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Plant cell walls harbor vast carbohydrate reserves, yet how
pathogens unlock them remains unclear. We show that the
citrus canker pathogen Xanthomonas citri subsp. citri (Xcc)
mobilizes cell wall sugars by hijacking a fruit-ripening program
through the type Il effector PthA4, which activates the ripening
coordinator CsLOBL1. CsLOB1 induces approximately 100 genes,
many encoding enzymes involved in cell wall breakdown. In the
nonfruiting species Nicotiana benthamiana, CsLOBLI likewise
promotes Xanthomonas growth, showing that its activity is not
strictly dependent on a ripening program. Transcriptomics and
reporter assays revealed PthA4-dependent activation of the Xcc
xylan CUT system, triggered by host-derived xylose and
including a type ll-secreted xylanase. Thus, PthA4-driven cell
wall remodeling activates bacterial xylan use, establishing a
THI-TII effector feedforward loop that fuels Xcc proliferation.

Bacterial plant pathogens exploit plant carbohydrates, most of which
are stored in cell walls (7). Accordingly, many bacteria secrete cell
wall-degrading enzymes (CWDESs) into the extracellular space between
plant cells (the apoplast) through the type II secretion system (T2SS)
(2, 3). However, CWDEs also release damage-associated molecular
patterns (DAMPs), which are perceived by membrane-resident pattern
recognition receptors (PRRs) (2). To counter defenses activated by
PRRs, which detect DAMPs as well as pathogen-associated molecular
patterns (PAMPs), many bacteria use a type III secretion system (T3SS)
to inject effectors (T3Es) that suppress immunity, resulting in effector-
triggered susceptibility (ETS) (4).

Xanthomonas citri subsp. citri (Xcc) is the causal agent of citrus
canker. This disease prompted one of the most expensive plant disease
eradication programs ever attempted, involving the removal of ~16
million citrus trees between 1995 and 2006 at an estimated cost of $1.3
billion, underscoring its severe agroeconomic impact (5). Xcc virulence
depends on PthA4, a transcription activator-like effector (TALE) con-
served across citrus-infecting Xanthomonas (6). PthA4-deficient mutants
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show >100-fold reduced in planta growth, demonstrating its central
role in virulence (6). After T3SS-mediated injection into host cells,
PthA4 enters the nucleus, binds a 19-base pair (bp) effector-binding
element, and activates transcription of the downstream Citrus sinensis
LATERAL ORGAN BOUNDARIES 1 (CsLOBI) gene (6). CsLOBI encodes
a transcription factor with an N-terminal LOB domain, characteristic
of the LOB transcription factor family. We reasoned that CsLOB1’s
native developmental role might provide clues as to why its pathogen-
induced expression enhances Xcc virulence.

CsLOBL1 binds to and activates a large set of host genes

To identify CsLOBl-regulated genes, grapefruit (Citrus paradisi cv.
Duncan) leaves were inoculated with Xanthomonas Xcc306 (Xcc),
which activates CsLOBI through the TALE PthA4, or with a PthA4-
deficient mutant (XccApthA4) (6). Because PthA4 also activates citrus
genes beyond CsLOBI (6), we increased the specificity of the transcrip-
tomic profiling using two designer TALEs (dATALE1 and dTALE2) tar-
geting distinct effector-binding elements upstream of CsLOBI (fig. S1A).
Transconjugants expressing dTALE1 (XccApthA4::dTALEI) or ATALE2
(XccApthA4::dTALE2) induced water soaking and CsLOBI expression
like wild-type (wt) Xcc (Fig. 1A), showing that both dTALEs function-
ally replace PthA4.

For transcriptome profiling, leaves were inoculated with Xcc, XccApthA4,
XccApthA4::dTALEI, or XccApthA4::dTALE2. RNA sequencing (RNA-
seq) at 36 hours postinoculation (hpi) revealed 1437 PthA4-activated
differentially expressed genes (DEGs), of which 942 (66%) were also
induced by both dTALEs (see the materials and methods) (Fig. 1B and
table S1). Among 1158 PthA4-repressed genes, 465 (40%) were also
repressed by both dTALEs (Fig. 1B and table S1). Thus, combining
PthA4 and dTALE data improves specificity for CsLOB1 target identi-
fication. Selected DEGs were already induced by 12 hpi (fig. S1B). RNA-seq
at 12 hpi identified 390 up-regulated and 200 down-regulated genes,
of which 216 (55%) and 76 (38%), respectively, persisted at 36 hpi (Fig. 1B
and table S2). Collectively, this approach identified 216 induced and
76 repressed CsLOB1-dependent genes.

To identify direct CsLOBI targets, we performed chromatin immu-
noprecipitation sequencing (ChIP-seq) using a CsLOBI-specific anti-
body (a-CsLOBI) (see the materials and methods) (fig. S1C). Before
ChIP-seq, antibody specificity was verified by immunoblotting, detect-
ing CsLOBI-specific signals only after expression was induced by
Agrobacterium transfer DNA (T-DNA) in Nicotiana benthamiana or
by Xcc infection in citrus, confirming high antibody selectivity (Fig. 1,
C and D, and fig. S1D). We used a-CsLOBI1 for ChIP-seq on Xcc-infected
leaves, using immunoglobulin G as a control. ChIP-seq was reproduc-
ible between replicates (62% and 80% overlap at 12 and 36 hpi,
respectively) (fig. S1E). CsLOB1 binding sites were enriched around
transcription start sites (TSSs), spanning from 3 kb upstream to 0.2 kb
downstream (Fig. 1E and fig. S1F). Within this 3.2-kb window, we
identified 438 CsLOBI-bound genes at 12 hpi and 1432 at 36 hpi (Fig. 1F
and table S3). Intersecting ChIP-seq and RNA-seq data identified 96 genes
that were both CsLOB1 bound and transcriptionally up-regulated at
both time points (Fig. 1F and table S4). None of the repressed genes
showed CsLOBI1 binding at either time point (Fig. 1F), indicating that
CsLOBI acts as a transcriptional activator rather than a repressor.

Sequence-specific binding of CsLOBL1 to the C9G motif invitro
To identify a CsLOB1 target motif, we analyzed 300-bp windows around
ChIP-seq peaks (7). A 15-bp motif was found upstream of 96 tran-
scriptionally up-regulated CsLOBI targets (Fig. 2A) and was present
in both 12- and 36-hpi replicates (fig. S2A). The motif contains con-
served cytosine and guanine at positions 2 and 12 (C2 and G12), separated
by a less conserved, AT-rich 9-bp spacer (Fig. 2A and fig. S2A).

Motif functionality was tested by competitive electrophoretic mobility
shift assays (EMSAs) with the upstream region of the CsLOB1-regulated
gene Cs2g20600 (see the materials and methods) (fig. S2B). Mutant
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Fig. 1. RNA-seq plus ChiIP-seq defines CsLOB1 regulon. (A) Canker symptoms and CsLOBI expression in grapefruit infected with XccApthA4 or Xcc strains delivering
CsLOBI-activating dTALEs. Dashed outlines indicate inoculated areas at 7 dpi. Bars indicate CsLOBI induction at 36 hours postinoculation (hpi), quantified by quantitative
reverse transcription polymerase chain reaction (QRT-PCR) (normalized to EFla; n = 6; two-tailed paired Student’s t test; compared with XccApthA4; =+ P < 0.001, =3

P <0.0001). (B) Size-proportional Venn diagrams of host DEGs [fold change >2 or <-2, false discovery rate (FDR) < 0.05] showing CsLOB1-dependent up and down regulons.
Red font indicates PthA4-regulated gene counts; bold black indicates DEGs common to three TALEs at 36 hpi (top) and shared between both time points (bottom). (C and D)
Western blot of whole tissue (C) and nuclear immunoprecipitation (IP) (D) from grapefruit leaves infected with Xcc + PthA4 confirming a-CsLOBI specificity. Blots show
a-CsLOB1 signal through a CCD camera (top) with a loading control by Ponceau S (bottom). Input indicates the soluble nuclear fraction. (E) ChiP-seq peak density per 100-bp
segment from -4 kb to +4 kb around TSSs. Dashed box defines a -3 kb to +0.2 kb annotation region. n, total segments overlapping ChlP-seq peaks. (F) Size-proportional Venn

diagrams intersecting ChIP-seq—-bound and RNA-seq-regulated genes (also see fig. S5).

competitors with substitutions at C2 and G12 or deletion or insertion
in the AT-rich spacer failed to displace CsLOBI1 from the wt probe
(Fig. 2A and fig. S2C), highlighting the importance of C2, G12, and their
9-bp spacing. We designated this sequence the “C9G motif” (Fig. 2A).

The C9G motif resembles known Arabidopsis LOB-domain protein-
binding sites (fig. S3) (8) but differs from reported GC-rich motifs
[10-bp (GC1) and 14-bp (GC2)] in CsLOBI-induced promoters, for
which direct CsLOBI1 binding has not been tested (9). Competitive
EMSAs showed that GC1 or GC2 competitors failed to displace CsLOB1
from the C9G probe, indicating lower affinity (fig. S2C). Thus, CsLOB1
specifically binds the C9G motif in vitro in a sequence- and spacing-
dependent manner.

CsLOB1/2/3 activate through C9G in planta
To test C9G function in planta, a p-glucuronidase (GUS) reporter was
fused to the ~1500 bp upstream region of the CsLOBI1-inducible gene
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Cs2g20600 containing the C9G motif (Fig. 2B). Control promoters
contained mutations in one (iml) or both (mTA) conserved CG-rich
regions. Only constructs with the wt C9G motif showed strong GUS
activation in V. benthamiana leaves expressing CsLOBI (Fig. 2B), con-
sistent with EMSA results (Fig. 2A).

To test necessity and sufficiency, the 15-bp motif alone, a 33-bp frag-
ment used in EMSAs, or motif-mutated variants (m1, mTA) were inserted
into the tightly regulated pepper Bs3 promoter (10) driving a RUBY re-
porter (11), which encodes enzymes for red betalain biosynthesis (Fig. 2B).
Codelivery with 35S:CsLOBI in N. benthamiana leaves yielded an ~8-fold
higher betalain in wt versus m1 and mTA motif-mutated constructs
(Fig. 2B and fig. S4A). The 15-bp and 33-bp constructs were similarly
activated (Fig. 2B and fig. S4A), showing that the 15-bp C9G motif alone
is sufficient for CsLOB1-dependent activation. Inserting two tandem C9G
motifs into the Bs3 promoter approximately doubled activation compared
with a single motif (Fig. 2C and fig. S4B), indicating an additive effect.
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Fig. 2. A bona fide 15-bp C9G motif mediates CsLOB1 binding within target promote
C9G motif reduce CsLOBI affinity invitro. Motif logo (top) shows base frequencies across
and G12 (arrows) indicate conserved bases with a 9-bp AT-rich spacer separating them. E
Cy5-labeled wt motif from Cs2g20600; unlabeled competitors carry red-letter mutations
CsLOB1-MBP (0 or 2 pM) and 200 nM Cy5-labeled 33-bp wt probe, with unlabeled compe

excess (triangle). (B) In planta recognition of C9G motif. Top, GUS assay using promoter-reporter constructs where uidA (GUS) is
driven by 1.4-kb promoter (P) of Cs2g20600 containing wt C9G (wt-15) or derivatives (m1-15 and mTA). Right, GUS activity in
N. benthamiana at 2 dpi. Bottom, minimal pepper Bs3 promoter (pBs3) with inserted C9G motifs drives RUBY reporter (11).

(C) Tandem C9G motifs (2x) enhance CsLOB1-mediated activation versus single (1x) in p

(C), the promoter-reporter construct was codelivered with 35S:CsLOBI-GFP or EV. Betalain was extracted at 42 hpi and

quantified photometrically at 535 nm (n = 4; error bars, SD).

CsLOB2 and CsLOB3 share 23 of 25 residues within the DNA-
binding domain with CsLOBI1 (Fig. 3A). Upon ectopic expression, both
proteins promoted in planta Xcc growth, similar to CsLOB1 (12). Like
CsLOBI, both preferentially activated promoters bearing the wt COG
motif, indicating highly similar or identical DNA-binding specificity
(fig. S4C).

Together, these results identify C9G as a bona fide CsLOB1-binding
motif that is both necessary and sufficient for CsLOB1-dependent ac-
tivation and serves as a functional recognition site for the close para-
logs CsLOB2 and CsLOB3 in planta.
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CsLOB1,EV the three analyzed.

We analyzed CWDEs and their
putative paralogs identified by
DIAMOND reciprocal hits (76) in
Xcc-infected leaves using CsLOB1/2/3
as references for spatiotemporal ex-
pression. Hierarchical clustering of
seed, leaf, and fruit transcriptomes
revealed one CsLOBI/2/3-associated
cluster of seven CWDEs preferen-
tially expressed in mature fruits
(fig. S6B). This suggests that CsLOB1
coordinates functionally equivalent
CWDEs in Xcc-infected leaves and
ripening fruits. The smaller number
of CWDEs in ripening fruit likely
reflects the more complex regulatory
landscape of fruit ripening com-
pared with ectopic CsLOBI activity
in leaves. Another possible factor is
ripening-associated DNA hyper-
methylation (17), which may reduce
CsLOBT’s access to upstream C9G
motifs. Thus, CsLOB1 deploys over-
lapping CWDE programs in infec-
tion and ripening, with fruit DNA
hypermethylation potentially fine-tuning activity through reduced
C9G access.

rs. (A) C2 and G12 mutations in the
motif, predicted using MEME (8). C2
MSA probes (bottom) include

.Right, EMSAs using purified

titors at 0 (=), 25%, 50, or 100x molar

Bs3-RUBY. Photo is at 42 hpi. In (B) and

CsLOB1 and SILOBL1 share spatiotemporal patterns and
DNA-binding specificity

CsLOBT’s expression pattern mirrors that of the tomato (Solanum
lycopersicum) transcription factor SILOBI, which peaks at the onset of
ripening and induces expression of CWDEs (I8). High sequence conserva-
tion in the LOB domain between CsLOB1 and SILOB1 (Fig. 3, A and C, and
fig. S7A) suggests similar or identical DNA-binding specificity.
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similar, if not identical, DNA-binding specificity to
CsLOB1/2/3.

CsLOB1 and SILOB1 promote host susceptibility
through cell wall remodeling

Given the similarities with CsLOB1, we expected that
ectopic SILOB1 expression would enhance Xanthomonas
growth, as seen for CsLOBI (6). We used the immuno-
compromised N. benthamiana NDEDSI mutant, which
supports in planta growth of the tomato pathogen

B inoculated  C Xanthomonas euvesicatoria (Xeu) (19). This system en-

120 different organs leaves Solyc06g075330 ables Agrobacterium-mediated T-DNA delivery into

S 33;56‘;;?090 leaves to test how candidate genes affect coinoculated

& 80 SILOB1 005 Xeu. Agrobacterium-mediated expression of CsLOB1 or

g 40 CSEZ'];BZ SILOB1in N. benthamiana increased Xeu growth ~6-fold

g orange1.1g047530m compared with the empty vector (EV) control at 6 days
0d postinoculation (dpi) (Fig. 3E).
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Fig. 3. CsLOB1/2/3 and the tomato ripening regulator homolog SILOB1 are functionally
equivalent. (A) LOB domains of CsLOB1/2/3 and SILOB1. CX2CX6CX3C, cysteine-rich zinc finger-like

1
SILOB1 EV

wt mTA ' wt mTA

and SILOB1-induced transcriptomes clustered together,
distinct from EV, indicating similar responses (fig. S8A).
The Pearson correlation coefficient (p = 0.765) confirmed
high concordance relative to EV (fig. S8B). In total,
1377 DEGs were shared between CsLOB1 and SILOBI,
representing >50% of the genes induced by each tran-
scription factor. Of these, 346 contained a promoter-
proximal, FIMO-predicted C9G promoter motif, suggesting
direct targets (fig. S8C). Across shared DEGs, direction-
ally concordant regulation by both transcription factors
(fig. S8D) indicates that CsLOB1 and SILOBI drive
broadly similar transcriptional responses, a similarity
likely underestimated by threshold-based DEG overlap
alone (fig. S8C).

Together, these findings show that CsLOB1 and SILOB1
promote Xeu proliferation in N. benthamiana by activating
a shared transcriptional program likely involving C9G-
motif genes linked to cell wall remodeling. V. benthamiana
lacks fleshy fruits, suggesting that CsLOB1/SILOBI1-
mediated susceptibility is not strictly dependent on fruit-
ripening pathways.

6 dpi

domain; LX6LX3LX6L, leucine zipper-like domain. Highlights are identical single-letter-code amino

acids; red indicates characteristic conserved amino acids; dashed lines indicate domain borders with
coordinators. (B) CsLOBI is high in mature fruit and Xcc-infected leaves. RNA-seq data from the
Sequence Read Archive (SRA) (13) were reanalyzed as inFig.1; root CsLOBI from citrus HZAU (14) due
to unavailable raw data. RPKM, reads per kilobase per million mapped reads. Young/mature fruit,
1107312 days after flowering (DAF). (C) Phylogeny of tomato and citrus LOB full-length proteins. Full
phylogeny and construction are provided in fig. S7A. Branch length, substitutions per site. Scale bar,
0.05. (D) SILOBLI activates a C9G-motif containing promoter. 35S-driven SILOBI or EV was codelivered
into N. benthamiana with RUBY reporter constructs. Betalain was quantified as described inFig. 2.

(E) Transient overexpression of CsLOBI or SILOBI promotes Xanthomonas euvesicatoria (Xeu) growth
in N. benthamiana eds1. Leaves were infiltrated with Xeu and Agrobacterium carrying 35S:CsLOBL,
358:SILOBI, or EV (left). Colony-forming units (CFUs) were counted at 0 and 6 dpi (n = 4; 2-tailed paired

Student's t test versus EV, * P < 0.05, ** P < 0.001, error bars indicate SD).

We conducted promoter-GUS reporter assays using the CsLOBI-
inducible citrus promoter Cs5g20320 and the SILOB1-inducible
tomato promoter SIEXPI (18). When transiently expressed in N. benthami-
ana, both transcription factors activated both the citrus Cs5g20320
and tomato SIEXPI promoters (fig. S7B). SILOBI1 also activated the
RUBY reporter driven by a synthetic Bs3 promoter containing the
wt C9G motif, but not by a mutant motif (Figs. 2C and 3D). These
results indicate that SILOBI recognizes the C9G motif and exhibits
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CsLOB1-mediated cell wall breakdown fuels

Xcc proliferation

We investigated whether CsLOBI activation alters apo-
plastic composition to support Xcc proliferation. In vitro
growth assays showed that Xcc grew ~1.5-fold better in
filter-sterilized apoplastic fluid from Xcc-infected leaves
(CsLOBI1 induced through PthA4) than in apoplastic
fluid from XccApthA4-infected leaves (CsLOB1 not in-
duced); linear regression confirmed an ~2-fold differ-
ence in growth-rate slopes between the two apoplastic
fluid sources (see the materials and methods) (Fig. 4A
and fig. S9A). We hypothesized that CsLOB1-mediated
cell wall degradation releases carbohydrates into the
apoplast, supporting Xcc growth. Consistent with this,
xylose, glucose, fructose, and mannose levels were ele-
vated in apoplastic fluid from Xcc-infected leaves compared with con-
trols (Fig. 4B). These findings support a model in which the Xcc TALE
PthA4 increases apoplastic sugar concentrations, thereby enhancing
Xcc proliferation. Accordingly, both wt Xcc and XccApthA4 should
grow similarly in apoplastic fluid from Xcc-infected leaves. Indeed,
in vitro growth assays showed that apoplastic fluid from Xcc-infected
leaves supported similar growth of both strains (Fig. 4A and fig. S9A).
Thus, PthA4-induced CsLOBI triggers cell wall breakdown and sugar
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Fig. 4. PthA4 triggers xylose release, activating the xylan degradation regulon in Xcc. (A) Apoplastic fluids (AFs) from Xcc-infected leaves support higher growth of both

Xcc and XccApthA4 versus AFs from XccApthA4-infected leaves. Filter-sterilized AFs recovered at 7 dpi were reinoculated with prewashed Xcc or XccApthA4. Growth was

assessed by linear regression. Error bars, SD (n = 4). End-point values: two-way ANOVA with Tukey's test (P < 0.05); same letters indicates not significant. (B) Gas chromatography-
mass spectrometry (GC-MS) of AFs from (A) revealing increased simple sugars in Xcc-infected leaves. Box plots (n = 6) show corrected micromolar sugar (median, interquartile
range, whiskers = range). Dots indicate individual points. One-way ANOVA with Tukey's test (P < 0.05). (C) Xylan CUT genes are up-regulated in Xcc but not XccApthA4 at 5dpi
(fig. S9A). Heat map shows transcript level; CUT, carbohydrate-utilization systems associated with TonB-dependent transporters. (D) Schematic of Xcc xylan CUT enzymes and
transporters for xylan degradation. Black arrow indicates direct conversion; double/dashed arrow indicates multienzyme reaction; asterisks indicate previously functionally
characterized. (E) Xylan-derived metabolites activate xylose-inducible promoter (pXyl). Left, pXyl in Xcc genome and a pXyl::lux reporter integrated into Xeu and Xcc genomes.
XyIR boxes indicate XyIR repressor sites. Right, luminescence after 24 hours on NYG + sugars; constitutive pRpoD::lux: positive control; “spot” indicates independent transconju-
gant colonies. MCC, microcrystalline cellulose.
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release, enabling Xcc, including XccApthA4, to proliferate when these
sugars are present.

CUT system expression indicates xylan as the preferred

Xcc substrate

We sought to determine which cell wall carbohydrate(s) Xcc metabo-
lizes to support in planta growth. Xanthomonas species encode numerous
carbohydrate-active enzymes (CAZymes), many secreted through the
T2SS (20) and coregulated with TonB-dependent transporter genes.
Together, these components form carbohydrate utilization-TonB-
dependent transporter (CUT) systems (21-23). To infer substrate use
by Xcc versus XccApthA4, we compared the transcriptomes of in planta-
grown bacteria recovered from the citrus apoplast at 5 dpi, when canker
symptoms were visible (see the materials and methods) (fig. SOA). This
was based on the premise that CUT system expression reflects the
substrates a microbe metabolizes (22, 24, 25). Among 120 PthA4-
dependent up-regulated genes (table S5), we identified a CUT system
targeting xylan, a hemicellulose composed of p-1,4-linked xylose units
(Fig. 4C and fig. S9B). Stepwise xylan degradation was evident from
the coordinated functions of CUT system components (Fig. 4D)
(23, 24, 26, 27). Although CsLOBI predominantly induces host pectin-
degrading enzymes (fig. S5), Xcc did not up-regulate pectin-degrading
proteins relative to XccApthA4 (table S6) but instead selectively acti-
vated a xylan-targeting CUT system.

We generated a polymutant (XccAxyl) lacking three endoxylanases
(XAC4252, XAC4254, and XAC4249) and a GH67 a-glucuronidase
(Agu67; XAC4227) that removes 4-O-methyl-D-glucuronic acid side
groups from xylan, thereby facilitating backbone cleavage by en-
doxylanases (see the materials and methods) (fig. S9B) (24). Compared
with wt Xce, XccAxyl caused milder symptoms and proliferated more
slowly in citrus leaves (fig S9, C and D).

Together, these data indicate that CsLOBI-driven Xcc proliferation
in planta relies on preferential degradation—and utilization—of the
hemicellulose xylan.

Release of xylan-derived sugars activates bacterial xylan use
We hypothesized that cell wall-derived sugars serve as metabolic sig-
nals that activate xylan CUT-system promoters. To develop a metabolite-
responsive promoter-reporter assay, we scanned regions upstream of
aylan CUT genes. We selected an ~450-bp intergenic region between
two divergently transcribed operons, called pXyl (Fig. 4E), cloned it
upstream of a lux reporter operon (28), and integrated the construct
into the Xcc genome (29) (Fig. 4E). The resulting Xcc pXyl::lux reporter
strain was plated on agar supplemented with individual cell wall-derived
sugars, including pectin-derived monosaccharides (rhamnose, arabinose,
and galactose), cellobiose (the repeating disaccharide unit of cellu-
lose), and xylan-derived sugars [xylose and xylo-oligosaccharides
(XOGs)]. Luminescence was induced only by xylose and XOGs (Fig. 4E
and fig. S10A), consistent with the observed PthA4/CsLOB1-dependent
increase of xylose in apoplastic fluid from Xcc-infected leaves (Fig. 4B).

We then investigated whether pXyl is induced under physiological
conditions. A pXyl::lux reporter in Xeu showed increased activity dur-
ing infection of N. benthamiana leaves expressing CsLOBI (fig. S10B),
indicating that CsLOB1-dependent pXy/ activation extends beyond the
Xcc-citrus pathosystem. To better correlate pXyl activation with bacte-
rial density, we incubated the reporter strain in apoplastic fluids
harvested from citrus leaves inoculated with either wt Xcc or XccApthA4.
Luminescence, normalized to optical density (ODgq), was ~2-fold
higher in apoplastic fluids from Xcc-inoculated leaves, where PthA4
induces CsLOB1, compared with fluids from XccApthA4 infections
(fig. S10C). Consistently, these fluids contained higher xylose levels
(Fig. 4B). Together, these results support a model in which the Xcc
effector PthA4 activates CsLOBI1 to promote xylan degradation,
generating xylose and XOGs that in turn drive expression of the xylan
CUT system.
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We compared the Xcc genomic region comprising five xylose-
inducible genes flanking the noncoding pXvyl region, hereafter referred
to as the pXyl cluster, with other Xanthomonas species. This revealed
that X. oryzae pv. oryzae (Xoo), X. campestris pv. campestris (Xca), and
Xeu share not only an identical arrangement of orthologous genes with
Xce, but also high sequence conservation in the pXyl region controlling
xylose inducibility (fig. S11, A and B). The conserved structure of the
pXyl cluster across Xanthomonas species suggests shared regulatory
and functional principles, enabling cross-species insights. The xytB
locus in Xca, which contains these five genes of the pXyl cluster, was
previously identified as xylose responsive through two 14-bp XyIR
boxes in the pXyl region, where the XylR repressor binds to block
transcription in the absence of xylose (30). These XylR boxes are also
conserved in Xcc, Xoo, and Xeu (fig. S11B), suggesting shared XylR-
mediated induction through xylose. The five-gene pXyl cluster in Xcc
includes xynB (XAC4254), an endoxylanase with a key role in host cell
wall xylan degradation (26). Its Xeu ortholog, xynB (XCV4360, xynB3),
sharing >95% sequence identity, is secreted into the apoplast through
the T2SS, and its mutation reduces in planta growth by ~10-fold (31).

These results indicate that in Xcc, expression of the T2SS-secreted
xylanase xynB is induced by host-derived xylose, the release of
which is triggered by the T3E PthA4. Our work reveals a T3-T2
effector synergy distinct from the prevailing model in which T3Es
suppress immune responses triggered by cell wall-degrading T2Es
(fig. S12) (32, 33).

Discussion

Our findings suggest that the citrus canker pathogen Xcc hijacks a
CsLOBI-dependent fruit-ripening program to access cell wall-bound
sugars. A key question is the generalizability of this principle, especially
in nonfruiting hosts that lack a canonical ripening program. The
CsLOBI1-dependent increase in Xanthomonas growth in the nonfruit-
ing host N. benthamiana (Fig. 4E) may be rationalized by the evolutionary
history of fruit ripening. Comparative genomics indicates that fleshy-
fruit ripening evolved independently across angiosperm lineages by
coopting ancestral developmental programs, primarily senescence and
abscission, that converge on shared outputs such as CWDE expression
(34, 35). Accordingly, the LOB-family transcription factors studied here
may link ripening to conserved cell wall-modifying pathways broadly
retained across angiosperms.

A key question raised by our study is how the PthA4-triggered ripen-
ing program activates the xylose-inducible xylan CUT system in Xcc.
This program likely releases only limited amounts of xylose, because
the induced host proteins lack xylose-releasing xylanases and primarily
target pectin, cellulose, and nonxylan hemicelluloses (e.g., mannan),
all of which have nonxylose backbones (tables S1 and S4:). We speculate
that the main benefit of the ripening program for Xcc is cell wall
loosening, which likely makes cell wall-bound xylan more accessible
to degradation by the T2SS-secreted xylanase XynB. XynB-mediated
degradation of newly exposed xylan would generate additional xylose,
thereby reinforcing CUT system activation. The mechanistic link be-
tween a T3E-induced developmental program and T2E activation reveals
effector interplay. Our findings challenge the prevailing model of a
one-way interaction in which cell wall-degrading T2Es trigger immune
responses that are then suppressed by T3Es.

From the pathogen’s perspective, hijacking a developmental path-
way is a resource-efficient strategy: By deploying a single T3E, Xcc
activates a regulon of ~100 host genes dedicated to concerted cell wall
breakdown. The pathogen exploits not only a preexisting program, but
also the host cell’s superior biosynthetic capacity, given that plant cells
are >1000-fold larger by volume than bacteria. As a result, Xcc exerts
a disproportionately large effect, likely with only minimal amounts of
T3E protein.

Given this efficiency, an open question is whether other T3Es like-
wise hijack host developmental programs to access cell wall-bound

1297

9202 ‘9z Afenuer Uo o|ned 0es ap apepsieAIuN T2 BI080uUs 105 MMM//:SANY WO | PaPeo luMoQ



RESEARCH ARTICLES

carbohydrates. Such programs often rely on phytohormones and
downstream transcription factors, so the many T3Es known to
modulate hormone levels or transcription factor activity (36-38) may
indeed target these regulatory components to gain access to cell
wall-bound carbohydrates.

Although apoplastic fluid biochemistry seems straightforward for
detecting T3E-induced nutrient changes, proliferating bacteria deplete
their preferred carbon sources, thereby limiting the value of such
analyses for inferring nutrient availability. Indeed, PthA4-induced xylose
accumulation in the apoplast was modest (Fig. 4B), likely due to Xcc-
mediated consumption. By contrast, transcriptome profiling of in
planta-grown bacteria revealed PthA4-dependent induction of the xylan
CUT system, a xylose-induced regulon, providing mechanistic insight
into how PthA4 promotes Xcc growth (Fig. 4, C and D, and fig. S9B).
Thus, in planta RNA-seq comparing wt and T3E mutants has strong
potential to reveal T3E virulence functions in an unbiased manner.

Our study revealed previously unrecognized fruit-specific expression
and regulatory activity of CsLOB1 during ripening, likely overlooked be-
cause seed-grown citrus require 5 to 10 years to bear fruit. Identification
of the DNA-binding sites of LOBI1 ripening regulators in citrus and
tomato now enables CRISPR-mediated mutagenesis to modulate LOB1
target gene expression, allowing controlled manipulation of fruit firm-
ness and sweetness in these crops.
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