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SUMMARY

Citrus sinensis lateral organ boundary 1 (CsLOB1) was previously identified as a critical disease

susceptibility gene for citrus bacterial canker, which is caused by Xanthomonas citri subsp. citri (Xcc). How-

ever, the molecular mechanisms of CsLOB1 in citrus response to Xcc are still elusive. Here, we constructed

transgenic plants overexpressing and RNAi-silencing of CsLOB1 using the canker-disease susceptible ‘wan-

jincheng’ orange (C. sinensis Osbeck) as explants. CsLOB1-overexpressing plants exhibited dwarf pheno-

types with smaller and thicker leaf, increased branches and adventitious buds clustered on stems. These

phenotypes were followed by a process of pustule- and canker-like development that exhibited enhanced

cell proliferation. Pectin depolymerization and expansin accumulation were enhanced by CsLOB1 overex-

pression, while cellulose and hemicellulose synthesis were increased by CsLOB1 silence. Whilst overexpres-

sion of CsLOB1 increased susceptibility, RNAi-silencing of CsLOB1 enhanced resistance to canker disease

without impairing pathogen entry. Transcriptome analysis revealed that CsLOB1 positively regulated cell

wall degradation and modification processes, cytokinin metabolism, and cell division. Additionally, 565

CsLOB1-targeted genes were identified in chromatin immunoprecipitation-sequencing (ChIP-seq) experi-

ments. Motif discovery analysis revealed that the most highly overrepresented binding sites had a con-

served 6-bp ‘GCGGCG’ consensus DNA motif. RNA-seq and ChIP-seq data suggested that CsLOB1 directly

activates the expression of four genes involved in cell wall remodeling, and three genes that participate in

cytokinin and brassinosteroid hormone pathways. Our findings indicate that CsLOB1 promotes cell prolifer-

ation by mechanisms depending on cell wall remodeling and phytohormone signaling, which may be critical

to citrus canker development and bacterial growth in citrus.

Keywords: citrus canker, CsLOB1, disease susceptibility, cell proliferation, cell wall, hormone, regulatory

mechanism.

INTRODUCTION

Citrus canker caused by Xanthomonas citri subsp. citri

(Xcc) is a severe bacterial disease affecting most of the

commercially important citrus cultivars. The canker symp-

toms induced on sweet oranges, lemons and limes include

pustule formation on the surface of leaves, stems and

fruits. The pustules develop into brown corky cankers sur-

rounded by a water-soaked margin with a yellow halo (Cer-

nadas and Benedetti, 2009).

Pustule formation and epidermal rupture, which may

facilitate pathogen release to the leaf surface for disease

propagation, are a characteristic phenotype in citrus canker

disease (Cernadas and Benedetti, 2009; Hu et al., 2014; Per-

eira et al., 2014). During infection, Xcc injects type III effec-

tor (T3E) proteins into the plant cell to modulate host gene

expression and stimulate canker development (Brunings

and Gabriel, 2003; Ference et al., 2018). Among T3Es of

Xcc, PthA4, which belongs to the family of transcriptional

activator-like effectors, is a major virulence factor (Swarup

et al., 1992; Yan and Wang, 2012). The disease susceptibil-

ity gene CsLOB1 for citrus canker is a target of PthA4 (Hu

et al., 2014). After being injected into the host cell, PthA4 is

translocated to the cell nucleus, where it specifically binds

to the effector binding element in the promoter of CsLOB1
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to trigger its transcription, which in turn promotes pustule

formation and canker development (Hu et al., 2014; Li

et al., 2014). Notably, induced expression of CsLOB1 driven

by dexamethasone in CsLOB1-GR transgenic plants was

associated with pustule formation in Duncan grapefruit

leaves (Duan et al., 2018), while CRISPR/Cas9-mediated

mutation of CsLOB1 suppressed Xcc-induced pustule for-

mation and consequently conferred plant resistance to

citrus canker (Jia et al., 2017; Peng et al., 2017; Jia and

Wang, 2020). These results have shown that CsLOB1 plays

an essential role in citrus canker disease. However, how

CsLOB1 regulates pustule formation and subsequent can-

ker development is still poorly understood.

CsLOB1 belongs to the lateral organ boundaries domain

(LBD) family encoding a member of the plant-specific LOB

domain transcription factors (Xu et al., 2016; Zhang et al.,

2017). LBD family members are classified into two subfam-

ilies based on the presence (class I) or absence (class II) of

functional leucine-zipper-like domains, though the majority

of LBD members, including CsLOB1 and its orthologs

AtLBD1 and AtLBD11 in Arabidopsis, belong to class I

(Shuai et al., 2002; Zhang et al., 2017, 2020). LBD proteins

are key regulators of plant organ development, and widely

participate in molecular mechanisms that control plant

growth and development (Majer and Hochholdinger, 2011;

Xu et al., 2016). For example, AtLBD16, AtLBD17, AtLBD18

and AtLBD29 control lateral root formation through regu-

lating callus induction (Fan et al., 2012; Xu et al., 2018),

meanwhile AtLBD27 and AtLBD10 participate in asymmet-

ric microspore division in Arabidopsis (Oh et al., 2010; Kim

et al., 2015b). Several reports also showed that LBD pro-

teins have important functions in regulation of plant

response to pest or pathogen attack: AtLBD20 negatively

regulates Arabidopsis resistance to the fungal pathogen

Fusarium oxysporum through the jasmonic acid (JA) sig-

naling pathway (Thatcher et al., 2012); AtLBD16 facilitates

development of gall formation comprising the feeding

structure of the root-knot nematodes (Cabrera et al., 2014);

BvLBD16, BvLBD18 and BvLBD29 are involved in excessive

lateral root formation induced by Beet necrotic yellow vein

virus in sugar beet (Fernando Gil et al., 2018). LBD proteins

seem to regulate plant susceptibility to pathogen mainly

by affecting plant lateral organ development or hormone

homeostasis (Fernando Gil et al., 2018; Xu et al., 2016).

Thus, manipulation of the expression of LBD genes is an

important strategy for plant pathogens to cause disease in

their hosts.

As mentioned earlier, the function of CsLOB1 in growth

and development remains to be determined in citrus.

CsLOB1 is the closest homolog of poplar PtaLOB1 and

uncharacterized AtLBD1 and AtLBD11 from Arabidopsis

(Hu et al., 2014). Because PtaLOB1 seems to be involved in

regulation of secondary growth in poplar (Yordanov et al.,

2010), CsLOB1 may have a similar role in citrus. Also,

PthA4-induced expression of CsLOB1 is associated with

upregulation of a subset of plant development-related

genes that includes genes mediating cell wall metabolism

(Hu et al., 2014; Zhang et al., 2017; Duan et al., 2018). Thus,

it suggests that some functions of CsLOB1 in plant devel-

opment favor citrus canker formation and bacterial growth.

In this study, we show that ectopic expression of CsLOB1

in the canker-disease-susceptible ‘wanjincheng’ orange

(Citrus sinensis Osbeck) changes plant morphology and

elicits cell proliferation through a complex molecular net-

work that leads to susceptibility to Xcc. Also, we present a

model of the regulatory mechanism by which CsLOB1 trig-

gers citrus canker disease.

RESULTS

Expression profile of CsLOB1 in citrus plants

Previous studies showed differential expression levels of

CsLOB1 in different tissues of citrus, and that various LBD

genes can be induced by a diversity of stressors (Xu et al.,

2016). Here, we firstly investigated the expression patterns

of CsLOB1 in hormone and wounding treatments by

reverse transcriptase-quantitative polymerase chain reac-

tion (RT-qPCR) analysis. Expression of CsLOB1 was signifi-

cantly upregulated by NAA (a-naphthyl acetic acid) and

wounding induction (Figure 1a,b), but not obviously

affected by zeatin (ZT), brassinolide (BL), gibberellin (GA)

or abscisic acid (ABA) hormones (Figure S1). To investi-

gate the tissue-specific expression of CsLOB1, the CsLOB1

promoter (Peng et al., 2017) was cloned upstream to the

GUS (b-glucuronidase) reporter gene, and the resultant

construct was introduced into ‘wanjincheng’ orange, which

is a canker-susceptible cultivar. GUS histochemical stain-

ing indicated that the CsLOB1 promoter activity was con-

sistently localized in leaf, root and stem, also stronger

signals were found in stomata, epidermal tissue and fol-

lowing several layers of the phloem (Figure 1c).

Overexpression of CsLOB1 changes morphological traits in

‘wanjincheng’ orange

To understand functions of CsLOB1 in citrus development,

we constructed two vectors pOLOB1 and pDLOB1 using

the Cauliflower mosaic virus 35S (CaMV 35S) promoter as

regulatory sequence (Figure S2). These two constructs

were introduced into ‘wanjincheng’ orange via Agrobac-

terium-mediated epicotyl transformation. Transgenic

plants transformed with pOLOB1 showed overexpression

of CsLOB1, while transgenic plants transformed with

pDLOB1 expressed a hairpin double-stranded RNA for

CsLOB1 to induce sequence-specific RNA silencing. Based

on RT-qPCR analysis, overexpression (O#) and silencing

(D#) of CsLOB1 were confirmed in seven and eight trans-

genic plants, respectively (Figure S2). All the transgenic

plants were grown in a greenhouse, and their phenotypes
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were investigated. During 4 years of greenhouse cultiva-

tion, most transgenic plants overexpressing CsLOB1 dis-

played dwarfism phenotypes with reduced plant stature,

increased branching, rough bark, and small-thick-and-up-

ward curled leaves, compared with the wild-type (WT) con-

trol (Figures 2a and S3–S5). In CsLOB1-silenced plants, no

visibly dwarfism phenotypes were detected (Figures S3

and S4), although the transverse diameter of leaf was

shortened, and leaf area decreased compared with WT

control (Figure S5). Next, we investigated the development

of transgenic plants by grafting onto Citrus junos Sieb. ex

Tanaka rootstock in a greenhouse. After 6 months, the sur-

vival rate analysis of grafted transgenic lines showed that

various CsLOB1-overexpressing plants died, but CsLOB1-

silenced lines had a development similar to the WT plants

(Table S1). These data revealed that overexpression of

CsLOB1 severely impaired citrus plant development.

Overexpression of CsLOB1 in ‘wanjincheng’ orange led

to the development of many adventitious buds or callus-

like bulges clustered on stems, especially in the axillary

bud primordium, whereas these phenotypes were not

observed in both CsLOB1-silenced and WT plants

Figure 1. Expression characteristics of CsLOB1 in ‘wanjincheng’ orange.

(a, b) CsLOB1 expression induced by a-naphthyl acetic acid (NAA) (a) and wounding (b) in leaf. CsLOB1 expressions in treated leaf were determined by reverse

transcriptase-quantitative polymerase chain reaction (RT-qPCR). NAA- and wounding-induced expression levels were calculated by comparing with mock and

the wounding treatment at 0 h, respectively.

(c) Expression characteristics of the CsLOB1 promoter in transgenic ‘wanjincheng’ orange. Using GUS (b-glucuronidase) as reporter gene, the tissue expression

pattern of the promoter was visualized by GUS histochemical staining. Scale bar: 0.2 mm. WT, wild-type. LOB1p:GUS, transgenic ‘wanjincheng’ orange carrying

CsLOB1 promoter fused to gusA reporter gene. Ep, epidermis; Pa, parenchyma; Ph, phloem; Xy, xylem; St, stomata.
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(Figures 2a and S6). Also, formation of numerous bulges

was detected in the leaves of CsLOB1-overexpressing

plants (Figures 2b, S6 and S7). At the initial stage of devel-

opment, bulges were small and white and similar to pus-

tules in the early infection by Xcc, then they became

bigger and grew into brown corky bulges that resembled

volcano-like lesions at the later stage of citrus canker (Fig-

ures 2b and S6–S8). Microscopic observation clearly

revealed that cell proliferation occurred in the bulges (Fig-

ure 2c). To confirm this result, morphology of leaf tissues

from transgenic plants was further investigated. As shown

in Figure 2(d,e), the leaf of CsLOB1-overexpressing plants

Figure 2. Phenotype characteristics of CsLOB1-overexpressing transgenic ‘wanjincheng’ orange.

(a) The dwarf phenotype of the 2-year-old O15 line in a greenhouse. It is noted that adventitious callus-like bulges (red arrowheads) appeared in the axillary bud

primordium.

(b) Pustule- and canker-like development in the O15 line.

(c) Microscopic observation of cell proliferation (red arrow) elicited by CsLOB1 overexpression in leaf from the O15 line.

(d) Microscopic observation of cellular change in fully mature leaf from transgenic plants.

The thickness (e) of leaf and spongy tissue (f), number of sponge layers (g) and cell size of leaf (h) in transgenic plants were evaluated using 10 leaves per line.

Values are expressed as means � standard deviation of three independent tests. *on top of the bars represent significant differences from WT controls based

on Duncan’s test (P < 0.05). In (c) and (d), the slides were stained with 0.01% aniline blue. O2 and O15, transgenic lines overexpressing CsLOB1; WT, wild-type;

D3 and D4, transgenic lines RNAi-silencing CsLOB1; ST, spongy tissue; PT, palisade tissue. In (b), scale bar: 1 mm; in (c) and (d), scale bar: 50 µm.
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was thicker than CsLOB1-silenced and WT plants, which

did not display any difference in leaf thickness between

each other. The change of leaf thickness in CsLOB1-overex-

pressing plants was mainly due to an increased number of

spongy mesophyll cells (Figure 2f,g). There was no signifi-

cant difference in cell size among the three genotypes (Fig-

ure 2d,h). Additionally, palisade mesophyll cells in

CsLOB1-overexpressing plants became short and irregular,

resulting in disappearance of the classic palisade structure

with two layers of cells, compared with WT plants (Fig-

ure 2d). Gene expression analysis showed that CsLOB1

had higher expression levels in both bulge-like leaf tissues

and adventitious buds when compared with that in WT

and normal transgenic tissues (Figure S9). Our data rein-

force the evidence that CsLOB1 positively regulates cell

proliferation in citrus.

Evaluation of susceptibility to citrus canker disease in

transgenic plants

One-year-old transgenic and WT plants growing in a

greenhouse were evaluated for susceptibility to Xcc using

the pinprick inoculation (Peng et al., 2017). The test

showed that the diseased areas in CsLOB1-overexpressing

and -silenced plants were significantly larger and smaller

than WT plants, respectively (Figure S10). Among these

lines, the CsLOB1-overexpressing lines O2 and O15 had

very large lesions, while the CsLOB1-silenced lines D3 and

D4 had very small lesions (Figures 3a,b and S10). The dis-

ease severity on leaves of the O2 and O15 lines was about

twofold increased, while in the D3 and D4 lines it was

threefold reduced (Figure 3c). The canker susceptibility

levels of these four lines were also confirmed by infiltra-

tion assay (Figure S11). After infiltration, Xcc growth was

also evaluated and it displayed a faster growth rate in

CsLOB1-overexpressing lines after 5 days post-inoculation

(dpi), whereas a significant slower growth rate was

observed in CsLOB1-silenced lines when compared with

WT plants (Figure 3d). RT-qPCR analysis showed that the

Xcc-induced expression levels of CsLOB1 in RNAi lines

were remarkedly lower than that of the WT plant after the

inoculation period (Figure S12). Accordingly, these data

indicate that CsLOB1 promotes the susceptibility to X. citri

subsp. citri in ‘wanjincheng’ orange. The O2, O15, D3 and

D4 transgenic lines were used in the following experi-

ments.

CsLOB1 does not affect pathogen entry into the leaf

apoplast through stomata

Xcc enters host plant tissues mainly through stomates

(Graham et al., 2004). Because tissue-specific expression

analysis displayed that CsLOB1 was strongly expressed in

stomata (Figure 1c), we further investigated the effect of

CsLOB1 expression on stomata development and stomatal

susceptibility. The anatomical analysis demonstrated

alterations in stomatal apparatus of transgenic plants (Fig-

ure S13; Table S2). Compared with WT and RNAi trans-

genic plants, the CsLOB1-overexpressing plants showed an

enlarged stomatal opening (Figure S13). We noted that the

keratinous protuberance outside the stomatal guard cell

wall was thinner and shorter in CsLOB1-overexpressing

plants than that in WT plants, while in RNAi transgenic

plants it became thicker and longer, which led to a change

in size of stomata opening (Figure S13). To investigate the

effects of these changes on stomatal susceptibility, we

assessed the levels of stomatal susceptibility to Xcc in

transgenic plants using spray inoculation (Yang et al.,

2011). The numbers of canker lesions in inoculated leaves

of CsLOB1-overexpressing and RNAi transgenic plants

were significantly elevated and reduced, respectively, com-

pared with that observed in WT plants at 30 dpi (Fig-

ure 3e–g). Moreover, we tested whether there was a

relation between the number of observed lesions and

number of pathogens that entered the leaf mesophyll

through the stomata in a specific period of time. This assay

was based on a pathogen entry assay described by Su

et al. (2017). Our results indicated that the number of bac-

teria that entered into the leaf interior of the transgenic

plants had no significant difference compared with those

observed on WT plants at 1 h after Xcc inoculation (Fig-

ure 3h). Thus, CsLOB1 might not be involved in regulation

of pathogen entry into the leaf apoplast through stomata

during early infection.

Transcriptome profiling of CsLOB1-regulated genes

To explore molecular mechanisms involved in citrus can-

ker susceptibility due to CsLOB1 activation and to identify

potential downstream genes that are regulated by

CsLOB1, comparative transcriptional profiling of trans-

genic and WT plants was performed using RNA sequenc-

ing (RNA-seq) assays with three biological replicates

(Data S1). Fully mature leaves from 4-year-old plants

were used in the RNA-seq analysis. The overview of total

reads, mapped reads and the percentage of mapped

reads in each replicate are shown in Tables S3 and S4.

In total, 875 and 700 genes were identified as differen-

tially expressed genes (DEGs) in the CsLOB1-overexpress-

ing O2 and O15 lines, respectively, which represented

significantly more than that observed on the D3 (298

DEGs) and D4 (70 DEGs) RNAi lines, when compared

with WT control plants (Figure S14; Table S5). A total of

236 out of 369 DEGs shared by the O2 and O15 lines

were upregulated by CsLOB1 overexpression (Figure S14;

Data S2). To validate the RNA-seq results, expressions of

32 randomly selected DEGs were investigated by RT-

qPCR. RT-qPCR analysis confirmed the expression pat-

terns of these DEGs were similar to those observed in

RNA-seq data (Figure S15). Indeed, our data showed that

CsLOB1 overexpression led to extensive transcriptional
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reprogramming compared with that in CsLOB1-silenced

tissue.

The cellular pathways or functions affected by CsLOB1

in transgenic lines were also visualized in the MapMan tool

(Thimm et al., 2010). These data showed that ‘cell wall’,

‘secondary metabolism’, ‘hormone metabolism’, ‘stress’,

‘RNA’, ‘cell’, ‘transport’ and ‘not assigned’ PageMan path-

ways or functions were enriched in CsLOB1-overexpress-

ing lines (Figure 4a; Data S3). Most notably, cell wall-

related pathways (especially ‘cell wall degradation’, ‘cell

wall modification’ and ‘cell wall pectin esterases’), hor-

mone pathway ‘cytokinin synthesis-degradation’ and ‘cell.-

cell division’ were significantly upregulated by CsLOB1 in

both the O2 and O15 lines. In addition, the pathways asso-

ciated with ‘misc.gluco-, galacto- and mannosidases’, and

‘protein.degradation.cysteine protease’ were also posi-

tively affected by overexpression of CsLOB1. These above

pathways or functions were almost unaffected by CsLOB1

silencing. We further investigated expression profiles of

the DEGs involved in both plant development and cell

Figure 3. Evaluation of susceptibility to Xanthomonas citri subsp. citri (Xcc) in transgenic ‘wanjincheng’ orange.

Fully expanded leaves of transgenic and wild-type (WT) plants were inoculated with 1 9 108 CFU ml�1 Xcc. Citrus canker symptoms (a), diseased area (b) and

disease severity (c) of leaves of transgenic lines were investigated at 9 days post-inoculation (dpi).

(d) Xcc growth in leaves of transgenic plants. The assays were performed using in vitro pinprick inoculation. 1 µl of 1 9 108 CFU ml�1 Xcc suspension was

dropped onto each pinprick.

(e–g) Evaluation of stomata-mediated susceptibility to citrus canker in transgenic plants by spray inoculation. Detached leaves of transgenic and WT plants were

sprayed with 1 9 108 CFU ml�1 Xcc. The frequency of diseased leaf and disease severity were evaluated at 30 dpi.

(h) Pathogen leaf apoplast entry assay. Xcc entry rates were calculated as Xcc number per mm2 divided by stomatal density (Table S2) in 1 h. Values are

expressed as means � standard deviation of three independent tests. Different letters on the top of the bars and on the upper right corner represent significant

differences from the WT based on Duncan’s test (P < 0.05) at 9 dpi. O2 and O15, transgenic lines overexpressing CsLOB1; WT, wild-type; D3 and D4, transgenic

lines RNAi-silencing CsLOB1. In (a) and (e), scale bar: 2 mm and 1 cm, respectively.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd,
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signaling transduction in the O2 and O15 plants (Figure 4b;

Data S4). As expected, a number of DEGs involved in cell

wall degradation and modification, cell division, cell signal-

ing and transcriptional control were significantly upregu-

lated in these transgenic lines. Notably, all three cytokinin

(CK)-related DEGs (Cs3g18090, Cs3g18100 and oran-

ge1.1t05518) shared by O2 and O15 lines showed high

expression levels (log2fold change > 5) in both O2 and

O15 plants (Data S4). These three genes were annotated as

UDP-glucosyl transferase (UGT) family number 85A2

(UGT85A2), which is involved in N-glucosylation of CK

(�Smehilov�a et al., 2016). To sum up, our RNA-seq data indi-

cate that CsLOB1 overexpression significantly affects cell

wall degradation and modification, cell division, and CK

metabolism in citrus.

CsLOB1 positively regulates cell wall degradation and

modification processes

Expression levels of all the annotated genes encoding cel-

lulases (CL), hemicellulases (HCL), pectate lyases (PL) and

polygalacturonases (PG) were significantly upregulated by

CsLOB1 (Data S4). These enzymes are involved in cell wall

degradation and modification processes (Barnes and

Anderson, 2018). Thus, to confirm these results we evalu-

ate these enzyme activities in transgenic plants and com-

pared them with WT control plants. The data in Figure 5(a)

showed that activities of CL and PG enzymes were signifi-

cantly increased by CsLOB1 overexpression, while HCL

and PL activities were significantly decreased by CsLOB1

silence. Interestingly, two endoxyloglucan transferase

(EXGT) genes, which participate in cell wall modification

(Barnes and Anderson, 2018), were also upregulated in

CsLOB1-overexpressing lines (Data S4). However, there

was no difference in EXGT activities between CsLOB1-

overexpressing and WT plants, while its activity was signif-

icantly decreased in CsLOB1-silenced transgenic plants

(Figure 5a). Five pectin esterase (PE) genes, which are

involved in modification of cell wall pectin (Barnes and

Anderson, 2018), displayed high expression levels in

CsLOB1-overexpressing lines (Data S4). Enzymatic activity

of PEs in CsLOB1-overexpressing and -silenced lines was

significantly stronger than that in WT control, while

CsLOB1-overexpressing lines showed the highest levels of

PE activity (Figure 5a).

The CL and HCL enzymes hydrolyze cell wall cellulose

and hemicellulose, respectively, and PL and PG enzymes

promote pectin depolymerization (Barnes and Anderson,

2018). Analysis of the main components of the cell wall

showed that protopectin and soluble pectin levels reduced

more than 1.4-fold in CsLOB1-overexpressing lines, imply-

ing that the increased PG activities in these plants might

be related to the pectin changes, while no significant varia-

tions were detected in CsLOB1-silenced lines (Figure 5).

Nevertheless, HCL and CL contents in CsLOB1-silenced

lines increased more than 1.6-fold, which might be due to

repression of HCL enzymatic activity in these plants (Fig-

ure 5). There were no significant changes verified in

CsLOB1-overexpressing lines. Also, four expansin genes,

which are involved in cell wall loosing, were upregulated

in CsLOB1-overexpressing lines (Data S4). Likewise, con-

tents of expansin proteins in CsLOB1-overexpressing lines

were markedly higher than those in RNAi and WT control

plants (Figure 5b). Additionally, it was verified that lignin

contents were significantly increased by overexpressing

CsLOB1 (Figure 5b). Therefore, these results imply that

CsLOB1 positively regulates cell wall degradation and

modification mainly through activating pectin depolymer-

ization and promoting the accumulation of expansin pro-

teins.

Genome-wide binding profiles of CsLOB1 in citrus

Chromatin immunoprecipitation-sequencing (ChIP-seq)

analysis was used to investigate the genome-wide binding

sites of the transcriptional regulator CsLOB1 in citrus

plants. These experiments were performed with two bio-

logical replicates in transgenic ‘wanjincheng’ orange plants

expressing the construction flag:CsLOB1, which encodes

CsLOB1 fused to FLAG-tag (Figures S16 and S17). ChIP-seq

reads were mapped to the sweet orange genome (Xu

et al., 2013). Data quality assessment indicated that the

two replicates presented good reproducibility (Figure S18).

A total of 3611 and 3416 CsLOB1-binding peaks were

mapped, respectively, from the two independent biological

replicates (Data S5), which were mainly enriched in the

promoter regions (Figures 6a and S19). Overlapping of

1066 CsLOB1-binding peaks was mapped from the two

independent replicates, which represented about 31% of

the total mapped peaks (Data S5). Further, motif discovery

analysis revealed a ‘GCGGCG’ motif binding site in the

putative promoter region of the sequences highly overrep-

resented in both biological replicates (Figure 6b). Genes

that contain one or more binding sites within the 3-kb-up-

stream putative promoter region were considered as puta-

tive CsLOB1-targeted genes. Based on this rule, 1690 and

1635 putative CsLOB1-targeted genes were identified in the

two replicates, respectively; and 565 putative CsLOB1-tar-

geted genes were shared by the two replicates (Figure 6c;

Data S6). Next, gene ontology (GO) term analysis showed

that these 565 genes were enriched in different GO terms,

including integral component of membrane, DNA integra-

tion, meristem initiation and cell wall organization (Fig-

ure 6d; Data S6). Among these genes, 42 transcription

factor genes were detected, and many of them were

involved in plant development (Data S7).

Moreover, intersection analysis of ChIP-seq and RNA-

seq data highlighted 10 CsLOB1-targeted genes that were

also differentially expressed in both CsLOB1-overexpress-

ing lines (Figure S20a; Table 1). Notably, four CsLOB1-
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targeted genes (Cs2g19350, Cs4g08750, Cs2g20750 and

orange1.1t02719) were involved in cell wall organization,

degradation and modification processes, and had signifi-

cantly increased expressions in CsLOB1-overexpressing

lines (Figure S15; Table 1). In addition, the products of two

CsLOB1-targeted genes (Cs9g14190 and orange1.1t05518),

which participate in brassinosteroid (BR) signal transduc-

tion and CK metabolism, respectively, were upregulated by

CsLOB1 overexpression (Figure S15; Table 1). Likewise, a

putative transcription factor gene IBH1-like 1 (Cs4g02590)

that is involved in cell and organ elongation (Zhang et al.,

2009) was targeted and significantly upregulated by

CsLOB1 (Figure S15; Table 1). In line with these findings,

the expression analysis of CsLOB1-targeted genes showed

that they were induced by Xcc infection in ‘wanjincheng’

orange (Figure S20b).

DISCUSSION

CsLOB1 triggers citrus canker development by activating

cell proliferation

Activation of CsLOB1 expression promotes pustule forma-

tion (Hu et al., 2014; Duan et al., 2018). However, the

detailed molecular mechanism regulating pustule forma-

tion by CsLOB1 is still unclear. Indeed, LBD proteins have

important roles in integrating developmental changes of

plant in response to biotic stress (Cabrera et al., 2014).

Thus, the understanding of CsLOB1 function in citrus

development might be the key to determine its role in pus-

tule formation during Xcc infection. To dissect functions of

CsLOB1 in citrus development, we constructed transgenic

citrus plants overexpressing or silencing CsLOB1 by using

the canker-disease-susceptible ‘wanjincheng’ orange.

Figure 4. Ectopic expression of CsLOB1 causes glo-

bal transcriptional reprogramming in transgenic

‘wanjincheng’ orange.

(a) PageMan visualization of differentially repre-

sented pathways and functional categories among

transgenic citrus lines. Each colored rectangular

block denotes a MapMan pathway or functional cat-

egory. Upregulated and downregulated categories

are shown in red and green, respectively. A gray

rectangular block indicates a category was not

enriched. The categories differentially represented

in the transgenic plants are indicated on the right.

(b) MapMan visualization of differentially expressed

genes (DEGs) involved in biological process and

regulation in the O15 line. Every square block indi-

cated a gene, and significantly upregulated and

downregulated genes are displayed in red and

green, respectively. The scale bar represents log2

(fold-change) values. O2 and O15, transgenic lines

overexpressing CsLOB1; WT, wild-type; D3 and D4,

transgenic lines RNAi-silencing CsLOB1. ABA,

abscisic acid; BR, brassinosteroid; SA, salicylic acid;

ET, ethylene; CK, cytokinin; JA jasmonic acid.
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CsLOB1 overexpression induced adventitious buds from

the axillary bud of transgenic plants, indicating that

CsLOB1 play a positive role in lateral organ development

in citrus. During 4 years of observation of our transgenic

plants, we verified that overexpression of CsLOB1 can elicit

a process of pustule- and canker-like development, con-

firming that CsLOB1 alone triggers pustule formation and

can induce canker-like symptoms. Further, it has been

reported that pustules induced by Xcc display hypertrophy

and hyperplasia in the plant tissue (Swarup et al., 1991;

Duan et al., 1999), which are caused by cell enlargement

and proliferation, respectively. In our experiments, no obvi-

ous hypertrophy was detected in transgenic plants. How-

ever, microscopic analysis showed that pustule-like bulge

formation induced by overexpression of CsLOB1 was due

to over-proliferation of cells. This over-proliferation is fully

similar to hyperplasia induced by Xcc infection (Swarup

et al., 1991), and by transient expression of the Xcc effector

gene pthA4 in C. sinensis leaf (Duan et al., 1999). More-

over, we found that the layer number of spongy mesophyll

cells was markedly increased by overexpression of

CsLOB1. It is well known that Xcc invades leaf tissues

mostly through stomata and grows in the abundant inter-

cellular space of the spongy mesophyll (Duan et al., 1999;

Graham et al., 2004), indicating that CsLOB1 specifically

remodels the spongy mesophyll environment to favor

pathogen feeding and growth. For example, increasing

spongy cells and leaf tissue provides more intercellular

Figure 5. CsLOB1 positively regulated cell wall

degradation and modification.

(a) Activity analysis of cell wall degradation and

modification-related enzymes in transgenic plants.

Hemicellulases (HCL), polygalacturonases (PG), pec-

tin esterases (PE), pectate lyases (PL) and endoxy-

loglucan transferases (EXGT) were determined in

fully mature leaf of transgenic lines. Their activities

were calculated using fresh leaf weight as internal

reference.

(b) Quantitative analysis of the main components of

cell walls in transgenic plants. Protopectin, soluble

pectin, hemicellulose, cellulose, expansin proteins

and lignin were extracted from fully mature leaf.

Their contents were calculated using dry leaf

weight as internal reference excepted for expansin

proteins, which uses fresh leaf weight as reference.

Values are expressed as means � standard devia-

tion of three independent replicates. *on top of the

bars represents significant differences from WT

controls based on Duncan’s test (P < 0.01). O2 and

O15, CsLOB1-overexpressing transgenic lines; WT,

wild-type; D3 and D4, CsLOB1-silenced transgenic

lines.
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spaces and nutrition for the pathogen. Though CsLOB1

overexpression did not affect the entry of Xcc into the leaf

tissues, we verified that CsLOB1 can play a role in stomatal

structure development. Additionally, RNA-seq and ChIP-

seq analyses showed that several cell division and devel-

opment-related genes were upregulated or targeted by

CsLOB1. As shown by infection tests, CsLOB1-induced

hyperplasia phenotype significantly enhanced plant sus-

ceptibility to Xcc. Based on these data, we conclude that

CsLOB1 activates cell proliferation in citrus, and this mech-

anism can favor pustule and symptom development dur-

ing Xcc infection.

Finally, cell death and necrosis symptoms, which appear

at the later stage of citrus canker disease, are important for

bacterial spread on the surface of plants and among indi-

vidual plants in fields (Duan et al., 1999). The ability to rup-

ture the citrus epidermis is a major factor in both the

severity of citrus canker and in its epidemiology (Brunings

and Gabriel, 2003). Interestingly, some canker-like bulges

in CsLOB1-overexpressing plants showed brown corky vol-

cano-like symptoms and cell death, which are similar to

pathogen-elicited epidermis rupture, suggesting CsLOB1

also contributes to necrosis at the later stage of infection.

CsLOB1 promotes cell proliferation possibly through

mediation of phytohormone signaling

The roles of LBD proteins in phytohormone signaling have

also been demonstrated in some crops (Xu et al., 2016).

LBD proteins regulate lateral organ initiation and patterning

as well as root development via mediating auxin distribu-

tion and signaling (Bureau and Simon, 2008; Bureau et al.,

2010). However, our RNA-seq data showed that no genes

that mediate auxin distribution (such as PINs gene; Bureau

and Simon, 2008) were affected by CsLOB1 overexpression.

Figure 6. Genome-wide analysis of CsLOB1-tar-

geted genes.

(a) Genome-wide distribution analysis of CsLOB1-

binding peaks in two biological replicates by chro-

matin immunoprecipitation-sequencing (ChIP-seq).

TSS, the nearest transcription start site; UTR,

untranslated; TTS, transcription termination site.

(b) Motif of the most highly enriched CsLOB1-bind-

ing site identified by HOMER software in two bio-

logical replicates. *The percentage of targeted

sequences covered by motif out of the total number

of targeted sequences. The P-value of one-tailed

binomial test is also shown.

(c) Venn diagram analysis of putative CsLOB1-tar-

geted genes between the two biological replicates.

(d) Gene ontology (GO) enrichment analysis of the

565 identified CsLOB1-targeted genes shared by

two biological replicates. Twelve representative

overrepresented GO terms and the corresponding

P-values are shown. The percentage is the ratio of

genes annotated to a GO term in the 565 CsLOB1-

targeted genes using all unigenes from the Citrus

sinensis genome database (Xu et al., 2013) as refer-

ence.
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Exogenous application of NAA strongly induced CsLOB1

expression, suggesting CsLOB1 responses to auxin induc-

tion. Likewise, it was further shown that exogenous applica-

tion of auxin can enhance pustule formation and canker

development in citrus (Cernadas and Benedetti, 2009). Inter-

estingly, it was reported that Xcc can produce indole-3-

acetic acid (the major form of auxin in plants), and its

biosynthesis is increased in the presence of citrus leaf

extracts (Costacurta et al., 1998). Indeed, auxin inhibits the

translocation of CsMAF1, a repressor of citrus RNA poly-

merase (Pol) III, from the nucleoplasm to nucleolus and thus

releases Pol III to activate the transcription of host genes,

which facilitates cell division and growth (Soprano et al.,

2017; Oliveira Andrade et al., 2020). CsMAF1 also was

shown to bind the PthA4 effector physically (Soprano et al.,

2013; Oliveira Andrade et al., 2020). Thus, it is possible that

auxin promotes CsLOB1 expression by enhancement of Pol

III and PthA4 functions during Xcc infection (Zou et al.,

2019). CsLOB1 overexpression in transgenic lines might

bypass the CsLOB1-dependent induction by auxin and

thereby promote citrus canker symptoms.

Cytokinins control aspects of almost all plant growth

and development processes, including cell division, nutri-

ent allocation and photosynthetic performance (Emery and

Kisiala, 2020). Here, we showed that CsLOB1 overexpres-

sion caused dwarfism phenotypes, including the loss of

apical dominance and increased branching development,

which are similar to phenotypes observed in transgenic

apple, Arabidopsis and Populus overexpressing MdLBD11

(Wang et al., 2013), LOB/MDC12.5 (Shuai et al., 2002) and

PtaLBD1 (Yordanov et al., 2010), respectively. Our previous

studies demonstrated that disruption of CK homeostasis

resulted in similar phenotypes, including thicker leaves,

adventitious branches and the loss of apical dominance in

citrus (Zou et al., 2013; Peng et al., 2015). RNA-seq analy-

sis showed that CsLOB1 overexpression significantly

upregulated the ‘cytokinins synthesis-degradation’ pathway,

and remarkedly induced expression of three UGT85A2

genes. UGT85A2-mediated deactivation of CK is a key reg-

ulator responsible for maintaining CK homeostasis in

plants (�Smehilov�a et al., 2016). ChIP-seq experiments fur-

ther identified one UGT85A2 DEG (orange1.1t05518) as

directly targeted by CsLOB1, indicating CsLOB1 directly

modulated CK homeostasis. Remarkably, there are reports

showing the inhibitory effect of CK on lateral root forma-

tion (Li et al., 2006; Laplaze et al., 2007). These data sug-

gest that CsLOB1 promotes cell division and growth

through UGT-mediated deactivation of CK.

Moreover, overexpression of CsLOB1 downregulated the

BRS (Cs7g11940) and DWF5 (novel.791) genes (Data S4),

whose homologs are involved in BR deactivation and

dwarfism phenotypes in other crops (Nolan et al., 2020).

Importantly, our RNA-seq and ChIP-seq data indicated that

CsLOB1 directly bind the promoter of EXO (Cs9g14190)

and activate its expression (Figure S15; Table 1). EXO

mediates BR signaling transduction and contributes to cell

expansin in Arabidopsis leaves (Schr€oder et al., 2009). BR

hormone was shown to promote stem elongation and cell

proliferation (Bell et al., 2012), thus it is reasonable to

assume that CsLOB1 contributes to cell division and

growth through the BR signaling pathway.

Finally, two DEGs involved in the ABA signal pathway

were upregulated by CsLOB1, while all the DEGs in the JA

Table 1 Functional annotation of CsLOB1-targeted genes based
on intersection of ChIP-seq and RNA-seq data

Gene ID Putative function

Log2 (fold
change)
(transgenic
line/WT)

O2 line
O2 line

O15
line

Cell wall
Cs2g19350 Fasciclin-like

arabinogalactan-protein
2 involved in cell wall
organisation

1.80 2.52

Cs4g08750 Fasciclin-like
arabinogalactan-protein
1 involved in cell wall
organisation

3.19 4.55

Cs2g20750 Cellulases and b-1,4-
glucanases involved in
cell wall degradation

3.74 4.57

orange1.1t02719 Pectin esterases (PME)
involved in cell wall
modification

1.86 3.46

Hormone metabolism
Cs9g14190 EXORDIUM-like 3

involved in
brassinosteroid signal
transduction

2.60 3.45

orange1.1t05518 UDP-glucosyl transferase
(UGT85A2) involved in
cytokinin metabolism

6.03 5.84

Transcription factor
Cs4g02590 Transcriptional factor

(bHLH family) involved
in cell and organ
elongation development
via brassinosteroid and
gibberellin signaling

4.05 4.13

Cs9g03820 Ethylene-responsive
transcription factor
RAP2-3

�1.09 �0.79

Secondary metabolism
Cs3g07770 Arogenate dehydratase

involved in
phenylalanine
biosynthesis

0.91 1.97

Transporter
Cs5g25370 Ammonium transporter

1;4 (AMT1;4)
�2.41 �2.19
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and salicylic acid (SA) signal pathways were downregu-

lated by CsLOB1. However, these DEGs were not detected

in our ChIP-seq analysis, which indicates that the expres-

sion of these genes might be indirectly activated by

CsLOB1. JA regulates plant development in many aspects,

including inhibition of seed germination, promoting lateral

root formation and inducing root regeneration (Huang

et al., 2017). Interestingly, our group previously showed

that ABA cooperated with JA and SA signaling to affect

Xcc-induced pustule formation and the susceptibility to

citrus canker in sweet orange (Long et al., 2019). Together,

these data above strongly indicate that CsLOB1 regulates

cell division and growth via mediation of hormone signal-

ing. Future studies involving metabolomic analysis to

determine CK and BR concentrations in CsLOB1-overex-

pressing and -silenced lines as well as WT plants will be

interesting to verify if CsLOB1 expression can indeed mod-

ulate their synthesis and accumulation.

CsLOB1 triggers cell proliferation and contributes to

pathogen infection via activation of plant cell wall

degradation

The cell wall participates in cell expansin and growth, and

provides mechanical support and strength for the plant;

meanwhile, the cell wall is a key site attacked and fed by

pathogens because it is the first barrier for bacterial infec-

tion and a storage for carbohydrates and other molecules

(Bellincampi et al., 2014). Thus, microbial phytopathogens

must degrade the host cell wall to successfully invade and

feed plant tissue. It is well known that many phy-

topathogens secrete plant cell wall-degrading enzymes

such as CL, pectinases, xylanases or endoglucanases to

rupture the plant cell wall in the initial stage of infection

(Lionetti et al., 2012; Rui et al., 2017).

On the other hand, phytopathogens can further induce

host gene expression to degrade the plant cell wall during

the infection process. Xcc strongly increases transcription

of host genes encoding both enzymes involved in cell wall

remodeling and factors associated with cell division and

expansin (Cernadas et al., 2008). Indeed, expression of

CsLOB1 is associated with expression of numerous cell

wall-related genes (Hu et al., 2014; Duan et al., 2018). Here,

our data further confirmed that CsLOB1 overexpression

increased not only transcripts of genes encoding cell wall-

degrading and -modifying enzymes, but also the enzymatic

activities of their products in these transgenic lines.

Because the cell wall main components fall into three

broad classes: cellulose, hemicellulose and pectin, we

found pectin was decreased by CsLOB1 overexpression

whist cellulose and hemicellulose were increased by

CsLOB1 silence. The increase of cellulose and hemicellu-

lose contents in CsLOB1-silenced plants may improve

defense against pathogen infection. Likewise, we found

CsLOB1 overexpression increased PG activities, and

decreased both protopectin and soluble pectin contents. Pec-

tin is a critical building block in the cell walls of plants, and

plays an important role in cell wall stiffness as well as sus-

ceptibility to pathogens (Cosgrove, 2015; Zhang and Zhang,

2020). Plant cell wall disruption and expansin require pectin

degradation by endogenous pectinases such as PGs and PLs

(Rui et al., 2017; Uluisik and Seymour, 2020). Thus, CsLOB1

can activate pectin depolymerization by controlling PG

genes expression. Several PE genes were significantly acti-

vated by CsLOB1 overexpression in our transcriptome data.

PE-induced pectin methylesterification and demethylesterifi-

cation were shown to affect cell wall mechanical properties

(Cosgrove, 2015); for example, the tissue elasticity in Ara-

bidopsis primordia is correlated with pectin demethylesterifi-

cation (Peaucelle et al., 2011). Finally, intersection analysis of

ChIP-seq and RNA-seq data identified cell wall remodeling-

related genes encoding fasciclin-like arabinogalactan-pro-

teins, CL and PEs that were both targeted and activated by

CsLOB1, suggesting that CsLOB1 directly activated these

genes to degrade and modify cell walls. However, no expan-

sin encoding genes directly targeted by CsLOB1 were

detected in ChIP-seq assay, whereas CsLOB1 overexpression

greatly increased both expansin expression levels and

expansin contents. These results indicate that CsLOB1 indi-

rectly upregulates expression of expansin genes by an

unknown pathway. Expansin proteins, which are cell wall-

loosening proteins, have a broad range of biological roles in

plant growth and development, and response to abiotic and

biotic stresses (Choi et al., 2006). In accordance with the pre-

sented data, we believe that CsLOB1 promotes cell wall

degradation through activation of pectin degradation or

modification and accumulation of expansin proteins, which

facilitate host cell proliferation as well as pathogen infection

and spreading in infected sites.

CsLOB1-targeted genes are involved in cell wall

remodeling and hormone signaling

The understanding about downstream mechanisms regu-

lated by the susceptibility gene CsLOB1 is elusive in the lit-

erature. Here, 10 CsLOB1-targeted genes were identified by

the analysis of ChIP-seq coupled with RNA-seq data.

Among them, four genes encode important enzymes or

proteins involved in cell wall organization, degradation

and modification, which indicates that CsLOB1 can rapidly

promote cell wall remodeling in response to pathogen

infection. Two genes are involved in CK and BR hormone

pathways (Table 1). Recently, Duan et al. (2018) reported

that CsLOB1 can interact with the promoter of a zinc finger

encoding gene (Cs2g20600) from C. paradisi via bioinfor-

matic analysis and electrophoretic mobility shift assays.

Likewise, our RNA-seq analysis showed that another zinc

finger gene (Cs1g23230) was differentially expressed in C.

sinensis CsLOB1-overexpressing lines (log2fold

change > 3.7; Data S4). However, it was not identified as a
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CsLOB1-targeted gene in the ChIP-seq assay. However, our

RNA-seq and ChIP-seq data displayed many transcription

factor genes that were affected or targeted by CsLOB1

(Data S4 and S7) and, among them, the IBH1-like 1

(Cs4g02590) was shown to be both targeted and upregu-

lated by CsLOB1 (Table 1). This gene belongs to the basic

helix-loop-helix (bHLH) transcriptional regulator family,

and can act as a positive or negative regulator by affecting

gene expression in response to different signals (Pires and

Dolan, 2010; Goossens et al., 2017). The IBH1 acts by form-

ing a heterodimer with another transcription factor

BHLH49, and inhibiting the latter to bind to DNA (Zhang

et al., 2009). These data imply that CsLOB1 regulates plant

development and defense response by a hierarchical tran-

scriptional cascade manner. In rice and Arabidopsis, IBH1

homolog hinders cell and organ elongation in response to

BR and GA signaling (Bai et al., 2012). However, no GA-re-

lated genes were affected by CsLOB1 in the RNA-seq test,

suggesting CsLOB1 acts BR signaling by targeting IBH1-like

1. Interestingly, overexpression of IBH1 homolog causes

plant dwarfing (Ikeda et al., 2012). On the other hand, two

bHLH (bHLH3 and bHLH6) homologs were identified as

susceptibility genes, and directly targeted and activated by

the X. gardneri TAL effector AvrHah1 (Schwartz et al.,

2017). Upregulation of both bHLH3/bHLH6 transcriptional

factors induced the expression of a PL, which is involved

in maceration of plant tissue to promote water-soaked

symptoms on tomato leaves during bacterial spot disease

(Schwartz et al., 2017). Further studies are necessary to

determine the function and target genes of IBH1-like 1

homolog in citrus. In addition, a 6-bp LBD motif

(GCGGCG), which was previously reported to physically

interact with LOB domain proteins (Husbands et al., 2007),

was mapped in the promoter regions of enriched genes

revealed by our ChIP-seq data. Overall, our data suggest

that CsLOB1-targeted genes are mainly involved in cell

wall remodeling, CK metabolism and BR signaling. Future

investigations will be important to confirm and character-

ize the interactions of these targeted genes and CsLOB1.

A model of CsLOB1-mediated regulatory mechanism of

citrus canker disease

In this study, we demonstrated that CsLOB1 as a major

regulator orchestrates a complex regulation network in

response to citrus canker pathogen attack. Based on our

findings, a model was proposed to explain how Xcc bacte-

ria hijack CsLOB1 functions in plant development to estab-

lish pathogen feeding site, colonization and spreading in

citrus leaf mesophyll (Figure 7). According to this model,

Xcc-induced CsLOB1 expression promotes host cell prolif-

eration in infected tissue through hormone signaling and

cell wall degradation and modification pathways, which

contributes to citrus canker development and bacteria

growth. Overall, our study provides insight into the

regulation mechanism of CsLOB1 in controlling citrus

development and pathogen infection, and also offers

potential pathways and targeted genes for the biotechno-

logical improvement of citrus canker resistance.

EXPERIMENTAL PROCEDURES

Plant material and bacterial strains

For citrus transformation, ‘wanjincheng’ orange (C. sinensis
Osbeck) plants were grown in an orchard of the National Citrus
Germplasm Repository, Chongqing, China. All transgenic and WT
plants were cultured in a greenhouse maintained at 28°C. The Xcc
strain was isolated from naturally infected sweet orange leaves
from an orchard in Yunnan province, China. Preparation of the
bacterial suspensions for infection experiments was performed as
described by Zou et al. (2014).

Plant hormone and wounding treatments

The plant hormone treatments were performed as described pre-
viously (Long et al., 2019). Fully mature leaves were inoculated
with sterile cotton pre-soaked with 5 ml solution of 10 µM NAA,
1 µM ZT, 1 µM BL, 400 µM GA or 100 µM ABA (Sigma, USA), or
water. The wounding treatment was carried out as described by
Zou et al. (2014). The treated samples were cultured in an incuba-
tor at 28℃, under a 16-h light/8-h dark photoperiod with 60% rela-
tive humidity. Induced expressions of CsLOB1 were analyzed by
RT-qPCR. This experiment was repeated three times.

Plasmid construction and citrus transformation

The primers used for vector construction are listed in Table S6.
Based on the sequence of the CsLOB1 (Cs7g27640) gene in the C.
sinensis genome database (http://citrus.hzau.edu.cn/orange/), the
CsLOB1 coding sequence was amplified from ‘wanjincheng’
orange by PCR and cloned into the plant expression vector pGN
(Peng et al., 2017). Both CsLOB1 and flag:CsLOB1 (FLAG:CsLOB1,
which contains FLAG-tag peptide at its N-terminus: DYKDDDDK-
DYKDDDDK) were inserted separately downstream of a CaMV 35S
promoter to generate the overexpression constructs pOLOB1 and
pflag:LOB, respectively.

To construct the CsLOB1 RNAi vector, a 172-bp fragment at the
30-end of its coding sequence was amplified and cloned as an
inverted repeat between the intron from the Petunia hybrida Chal-
cone synthase A gene in the RNAi vector pFGC5941 (GenBank
accession nos. AY310901). Finally, this CsLOB1 RNAi construct
was transferred into pGN plasmid and inserted downstream of
CaMV 35S promoter to generate the RNAi construct pDLOB1,
which was used to transform ‘wanjincheng’ orange.

To examine the expression pattern, the promoter of CsLOB1
from ‘wanjincheng’ orange (Peng et al., 2017) was fused with the
GUS gene in pBI121 vector. The promoter was 497 bp long, which
was just upstream to the first codon ‘ATG’, and included its 50-un-
translated region sequence (Peng et al., 2017).

All the constructed plasmids were verified by sequencing,
and introduced into Agrobacterium tumefaciens EHA105 for
citrus transformation. The transgenic plants were generated
from ‘wanjincheng’ orange epicotyl explants by the A. tumefa-
ciens-mediated transformation, as described (Peng et al., 2015).
Transgenic plants were selected by GUS histochemical staining
and/or PCR amplification. All transgenic and WT control plants
were grafted onto Citrus junos Sieb. ex Tanaka rootstock in a
greenhouse. Up- and down-expression of CsLOB1 in
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overexpressing and RNAi-silencing CsLOB1 transgenic plants
were confirmed by RT-qPCR. Transgenic plants expressing
FLAG-CsLOB1 construct were also confirmed by immunoblot
with anti-FLAG antibodies (Abcam ab1162).

Microscopic observations

Wild-type and transgenic tissues were prepared for light micro-
scopic observations. Sample preparation of resin-embedded sec-
tions was done as described (Kim et al., 2009). Cross-slides were
made on Feica microtome (HEAD Biotechnology, Beijing, China).
The samples were stained with 0.01% (g L�1) aniline blue.

Fully mature leaves from 4-year-old plants of various genotypes
were used for stomata analysis. Rectangular (about
0.5 cm 9 1 cm) leaf tissues were floated on stomatal opening buf-
fer (10 mM MES, pH 6.15 and 30 mM KCl) under light for 3 h to
fully open the stomata, and then transferred into 3 mol L�1 NaOH
solution and were incubated for 15 min at 28°C. The treated tis-
sues were cleaned with ddH2O, and the lower epidermis were iso-
lated from the tissues and stained with 0.01% (g L�1) aniline blue.

All the samples were imaged by BX51 microscope system
equipped with a DP70 digital camera (Olympus, Tokyo, Japan).
Leaf thickness and layers, stomatal aperture, and cell size were
determined using ImageJ software.

Assays of susceptibility to Xanthomonas citri subsp. citri

in citrus

Assays of susceptibility to Xcc in transgenic plants were per-
formed using in vitro pinprick inoculation and in vivo infiltration,
as described by Peng et al. (2017). Fully mature healthy leaves of

transgenic and WT plants were infected with 1 9 108 CFU ml�1

Xcc. At 9 dpi, citrus canker development was recorded by pho-
tographing, and diseased areas and disease severity of leaves of
transgenic plants were determined using ImageJ software based
on the diseased index reported by Peng et al. (2017).

Bacterial growth assays were performed as described by Peng
et al. (2015), and had minor modification. Briefly, punctures were
made in fully mature leaves with a needle, then 1 µl Xcc suspen-
sion (1 9 108 CFU ml�1) was dropped onto each pinprick. Three
infected pinpricks per transgenic line including WT plants were
collected and pooled at 0–9 dpi. The mixed sample is a technical
repeat for every line. Three technical repeats were performed per
test. Bacterial growth was measured by direct counting of colony-
forming units. Bacterial growth was expressed using the number
of bacterial cells per pinprick (CFU pinprick�1).

Stomata-mediated susceptibility was further evaluated by the
spray inoculation (Yang et al., 2011). Ten fully expanded young
leaves per line were individually spray-inoculated with
1 9 108 CFU ml�1 Xcc and incubated in a growth chamber at 28°C,
under a 16-h photoperiod. Disease severity was assessed at 30 dpi.
The frequencies of diseased leaf were numbered. The images of
inoculated leaves were digitalized, and total and diseased leaf
areas were calculated by ImageJ software. The disease severity
was calculated by dividing the total diseased area with the total
area of inoculated leaves and expressed as a percentage.

For pathogen entry assays (Su et al., 2017), fully expanded
young leaves were first treated with 45 µmol m�2 sec�1 illumina-
tion for 2.5 h to fully open stomata, and then treated with
1 9 108 CFU ml�1 Xcc for 1 h. The treated leaves were washed
with 0.02% Silwet L-77 three times, and then with sterilized water

Figure 7. Proposed model of action of CsLOB1 in

regulating susceptibility to citrus canker disease.

CsLOB1 expression is induced by the PthA4 effector

that is translocated to the host cell by Xan-

thomonas citri subsp. citri (Xcc). In turn, CsLOB1

targets downstream host genes involved in pectin

depolymerization, accumulation of expansins, cell

division, and CK and BR hormone signaling path-

ways. Depolymerization of pectin and increase of

expansin proteins result in cell wall modification,

loosing and degradation, which together with acti-

vation of cell division factors and CK and BR hor-

mone pathways enhance host cell proliferation and

facilitate pathogen feeding and growth at infected

sites. Activation of CsLOB1-targeted genes leads to

the host cell over-proliferation and thereby favors

pustule formation. Overall, host cell changes trig-

gered by induction of CsLOB1 promote citrus can-

ker development. CK, cytokinin; BR,

brassinosteroid.
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three times. Pathogen entry was measured by direct counting of
colony-forming units.

All the above tests were repeated three times.

RNA-seq and analysis

For transcriptome analysis, three biological replicates per
selected transgenic and WT plants were performed. Total RNAs
from fully mature leaves were used to construct sequencing
libraries. RNA preparation and sequencing library construction
were performed as described by Zou et al. (2019). The libraries
were sequenced with the Illumina Hiseq 2500 platform (Novo-
gene, Beijing, China). Adaptor, rRNA and tRNA sequences were
filtered from raw reads using Bowtie2 (Langmead and Salzberg,
2012) and, then, all the clean reads were mapped to sweet
orange genome (http://citrus.hzau.edu.cn/orange/index.php) by
HISAT 2.0.5 software (Kim et al., 2015a). Quantification of read
counts per gene in all biological replicates was estimated by fea-
tureCounts (Liao et al., 2014). Using WT as control, DEGs in
transgenic plants were screened according to the following
thresholds of |fold change| ≥ 1.5, and adjusted P-value < 0.05
using the DESeq2 package (Love et al., 2014). Gene functions
were also annotated based on Nr, Nt, Pfam, KOG/COG, Swiss-
Prot, KO and GO databases.

MapMan software (Thimm et al., 2010) was used to visualize
the RNA-seq data as described previously (Zou et al., 2019). Map-
Man uses a plant-specific ontology that classifies genes into
well-defined hierarchical pathway or function categories, denom-
inated BINs. Briefly, all genes from the RNA-seq data were firstly
assigned to BINs using the Mercator automated annotation pipe-
line (http://mapman.gabipd.org/web/guest/mercator) to construct
a MapMan BINs annotation file and, then, all the DEGs from
every transgenic line were mapped to the file to visualize Map-
Man pathways or functions. Differentially represented MapMan
pathways or functions were defined by a two-tailed Wilcoxon
rank sum test corrected by the Benjamin–Hochberg method
(FDR ≤ 0.05).

ChIP-seq and analysis

The ChIP-seq assays were performed according to the method pre-
viously described by Li et al. (2017). Briefly, 1 g transgenic citrus
leaves with flag:CsLOB1 was harvested and cross-linked with 1%
(v/v) formaldehyde for 10 min, and quenched by addition of
125 mmol L�1 glycine. Subsequently, the chromatins were iso-
lated, sonicated and immunoprecipitated with polyclonal anti-
FLAG antibodies (Abcam ab1162). The ChIP DNA and input DNA
were recovered and dissolved in water for ChIP-seq. Immunopre-
cipitated DNA was used to construct sequencing libraries following
the protocol provided by the I NEXTFLEX� ChIP-Seq Library Prep
Kit for Illumina� Sequencing (NOVA-514120; Bioo Scientific, Bei-
jing, China), and then sequenced on Illumina Hiseq 2500 platform
(Novogene) with PE 150 method. Clean reads were mapped to the
sweet orange genome by Bwa (version 0.7.15; Li and Richard,
2010). Samtools (version 1.3.1) was used to remove potential PCR
duplicates (Li et al., 2010). MACS2 software (version
2.1.1.20160309) was used to call peaks by default parameters
(bandwidth, 300 bp; model fold, 5, 50; q-value, 0.05). If the summit
of a peak is located closest to the TSS (the nearest transcription
start site) of one gene, the peak will be assigned to that gene (Sal-
mon-Divon et al., 2010). HOMER (version3) was used to predict
motif occurrence within peaks with default settings for a maxi-
mum motif length of 14 base pairs (Hull et al., 2013). Overlapping
peaks between biological replicates were retrieved using the R
package BEDTools with default parameters (Patwardhan et al.,

2019). GO enrichment analysis of the CslOB1-targeted genes was
conducted in the Biocloud website (BioMarker Technologies Illu-
mina, Shanghai, China) using all unigenes from the C. sinensis
genome database (Xu et al., 2013) as background reference. Dif-
ferentially represented GO terms were screened based on P-val-
ues (P < 0.05).

Measurement of cell wall components

Full mature leaf was used to investigate cell wall-related compo-
nents in transgenic plants. Isolation and activity detection of CL,
HCL, PG, PE, PL and EXGT enzymes were performed according to
the protocols of the corresponding enzyme activity detection kits
(Sino Best Biological Technology, Shanghai, China). Isolation and
content determination of protopectin, soluble pectin, hemicellu-
lose, cellulose and lignin were also carried out according to the
protocols of the corresponding quantitative kits (Sino Best Biologi-
cal Technology). Expansin protein extraction and its content mea-
surement were determined using the plant expansin ELISA kits
(Sino Best Biological Technology).

RT-qPCR analysis

The primers used for this experiment are listed in Table S6. Citrus
total RNA was isolated using the EASYspin Plant RNA Extraction
Kit following the manufacturer’s instructions (Aidlab, Beijing,
China). RNA was reverse transcribed into cDNA using the
iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The
detection of gene expression was performed by PCR using the iQTM

SYBR Green Supermix (Bio-Rad), as previously described (Zou
et al., 2019). The relative expression levels were calculated by the
2�DDCt method (Livak and Schmittgen, 2002), and the citrus actin
gene (Zou et al., 2019) was used for normalization.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. CsLOB1 expression analysis in the presence of ZT, BL,
GA or ABA hormones in ‘wanjincheng’ orange leaf. CsLOB1
expressions in treated leaf were determined by RT-qPCR. Relative
expression levels were calculated by comparing with mock con-
trol. Values are expressed as means � standard deviation of three
independent tests. No significantly induced expression was
detected at 12, 24, 36 and 48 h after hormone treatment compared
with that at 0 h (a Duncan’s test, P < 0.05). ZT, zeatin; BL, brassi-
nolide; GA, gibberellin; ABA, abscisic acid.

Figure S2. Relative expression analysis of CsLOB1 transgenic
plants. (a) T-DNA structure of the pOLOB1 and pDLOB1 vectors.
CaMV 35S, tobacco Cauliflower mosaic virus 35S promoter; GUS:
NPTII, fusion of b-glucuronidase and neomycin phosphotrans-
ferase genes; nos, nos terminator; LB, left border; RB, right bor-
der; CHSA intron, the intron from the Petunia hybrida Chalcone
synthase A gene. (b) and (c) Compared with WT control plants,
the relative expression of CsLOB1 in transgenic plants was deter-
mined by RT-qPCR. Citrus actin gene was used as reference. Total
RNAs were extracted from three fully mature leaves per line. For
WT control, three fully mature leaves were harvested from three
plants. Values are expressed as means � standard deviation of
three independent tests. Relative folds were shown by Log2 (rela-
tive expression). WT, wild type; O#, CsLOB1-overexpressing trans-
genic lines; D#, CsLOB1-silenced transgenic lines. The data
showed that seven out of 11 CsLOB1-overexpressing plants had
high levels of gene expression, and eight out of 14 CsLOB1-si-
lenced plants had significantly decreased gene expression, com-
pared with WT plants.

Figure S3. Phenotypes of 1-year-old transgenic plants in green-
house. WT, wild type; O#, CsLOB1-overexpressing transgenic
lines; D#, CsLOB1-silenced transgenic lines.

Figure S4. Phenotypes of 4-year-old transgenic plants in green-
house. WT, wild type; O#, CsLOB1-overexpressing transgenic
lines; D#, CsLOB1-silenced transgenic lines.

Figure S5. Leaf shapes of transgenic plants growing in a green-
house. (a) The representative leaves of transgenic and WT plants.
The longitudinal (b), transverse (c) diameters, leaf shape index
(length/width) (d) and leaf area (e) of 4-year-old transgenic plants
were evaluated using 20 leaves per line. Values are expressed as
means � standard deviation of three independent tests. Different
letters on top of the bars represent significant differences from
WT controls based on Duncan’s test (P < 0.05). WT, wild type; O#,
CsLOB1-overexpressing transgenic lines; D#, CsLOB1-silenced
transgenic lines.

Figure S6. Development of adventitious buds (red arrowheads)
and pustule- and canker-like bulges (red arrows) in 4-year-old
transgenic plants overexpressing CsLOB1 in greenhouse. WT, wild
type; O#, CsLOB1-overexpressing transgenic lines.

Figure S7. Pustule- and canker-like bulges in leaves from 4-year-
old transgenic plants overexpressing CsLOB1 in greenhouse. WT,
wild-type.

Figure S8. Pustule- and canker-like bulges in stems from 4-year-
old transgenic plants overexpressing CsLOB1 in greenhouse. WT,
wild-type; O#, CsLOB1-overexpressing transgenic lines.

Figure S9. Relative expression of CsLOB1 in different tissues from
O2 and O15 transgenic lines. Gene expressions in bulge-like and
normal tissues of leaf, adventitious and normal buds from O2 and
O15 transgenic lines were investigated by RT-qPCR using WT

tissues as control. The data showed that CsLOB1 expression levels
in bulge-like tissues (a) and in adventitious buds (b) were obvi-
ously higher than these in normal tissues and buds, respectively.
Actin gene was used as an internal control. Values are expressed
as means � standard deviation of three independent tests. *Rep-
resents significant differences from WT controls based on Dun-
can’s test (P < 0.05). WT, wild type; O#, CsLOB1-overexpressing
transgenic lines.

Figure S10. Evaluation of susceptibility to Xanthomonas citri
subsp. citri (Xcc) in transgenic plants. Fully mature healthy leaves
of transgenic and WT plants were infected with 1 9 108 CFU ml�1

Xcc. Leaf disease areas (mm2) caused by Xcc infection were deter-
mined at 9 days post-inoculation (dpi). Values are expressed as
means � standard deviation of three independent tests. Different
letters on top of the bars represent significant differences from
WT controls based on Duncan’s test (P < 0.05). In (a), scale
bar: 1 cm. WT, wild type; O#, CsLOB1-overexpressing transgenic
lines; D#, CsLOB1-silenced transgenic lines.

Figure S11. In vivo assay of citrus canker susceptibility on trans-
genic plants. Leaves were infiltrated with Xanthomonas citri
subsp. citri (Xcc) suspensions. Fully mature healthy leaves of
transgenic and WT plants were infected with 1 9 108 CFU ml�1

Xcc. Photographs were recorded 8 days after infiltration. O2 and
O15, CsLOB1-overexpressing transgenic lines; WT, wild-type; D3
and D4, CsLOB1-silenced transgenic lines.

Figure S12. Expression levels of CsLOB1 in response to inoculation
of Xanthomonas citri subsp. citri (Xcc) in CsLOB1-silenced trans-
genic lines D3 and D4. Fully mature healthy leaves of transgenic
and WT plants were infected with 1 9 108 CFU ml�1 Xcc by infiltra-
tion. Relative expressions of CsLOB1 in leaves were determined by
RT-qPCR at 1, 3, 5, 7 and 9 dpi (days post-inoculation). Values are
expressed as means � standard deviation of three independent
tests. *Represent significant differences from WT controls based on
Duncan’s test (P < 0.05). The data showed that the Xcc-induced
expression levels of CsLOB1 in CsLOB1-silenced transgenic lines
were remarkedly lower than those of the WT control.

Figure S13. Changes of stomata aperture in leaf of transgenic
plants. (a) and (b) Microscopic observation of stomata aperture in
fully mature leaf from transgenic plants. The slides were stained
with 0.01% (g L�1) aniline blue. White arrowheads indicated the
keratinous protuberance outside stomatal guard cell wall; double
arrows indicated the size of stomata entry. Scale bar: 50 µm. (c)
The opening area and length and width of stomatal aperture were
evaluated using 20 slides from six leaves per line. Values are
expressed as means � standard deviation of three independent
experiments. ‘*’ on top of the bars represents significant differ-
ences from WT controls based on Duncan’s test (P < 0.05). O2 and
O15, CsLOB1-overexpressing transgenic lines; WT, wild-type; D3
and D4, CsLOB1-silenced transgenic lines.

Figure S14. Overview of RNA-seq data from four transgenic
plants. (a) Volcano plot (significance versus fold change) of signifi-
cantly altered genes (|fold change |≥ 1.5 and FDR < 0.05) between
transgenic and WT plants. (b) Venn diagrams showing the over-
laps of DEGs among transgenic lines.

Figure S15. Validation of DEGs by RT-qPCR analysis. Relative
expressions of 32 selected DEGs regulated by CsLOB1. The y-axis
on the left shows corresponding expression data of DEGs (gray
histogram), while the y-axis on the right shows the relative
expressions analyzed by RT-qPCR (black lines). Actin gene was
used as an internal control. Values are expressed as means � s-
tandard deviation of three independent tests. O2 and O15,
CsLOB1-overexpressing transgenic lines; WT, wild-type; D3 and
D4, CsLOB1-silenced transgenic lines.
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Figure S16. Characterization of flag:CsLOB1 transgenic plants. (a)
Expression levels of flag:CsLOB1 in transgenic plants compared
with WT control. Relative expressions of flag:CsLOB1 in transgenic
plants were determined by RT-qPCR, using the citrus actin gene
as reference. Values are expressed as means � standard deviation
of three independent experiments. (b) Western blotting analysis of
FLAG:CsLOB1 proteins in transgenic plants. Leaf protein was blot-
ted and probed with anti-FLAG tag and b-actin antibodies. b-actin
was used as a loading control. The result showed that flag:
CsLOB1-1 and flag:CsLOB1-2 plant lines had high levels of FLAG:
CsLOB1 proteins. Thus, the two plants were used in the ChIP-seq
experiment.

Figure S17. Overview of ChIP-seq data from two biological repli-
cates. Number of total reads, mapped reads and unique reads in
each data set are shown. R1-ChIP and R2-ChIP, replicate 1 and 2
tests, respectively; R1-Input and R2-Input, replicate 1 and 2 con-
trols, respectively. The value was expressed in exponential nota-
tion, replacing part of the number with E + n, where E multiplies
the preceding number by 10 to the nth power.

Figure S18. The irreproducible discovery rate (IDR) framework for
assessing the reproducibility of ChIP-seq data sets. (a) Scatter
plots of ranks of peaks that overlap each pair of replicates. Note
that low ranks correspond to high signal and vice versa. (b) Scat-
ter plots of signal scores of peaks that overlap two replicates. (c)
and (d) The estimated IDR as a function of different rank thresh-
olds.

Figure S19. Distribution of the distance of the center of the peaks
to the nearest TSS in the two biological replicates.

Figure S20. Analysis of putative CsLOB1-targeted genes. (a) Inter-
section analysis of ChIP-seq and RNA-seq data. Through the 565
CsLOB1-targeted genes shared by the two replicates (Repli-
cate1_2) in ChIP-seq results, intersection analysis was performed
among ChIP-seq and RNA-seq data of the O2 and O15 lines. (b)
Expression analysis of 10 CsLOB1-targeted genes during Xan-
thomonas citri subsp. citri infection. Transcript levels in leaves
were determined by RT-qPCR at 1, 2, 3 and 5 days post-inocula-
tion (dpi). Values are expressed as means � standard deviation of
three independent tests.

Table S1. Survival rate of transgenic plants via grafting.

Table S2. Stomatal density in transgenic plants.

Table S3. Summary of sequencing data for each sample.

Table S4. Mapping summary of sequencing data for each sample.

Table S5. Statistical analysis of DEGs in transgenic plants.

Table S6. Primers used in this study.

Data S1. Gene expression levels in all biological replicates were
estimated by featureCounts.

Data S2. Upregulated DEGs shared by the O2 and O15 lines.

Data S3. MapMan BINs significantly enriched in transgenic plants.

Data S4. Significantly enriched cellular pathways or functions and
related DEGs in the O2 and O15 lines.

Data S5. Overlapping peaks shared by replicates 1 and 2.

Data S6. GO enrichment of CsLOB1-targeted genes shared by
replicates 1 and 2.

Data S7. CsLOB1-targeted transcription factor genes shared by
replicates 1 and 2.
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