1–MAPK– 
MYB signaling cascade was revealed to regulate resistance to the 
vascular pathogen Xanthomonas oryzae pv. oryzae through lignin 
deposition (Lin et al. 2022). Together with this recent study, our 
work highlights the important role of lignin in root xylem for the 
regulation of plant resistance to vascular pathogens.

FER positively regulates plant immunity against P. syringae in 
leaves (Stegmann et al. 2017). However, in the roots, FER and its 
homolog in soybean (Glycine max) are exploited by rapid alkaliniza
tion factor (RALF)-like peptides from plant parasitic nematodes, 
acting as negative regulators of immunity against nematodes 
(Zhang et al. 2020a, 2021). Our previous work demonstrated that 
FER disruption or inhibition of FER-kinase activity enhanced plant 
resistance to R. solanacearum (Liu et al. 2023b), indicating that FER 
also acts as a negative regulator of plant immunity against this 
pathogen in roots. Notably, the genome of R. solanacearum does 
not encode putative RALF-like genes (Salanoubat et al. 2002), sug
gesting that FER, as the receptor of RALFs, is unlikely to be directly 
exploited by R. solanacearum. Instead, we reveal that FER phos
phorylates and degrades the transcription factor RD26, resulting 
in decreased lignin biosynthesis and increased susceptibility to 
R. solanacearum. Similarly, FER can phosphorylate and destabilize 
the transcription factor MYC2, thereby regulating immunity 
against P. syringae (Guo et al. 2018; Wang et al. 2022). A recent 
study revealed that FER in tomato interacts with and degrades a 
MYB transcription factor to regulate lignin biosynthesis and re
sistance to Fusarium oxysporum f. sp. lycopersici (Fan et al. 2024). 
Hence, distinct mechanisms have evolved to enable FER to either 
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positively or negatively regulate plant immunity against different 
pathogens, even within the same plant tissue.

Our findings demonstrate that the FER–RD26 pathway regu
lates lignin deposition in the root xylem, which in turn controls 
R. solanacearum colonization and resistance to this pathogen. 
Consistent with our observations, several studies have shown 
that increased lignin content and greater lignification of cell walls 
occur following infection, together with resistance to vascular 
pathogens such as Verticillium dahlia (Ferreira et al. 2017; Li et al. 
2019; Kashyap et al. 2021). Despite the diverse functions of lignin 
in plant defense regulation, the mechanisms by which cell wall 
lignification in the xylem enhances plant resistance to R. solana
cearum are yet to be fully characterized. One possibility is that 
fer-4-regulated lignification acts as a physical barrier, impeding 
the movement of R. solanacearum within the root xylem. Ralstonia 
solanacearum colonizing the xylem expresses genes encoding the 
type III secretion system and most of its associated effectors 

(Jacobs et al. 2012; Monteiro et al. 2012; de Pedro-Jové et al. 
2021), which manipulate plant physiology, including immunity, 
to the benefit of the pathogen. Enhanced lignification of cell walls 
may hinder the injection of such effectors into target plant cells, 
thereby decreasing the virulence of R. solanacearum and indirectly 
enhancing plant resistance to this pathogen.

Our results indicate that FER acts as a negative regulator of lignin 
biosynthesis by promoting RD26 degradation during R. solanacearum 
infection. The increased expression of FER and decreased expression 
of RD26 in the root xylem upon infection support this conclusion 
(Figs. 2A and 4E). However, one might wonder why the root xylem 
of Col-0 seedlings, where RD26 is theoretically degraded by FER, still 
accumulates higher levels of lignin after R. solanacearum infection 
(Fig. 1B). Lignin biosynthesis is governed by a complex regulatory net
work and is typically co-regulated by different pathways (Xie et al. 
2018; Xu et al. 2022) and FER–RD26 represents only one regulatory 
pathway of lignin biosynthesis (Nakano et al. 2015). Thus, other 

Figure 8. The FER–RD26 module regulates lignin biosynthesis and resistance to R. solanacearum in tomato. A and B) Lignin visualization (A) and 
quantification (B) in the roots of tomato seedlings silenced for SlFER or SlRD26. Roots were stained with phloroglucinol-hydrochloric acid (HCl). Scale 
bars, 50 μm. DW, dry weight (oven drying). Values are means ± SD (n = 3). Different lowercase letters indicate significant differences by one-way ANOVA 
(P < 0.05). C to E) Disease phenotype of SlFER-RNAi and SlRD26-RNAi tomato plants following R. solanacearum inoculation. C) Bacterial wilt disease 
phenotype of SlFER-RNAi and SlRD26-RNAi plants after inoculation with R. solanacearum. Plants were inoculated with 10 mL of a bacterial suspension at 
OD600 = 0.1. Photographs were taken at 6 dpi. Scale bar, 2 cm. D) Disease index of inoculated plants were recorded daily. The average disease index is 
shown. Values represent means ± SD (n = 16). E) Quantification of bacterial titer in tomato roots after R. solanacearum inoculation. The number of bacteria 
in the roots of tomato plants was determined at 4 and 6 dpi. Values are means ± SD (n = 16). Different lowercase letters indicate significant differences by 
one-way ANOVA (P < 0.05). Experiments were performed 3 times with similar results.
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pathways can contribute to lignin production during R. solanacearum 
infection, as indicated by the significant lignin accumulation seen in 
rd26 mutants after R. solanacearum infection (Fig. 7A). Excessive lignin 
accumulation can have a negative influence on plant growth and de
velopment (Zhong et al. 2006; Zhou et al. 2009), as also indirectly in
dicated by the growth phenotype of RD26-OE lines (Supplementary 
Fig. S8). Therefore, plants need to finely tune this trade-off between 
defense and growth. FER was shown to be involved in sensing cell 
wall integrity (Feng et al. 2018). We hypothesize that FER detects 
the boost of lignin deposition during R. solanacearum infection and de
grades RD26 to partially restrict lignin biosynthesis, thereby main
taining a balance between plant defense and growth. As another 
means to achieve an optimal immune response while maintaining 
normal growth, plants trigger local immune responses at the site 
of infection or colonization. This strategy is also the most efficient 
and cost-effective for plant resistance to pathogens. In the case of 
roots, immune responses are differentially and precisely controlled 
in various cell types and developmental regions (Chuberre et al. 
2018; Rich-Griffin et al. 2020; Zhou et al. 2020). Our discovery of 
FER–RD26-regulated lignification in the vascular xylem provides evi
dence of infection site-specific immune regulation and opens the 
door to identifying other signaling pathways or regulators that gov
ern localized immunity. Understanding how different cell types or 
tissues in plants perceive invading pathogens and activate tissue- 
and infection-specific immunity may have broad implications 
for the development of plants resistant to various devastating 
pathogens.

Materials and methods
Plant materials and growth conditions
For the generation of 35S:RD26-GFP (RD26-OE), 35S:RD26-MYC 
(RD26-OE), 35S:RD26mutA-GFP, and 35S:RD26mutD-GFP transgenic 
Arabidopsis (A. thaliana), full-length coding sequences of RD26, 
RD26mutA, and RD26mutD fused with a C-terminal GFP/MYC tag under 

the control of the 35S promoter was cloned into pDT1 as previously 
described (Zhu et al. 2020). For the generation of proRD26: 
RD26-VENUS transgenic Arabidopsis, full-length coding sequences 
of RD26 fused with a C-terminal VENUS tag driven by the RD26 pro
moter was cloned into p1300-LV. For the generation of proMGT6: 
RD26-VENUS transgenic Arabidopsis, full-length coding sequences 
of RD26 fused with a C-terminal VENUS tag driven by the MGT6 pro
moter was cloned into p1300-LV. Transgenic plants were obtained by 
transforming the plasmid into WT Columbia (Col-0) background with 
Agrobacterium-mediated transformation. The rd26-1 (SALK_063576C) 
T-DNA insertion mutant and ccoaomt1 (SALK_055103C) T-DNA inser
tion mutant were obtained from the AraShare (https://www. 
arashare.cn/index/). The rd26-2 (SALK_083756) mutant was kindly 
provided by Dr. Xiaoyun Li. Homozygosity of mutants was identified 
by PCR (Supplementary Table S1). fer-4 and proFER:FER-GFP were as 
previously described (Duan et al. 2010). The proPAL1:PAL1-VENUS 
were kindly provided by Jingshi Xue and Laigeng Li. Multiple mutants 
are generated by crossing individual lines, usually with fer-4 as the fe
male parent. Seeds of Arabidopsis were first sterilized with 75% [v/v] 
ethanol for 5 min, followed by treatment with 15% [v/v] sodium hypo
chlorite for 5 min. The seeds were washed with sterile water and sown 
on half-strength Murashige and Skoog (MS) medium. Arabidopsis 
seedlings were grown in a growth chamber at 22 °C with 10 h/14 h 
light/dark cycle.

The tobacco (Nicotiana tabacum) FER mutant Ntfer was generated 
by CRISPR-Cas9. Briefly, two gRNAs (gRNA1: GTCTGAGTTCA 
CCTATAGTT; gRNA2: CCAATGCCATTTTCGGTGTG) were designed 
to target the coding sequence of NtFER and cloned into the binary 
vector p201. The CRISPR-Cas9 construct was transformed into wild- 
type tobacco (cv. K326) via Agrobacterium GV3101. The mutation was 
confirmed by Sanger sequencing.

Yeast two-hybrid assay
The yeast two-hybrid (Y2H) assay was performed as previously 
described (Yu et al. 2012). Briefly, the kinase domain of CrRLK1Ls 

Figure 9. Conceptual model illustrating how FER–RD26 module regulates plant resistance to the vascular pathogen R. solanacearum through lignin 
biosynthesis. In Col-0 (left), FER accumulation is specifically induced in the xylem of roots upon R. solanacearum infection. FER phosphorylates and 
degrades RD26, a transcription factor that controls lignin biosynthesis, negatively regulating lignin content in the xylem, leading to greater 
R. solanacearum colonization of the root xylem and susceptibility to bacterial wilt. In fer-4 (right), FER is not functional and cannot degrade RD26. 
The stable RD26 increases lignin content in the root xylem and results in enhanced resistance to R. solanacearum.
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was amplified by PCR with specific primers (Supplementary 
Table S1) and fused in-frame with the GAL4 DNA-binding 
domain of the bait vector pGBKT7 (BD-CrRLK1Ls). The coding se
quence (CDS) of full-length RD26 was fused with the GAL4 
DNA-activating domain of the prey vector pGADT7 (AD-RD26). 
Distinct plasmid pairs were transformed into yeast AH109 cells. 
The diluted transformants were plated onto synthetic dropout 
medium lacking tryptophan/leucine (SD/-Trp-Leu+His) and syn
thetic dropout medium lacking tryptophan/leucine/histidine 
(SD/-Trp-Leu-His) but supplemented with 3-amino-1,2,4-triazole 
(3-AT) for 4 days to test the interaction.

Pull-down assay
The full-length RD26 CDS was cloned into the pGEX-4T-1 and 
transformed into E. coli BL21 to express a GST-RD26 fusion protein 
at 16 °C. GST-tagged RD26 proteins were purified according 
to manufacturer’s manual using Pierce Glutathione Agarose 
(16102, Thermo Fisher Scientific, USA). The 6× His-tagged FER- 
KD were purified as previously described (Chen et al. 2016). 
Recombinant FER-KD protein was incubated overnight at 4 °C 
with GST beads coupled with GST-RD26 in the binding buffer (50 
mM Tris-HCl [pH = 7.5], 150 mM NaCl, 5 mM MgCl2). Then, the 
beads were washed 3 times with the washing buffer (50 mM 
Tris-HCl [pH = 7.5], 150 mM NaCl, 0.1% [v/v] Triton X-100) and 
boiled the beads in sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) loading buffer, and eluted proteins 
were analyzed by immunoblotting with anti-His (M20001, 
Abmart) or anti-GST (SC-80998, CMC) antibody.

LCI assay
Firefly Luciferase complementation imaging assays were per
formed as previously described (Chen et al. 2008). In brief, the 
cDNA of indicated genes were amplified and cloned into 
35S-pCAMBIA1300-Nluc or 35S-pCAMBIA1300-Cluc. The A. tume
faciens strain GV3101 carrying these plasmids was co-infiltrated 
into N. benthamiana leaves. After cultivating in the dark for 48 h, 
the reaction substrate D-luciferin (Biovision, Cat No.7903) was ap
plied, and the luminescence images were captured using a CCD 
imaging system to determine the interaction between proteins.

Co-IP assay
Co-IP was performed as previously described with some modifica
tions (Du et al. 2016). Seven-day-old seedlings 35S:RD26-GFP 
(about 0.5 g) were ground to a fine powder in liquid nitrogen and 
solubilized with 500 µL NEB-T buffer (20 mM HEPES [pH = 7.5], 40 
mM KCl, 5 mM MgCl2, 0.1% [v/v] Triton X-100) containing 1× pro
tease inhibitor cocktail (78430, Thermo Fisher Scientific) and 1× 
phosphatase inhibitor (78420, Thermo Fisher Scientific) for 1 h 
on ice. The extracts were centrifuged at 16,000 × g at for 10 min 
at 4 °C, and the supernatant was transferred to incubate with pre
pared 20 µL Protein A/G magnetic beads (B23202), which had been 
preincubated with anti-FER for several hours. They were gently 
shaked together at 4 °C overnight, and 100 µL supernatant was 
used as input. Then, the beads were washed 3 times with the 
NEB-T buffer. Anti-FER (Du et al. 2016) and anti-GFP (CST, 
55494S) antibody were used for detection of FER and RD26, 
respectively.

In vitro phosphorylation assay and LC-MS/MS 
analysis
The purity of recombinant GST-RD26, GST-RD26mutA and His-FER- 
KD/His-FERK565R-KD (kinase-dead form) proteins (Xu et al. 2024) 

was assessed by SDS-PAGE. One microgram recombinant proteins 
(GST-RD26/GST-RD26mutA and His-FER-KD/His-FERK565R-KD) 
were mixed and added to the reaction buffer (50 mM Tris-HCl 
[pH = 7.5], 10 mM MgCl2, 1 mM CaCl2, 1 mM ATP, 1 mM DTT) in 
a total volume of 50 μL. After gentle mixing, the mixture was 
incubated at 25 °C for 30 min. The reaction was stopped by add
ing 2× SDS loading buffer. Proteins were separated on a 10% 
SDS-PAGE gel and detected with Anti-Phosphoserine antibody 
and Anti-Phosphothreonine antibody (p-Ser, Abcam ab9332; 
p-Thr, Abcam ab9337). LC-MS/MS analysis was performed by 
Shanghai Bioprofile Technology (Shanghai, China). Mass spec
trometry was performed by LC-MS/MS as described previously 
(Du et al. 2016). The mass spectrometry database search soft
ware used in this project is MaxQuant (version 1.6.17.0). The cri
teria used for filtering peptide, modification site, and protein 
identifications after mass spectrometry data search are as fol
lows: PSM FDR < 0.01, Site FDR < 0.01, Protein FDR < 0.01.

In vivo phosphorylation assay
Seven-day-old seedlings of 35S:RD26-MYC, fer-4 35S:RD26-MYC, 
and Col-0 (about 0.5 g) were ground into a fine powder in liquid ni
trogen and solubilized with 500 µL NEB-T buffer containing 1× 
protease inhibitor cocktail (78430, Thermo Fisher Scientific) and 
1× phosphatase inhibitor (78420, Thermo Fisher Scientific) for 
1 h on ice. Then, the extracts were centrifuged at 16,000 × g at 
for 10 min at 4 °C, and the supernatant was transferred to incu
bate with prepared 20 µL Anti-MYC magnetic beads (P2118) over
night at 4 °C with gentle shaking, and 100 µL supernatant was used 
as input. For the detection of phosphorylated RD26 proteins, 20 μL 
sample was separated by 10% SDS-PAGE. Blots were probed with 
p-Ser/p-Thr antibody (p-Ser, Abcam ab9332; p-Thr, Abcam 
ab9337) or MYC antibody (CST, 9405S).

Cell-free degradation assay
Seven-day-old seedlings (approximately 0.3 g) were ground into a 
fine powder in liquid nitrogen and then dissolved in 500 µL of cell- 
free degradation buffer (25 mM Tris-HCl [pH = 7.5], 10 mM NaCl, 
10 mM MgCl2, 1 mM ATP, 5 mM DTT). This mixture was incubated 
on ice for 1 h. Subsequently, the extracts were subjected to centri
fugation at 16,000 × g for 10 min at 4 °C. The resulting supernatant 
was then combined with 1 mg of the prepared fusion protein and 
allowed to react at room temperature. Samples were collected at 
0, 15, 30, 45, and 60 min. As a control, a sample containing MG132 
was used. Protein analysis was performed through immunoblot
ting using an anti-GST antibody (SC-80998, CMC). Coomassie 
Brilliant Blue G250 staining (CBB) was employed to assess and nor
malize protein loading.

Protein half-life determination
This assay was carried out as described with modifications (Guo 
et al. 2018). Briefly, Arabidopsis seeds were germinated on half- 
strength MS medium plates vertically for 7-day-old. Seedlings 
were transferred to half-strength MS liquid medium with 50 mM 
MG132, and gently shaken for 16 h, and then 1 mL half-strength 
MS liquid medium containing 400 mM CHX or DMSO control 
was added so the final CHX concentration is 200 µM. Seedlings 
were collected and gently dabbed dry and flash frozen in liquid ni
trogen. The samples were ground in 2× SDS sample buffer and 
used for western blotting. Protein half-life was estimated as the 
time when the protein level decreased to half of the amount of 
the control.
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Transient expression of RD26 in Col-0 and fer-4 
Arabidopsis leaves
Agrobacterium-mediated transient transformation of Arabidopsis 
was performed according to a previously described method 
(Zhang et al. 2020c). The constructs were transformed into A. tu
mefaciens AGL1 strain. The agrobacterial cells were harvested 
and washed with washing solution (10 mM MgCl2 and 100 μM 
Acetosyringone). After the agrobacteria solution was diluted to 
OD600 of 0.5 with the infiltration solution (quarter-strength MS 
[pH = 6.0], 1% [w/v] sucrose, 100 μM Acetosyringone, 0.01% [v/v] 
Silwet L-77). The agrobacteria solution was infiltrated into the 
leaves of 4-week-old Arabidopsis. The plants were placed in the 
dark for 24 h and then transferred back to the growth chamber 
with light for another 2 to 3 days. The samples were ground in 
2× SDS sample buffer and used for western blotting.

RNA isolation and RT-qPCR
Seven-day-old seedlings (about 0.2 g) were powdered in liquid nitro
gen, then the RNA was extracted by TRIzol reagent (Ambion, 
15596-026). First-strand cDNA was synthesized by using a cDNA 
synthesis kit (Fermentas, K1622), according to the manufacturer’s 
instructions. qPCR was performed using the CFX96 Touch Real- 
Time PCR Detection System (Bio-Rad) with SYBR Premix ExTaqII 
(Takara). Primers for RT-qPCR is shown in Supplementary 
Table S1. ACTIN7 was used as a reference in qPCR analysis 
(Supplementary Table S1).

RNAi in tomato roots
To generate the SlFER-RNAi, SlRD26-RNAi, SlCCoAOMT-RNAi, 
and SlMYB115-RNAi constructs, fragments of the tomato genes 
SlFER (Solyc09g015830), SlRD26 (Solyc12G013620), SlCCoAOMT 
(Solyc10g050160), and SlMYB115 (Solyc04g064540) were amplified 
from tomato cDNA using the primers listed in Supplementary 
Table S1. These fragments were first cloned into pENTR- 
CACC-AAGG and then transferred into the expression vector 
pK7GWIWG2_II-RedRoot. The pK7GWIWG2_II-RedRoot vectors 
containing the target sequence were them transformed into the 
Agrobacterium rhizogenes MSU440 (Wang et al. 2021).

RNAi was performed as previously described (Wang et al. 2021). 
Briefly, the radicles of tomato seedlings were cut, and the resulting 
hypocotyls were dipped in A. rhizogenes MSU440 containing either 
pK7GWIWG2_II-RedRoot::SlFER, pK7GWIWG2_II-RedRoot::SlRD26, 
pK7GWIWG2_II-RedRoot::SlCCoAOMT, pK7GWIWG2_II-RedRoot:: 
SlMYB115, or pK7GWIWG2_II-RedRoot as a control. The seedlings 
were then incubated to allow the growth of transgenic roots. 
Three weeks after transformation, the seedlings were transferred 
to soil. The silencing efficiency of the SlFER, SlRD26, SlCCoAOMT, 
and SlMYB115 were determined by quantitative RT-PCR.

Inoculation assay
The R. solanacearum phylotype I strain GMI1000 and its derivative 
GMI1000-GFP were used for all R. solanacearum inoculations except 
for tobacco inoculations, for which the CQPS-1 strain was used be
cause GMI1000 is avirulent toward tobacco owing to the presence 
of two Type III effectors (Poueymiro et al. 2009). After an overnight 
incubation in B medium (1% [w/v] peptone, 0.1% [w/v] tryptone, 
0.1% [w/v] yeast extract, and 2.5% [w/v] glucose), R. solanacearum 
cells were collected by centrifugation at 16,000 × g for 5 min at 
room temperature and adjusted to the indicated absorbance at 
600 nm (OD600) with sterile water. Arabidopsis seeds were germi
nated on half-strength MS medium solidified with 0.8% agar (sig
ma). Seedlings were grown on vertically oriented half-strength MS 

plates for 7 days at 22 °C. For R. solanacearum inoculation, 7-day- 
old seedlings were transferred to new plates and moved to a 
growth chamber set to 27 °C for high-temperature acclimation 
for 1 day. This 1-day high-temperature treatment before R. solana
cearum inoculation was used to minimize the effect of the higher 
temperature on Arabidopsis seedlings. Then, 10 μL of an R. solana
cearum suspension at a titer of 1 × 107 colony-forming units (CFUs)/ 
mL (OD600 = 0.01) was placed at a distance of 1 cm from the root 
tip. Phenotypes were observed daily. Each treatment contained 
at least 14 seedlings.

To evaluate the resistance phenotype of 4-week-old plants 
against R. solanacearum inoculation in soil, the plants were trans
ferred from a 22 °C chamber to a 27 °C chamber for 1 day of accli
mation. Before inoculation, a cut was made in the soil 1 cm away 
from the taproot, and 20 mL of R. solanacearum suspension (OD600 

= 0.1) was poured onto the roots of the plants. The assay was per
formed in triplicate, using at least 10 Arabidopsis plants per treat
ment. The disease index was recorded daily according to a 
previously described scale from 0 to 4 (Deslandes et al. 1998). 
Briefly, disease severity was divided into the following levels: 0, 
all leaves are healthy; 1, 25% of the leaves have wilted; 2, about 
50% of the leaves have wilted; 3, 75% of the leaves have wilted; 
4, the whole plant is wilted. For inoculation of tomato and tobacco, 
individual 4-week-old plants were each inoculated with 10 mL of 
R. solanacearum suspension (OD600 = 0.1) onto the soil near the 
roots. The disease index was observed daily and scored as above.

RNA-seq analysis
RNA-Seq was performed by OE Biotech (Shanghai, China). 
Arabidopsis seedlings grown for 7 days were treated with GMI1000 
at a concentration of OD600 = 0.01 for 18 h. Total RNA was isolated 
from Arabidopsis roots using the RNeasy Mini Kit (Qiagen), according 
to the manufacturer’s instructions. RNA-seq library was prepared 
using the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA, 
United States) and sequenced on the Illumina NovaSeq 6000 plat
form to generate 150 bp paired-end reads. Reads were quantified 
and mapped to the Arabidopsis reference genome (TAIR11) using 
the Salmon software (Patro et al. 2017). Differentially expressed 
genes (DEGs) were selected from the RNA-seq count data using the 
DESeq2 package (Love et al. 2014). All DEGs have been summarized 
(Supplementary Table S2). Enrichment analysis was performed 
using g:Profiler (Raudvere et al. 2019), and the data were visualized 
using R.

ChIP and qPCR
Roots of seedling grown on half-strength MS medium for 7 days 
were pooled for one replicate and three replicates were used. The 
ChIP assay was performed as previously described (Zhu et al. 
2020). To determine gene expression, 0.3 μg purified DNA and input 
DNA (control) were subjected to qPCR using sequence-specific pri
mers (Supplementary Table S1).

Electrophoretic mobility shift assay
Recombinant GST-RD26 protein and GST protein were used for the 
EMSA. When designing the fluorescent probe, FAM was added to 
the 5′ end of the F primer, the R primer was not modified, and the 
purification method was HPLC (TsingKe Biological Technology) 
(Supplementary Table S1). The DNA-RD2-binding reaction con
tained 100 pg probe, 200 ng GST-RD26 protein, 10 mM Tris-HCl 
[pH = 7.5], 5% [v/v] glycerol, 1 mM MgCl2, 50 mM KCl, 0.2 mg/mL 
BSA, 0.5 mM DTT, 0.5 mg/mL polyglutamate, and the indicated 
amount of unlabeled competitor. The reactions were incubated 
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at 26 °C for 30 min and fractioned by electrophoresis in a 4% native 
polyacrylamide gel (acrylaminde:bisacrylamide, 29:1) containing 
10% [v/v] glycerol, 89 mM Tris-HCl [pH = 8.0], 89 mM boric acid, 
and 2 mM EDTA. The FAM signal was detected using a fluorescence 
imager plate.

Dual-luciferase assay
The 2,000 bp promoter region upstream of lignin-related genes 
was cloned into pGreen-0800-LUC vector as the reporter plasmid 
(Supplementary Table S1). The effector plasmid 35S:RD26 was 
constructed using pDT1 vector as described above. The reporter 
plasmid and effector plasmid were transformed into Arabidopsis 
protoplasts simultaneously. After 16 h of dark cultivation at 
23 °C, samples were collected and subjected to dual-luciferase as
say using the Dual-Luciferase Reporter Gene Assay Kit (RG027, 
Beyotime). The LUC and REN signals were detected using a 
Modulus Microplate Multimode Reader (Turner Biosystem). 
Three biological replicates were used for each sample, and similar 
results were obtained.

Phloroglucinol-HCl and basic fuchsin stainings
Phloroglucinol-HCl staining was performed at room temperature 
as previously described (Mitra and Loqué 2014). Seedlings were de
hydrated in 100% ethanol overnight, rehydrated in a graded series 
of ethanol (75% [v/v], 50% [v/v], and 25% [v/v]) and water for 30 
min each, followed by staining with 3% phloroglucinol 
(Sigma-Aldrich) dissolved in 30% [v/v] HCl for 1 min. The stained 
leaves and seedlings were observed under an optical microscope 
(Leica EZ4E). For simultaneous visualization of bacterial invasion 
and lignin deposition, a protocol adapted from Ursache et al. 
(2018) was used. Briefly, infected seedlings were fixated with 4% 
[v/v] paraformaldehyde (PFA) dissolved in 1× phosphate-buffered 
saline (PBS) solution for 1 h in vacuum, washed twice with 1× PBS 
and moved to a Clearsee solution overnight with gentle shaking at 
room temperature. Seedlings were stained with a solution of 0.2% 
[w/v] basic fuchsin dissolved in Clearsee and incubated 30 min 
with gentle shaking at room temperature, and thoroughly washed 
twice with Clearsee.

Histochemical staining of tomato and tobacco 
roots
Histochemical staining of silenced tomato and tobacco roots was 
performed by Wuhan servicebio technology (Wuhan, China). 
Briefly, roots of plants older than 4 weeks were separated from 
soil, washed with sterile water and fixed in Formalin-Aceto- 
Alcohol (FAA). Root tissues were stained for lignin using 
phloroglucinol-HCl after paraffin sectioning.

Lignin quantification assay
Lignin content was determined by the acetyl bromide-based 
method as previously described (Chang et al. 2008). About 70–80 
mg of Arabidopsis root material grown for 7 days were accurately 
weighed and transferred to 80 °C for drying; about 3 mg of cell wall 
extract were weighed and used for lignin quantification with the 
Lignin Content Assay Kit (Beijing Boxbio Science & Technology 
Co. Ltd, Beijing, China). Lignin was quantified as described in the 
manufacturer’s instructions. The prepared solutions were trans
ferred to 96-well microplates, and the absorbance was measured 
using Microplate Reader at 280 nm. The extinction coefficient 
used for Arabidopsis was 23.35 mL/mg/cm.

Microscopy settings and image processing
Confocal laser scanning microscopy was performed on a Zeiss 
LSM880 inverted confocal scanning microscope. VENUS/GFP and 
PI were excited at 488 and 543 nm wavelength, respectively, 
with detection wavelengths of 578 to 718 nm and 493 to 555 nm. 
The detection digital gain is set to 1.0, and the laser intensity is 
80–90%. For simultaneous visualization of bacterial invasion and 
lignin deposition, GFP was imaged using 488 nm excitation and de
tection at 500 to 550 nm and basic fuchsin 561 nm excitation and 
detection at 600 to 650 nm. Images were taken using a Leica SP5 
confocal microscope. Photographs were taken with 20× objective. 
For more detailed analyses in large areas of interest, imaging was 
performed using Z-scan by FIJI (https://imagej.net/imagej-wiki- 
static/Fiji). Sequential scanning was used to avoid interference be
tween fluorescence channels. Confocal images after treatments 
were taken following identical criteria. In each experiment, 10 ho
mozygous seedlings are analyzed. The images in each group are 
processed with the same set of parameters.

Statistical analysis
The data are presented as mean ± SD. n represents individual bio
logical replicates. Statistical significance was analyzed by two- 
tailed Student’s t-test using Prism 9 software. *P < 0.05, **P < 0.01, 
***P < 0.001; ns: not significant. The different lowercase letters 
indicate statistical significance (one-way ANOVA) by SPSS (ver
sion 27.0.0).

Accession numbers
Sequence data from this article can be found in the GenBank/EMBL/ 
TAIR data libraries under accession numbers_ FER (At3g51550), 
RD26 (At4g27410), SlFER (Solyc09g015830), SlRD26 (also reported as 
SlJA2, Solyc12g013620), and Ntfer (Ntab0986670).
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