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Citrus transcription factor
CsERF1 is involved in the
response to citrus
tristeza disease

Qi Chen', Fulin Yan', Jing Liu, Zhipeng Xie, Junyao Jiang,
Jiamei Liang, Jing Chen, Huanhuan Wang and Jinxiang Liu*
National Citrus Engineering and Technology Research Center, Citrus Research Institute, Southwest

University/Integrative Science Center of Germplasm Creation in Western China (CHONGQING)
Science City, Citrus Research Institute, Southwest University, Chongging, China

Introduction: Citrus tristeza virus (CTV) is a threat to the citrus production and
causes severe economic losses to the citrus industry. Ethylene response factors
(ERFs) play important roles in plant growth and stress responses. Although ERF
genes have been widely studied in model plants, little is known about their role in
biological stress responses in fruit trees, such as citrus. CsERF1 belongs to the
citrus AP2/ERF transcription factor family.

Methods: To determine the role of CsERF1 on CTV resistance in citrus and the
effects of the exongenous hormone application on CsERF1 in citrus, the
expression of related genes was quantitatively analyzed by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) in this study.

Results: The expression profile showed that the expression level of CSERF1 in
roots was significantly lower under CTV infection than in healthy plants, while the
expression level in stems was significantly increased. CsERF1 responded to
exogenous salicylic acid (SA) and methyl jasmonate (MeJA) treatments. The
CTV titer in RNAI-CsERF1 transgenic sweet orange plants significantly
increased. Furthermore, CsERF1-overexpressing and RNAI-CsERF1 transgenic
sweet orange plants exhibited differential expression of genes involved in
jasmonic acid (JA) and SA signaling.

Discussion: These results suggest that CsERF1 mediates CTV resistance by
regulating the JA and SA signaling pathways. The results of this study provide
new clues as to the citrus defence response against CTV. It is of great significance
to create citrus germplasm resources resistant to recession disease.

KEYWORDS

citrus, citrus tristeza virus, CsERF1, salicylic acid, jasmonic acid

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2024.1528348&domain=pdf&date_stamp=2025-01-14
mailto:jxliu@swu.edu.cn
https://doi.org/10.3389/fpls.2024.1528348
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2024.1528348
https://www.frontiersin.org/journals/plant-science

Chen et al.

1 Introduction

Citrus is one of the major fruit tree crops throughout the world.
However, citrus production is limited by disease. Tristeza, which
causes great economic losses in the citrus industry, is caused by
citrus tristeza virus (CTV), a member of the genus Closterovirus in
the family Closteroviridae. During the last century, severe
epidemics of quick decline caused by CTV have killed almost 100
million citrus trees grown on sour orange rootstock worldwide
(Catara et al, 2021). Citrus plants infected with CTV show
developmental retardation, seedling yellowing, wilting, stem
pitting, and small fruit, which affect citrus quality and yield
(Dawson et al, 2015; Garnsey et al., 2005). Presently, the only
possibility to protect susceptible commercial varieties from virulent
CTV isolates is classical cross protection with mild CTV isolates,
but the effectiveness of protection was influenced by regional
condition and host factors (Folimonova et al., 2020). Thus,
investigating the pathogenesis of CTV is essential for generating
CTV-resistant citrus germplasm in citrus cultivar breeding.

Members of the ethylene response factor (ERF) subfamily, a
branch of the APETALA2/ETHYLENE RESPONSIVE FACTOR
(AP2/ERF) superfamily, play important roles in plant
morphogenesis, stress response mechanisms, and metabolite
regulation (Feng et al, 2020; Yin et al, 2021). Furthermore,
studies have indicated that ERF transcription factors specifically
bind to the GCC element (AGCCGCC) to activate or suppress the
transcription of target genes (Fujimoto et al., 2000; Liang et al,
2008) involved in pathogen infection and disease resistance in
plants. For example, OsBIERF3 overexpression enhances disease
resistance and salt tolerance in transgenic tobacco, while increased
expression levels of the defense-related PR-1a gene have also been
detected (Cao et al., 2005). AtERF4 and AtERFI4 in Arabidopsis
thaliana play a key role in plant resistance responses to the
necrotrophic fungal pathogen Fusarium oxysporum (McGrath
et al, 2005; Onate-Sanche et al., 2007). TSRFI overexpression in
tobacco and tomato enhances the resistance of transgenic plants to
Ralstonia solanacearum (Zhang et al., 2004). In contrast, AtERFI19
overexpression increased plant susceptibility to Botrytis cinerea and
Pseudomonas syringae and inhibited pathogen-associated molecular
pattern (PAMP)-triggered immunity (PTI) (Huang et al., 2019).
OsERF922-overexpressing rice plants showed reduced expression of
defense-related genes and enhanced susceptibility to Magnaporthe
oryzae (Liu et al., 2012). The function of ERF genes in response to
the pathogen differs, depending on the gene, pathogen, and host
plant. Although AP2/ERF genes have been widely studied in model
plants, such as Arabidopsis thaliana, little is known about their role
in biological stress responses in perennial fruit crops, such as citrus.

ERF transcription factors are also an important regulatory site of
the plant hormone defense signal crossing pathway, participating in
salicylic acid (SA), jasmonic acid (JA), and other hormone signal
defense pathways. For example, SIERFOI has been shown to enhance
tomato disease resistance through SA and JA defense pathways.
SIERFOI of the tomato ERF family is induced by exogenous SA and
JA application, which activate the expression of the PRI gene and
enhance resistance to Stemphylum lycopersici (Yang et al., 2020). MeJA
treatment induces the expression of NtERFI, NtERF32, and NtERFI21
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in tobacco (Sears et al, 2014). Therefore, ERF transcription factor
expression responds to pathogens and defense-related hormones, such
as SA and JA, during stress.

The role of CsERFI in plant virus infection has not yet been
characterized. In this study, we clarified CsERFI expression under
CTV infection and hormone treatment to determine its function in
CTV resistance in sweet orange. Furthermore, the effect of CsERF1
on CTV infection and the expression of key SA and JA signaling
pathway genes in CsERFI-overexpressing and RNAi-CsERF1
transgenic sweet orange plants were analyzed. The results showed
the response of CsERF1 to CTV infection, laying a foundation for
further understanding the function of CsERF1 in pathogen
infection and the molecular mechanisms of disease resistance
in citrus.

2 Materials and methods
2.1 Plant material

Nicotiana benthamiana seedlings were maintained in a growth
chamber at 25°C with a 16/8h light/dark photoperiod.
Agrobacterium tumefaciens infiltration was conducted on N.
benthamiana leaves at the four- to six-leaf stage. Two-year-old
sweet orange was used as a rootstock to propagate the obtained
RNAIi-CsERF1 transgenic plants. One-year-old healthy sweet
orange seedlings (Madam virons) were treated with exogenous
hormones, and plants used in tissue-specific experiments were 5-
year-old healthy sweet orange seedlings and sweet orange seedlings
infected with CTV, which were stored in the greenhouse of Citrus
Research Institute of Southwest University for future use.

2.2 Domain analysis and cis-regulatory
elements analysis

The conserved domains of the CsERFI protein were analyzed
using the SMART website (http://smart.embl-heidelberg.de/)
(Schultz et al., 2000). The promoter of CsERF1 (>Cs5g08360) was
downloaded from the Citrus Pan-genome to Breeding Database
(CPBD) website (http://citrus.hzau.edu.cn/orange/). The cis-
regulatory elements of the CsERF1 gene promoter were analyzed
using the PlantCARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (Lescot et al, 2002). A comparative
analysis of the promoter structure of the CsERF1 gene was
performed using TBtools (Toolkit for Biologists integrating
various biological data-handling tools) (Chen et al., 2020).

2.3 Multiple sequence alignment and
Phylogenetic tree construction

The amino acid sequences of Arabidopsis thaliana (AtERF1,
NP567530.4), Nicotiana tabacum (NtERF2, NP001311965.1), Malus
domestica (MdERF1-like, NP001315734.1), Vitis vinifera (VVERF2,
RVW50777.1), Prunus persica (PpERF1A, XP007209449.1), Pyrus
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bretschneideri (PbERF2-like, XP009369170.1), Populus euphratica
(PeERF2, XP011031947.1), Oryza sativa (OsERF2, XP015623259.1),
Dimocarpus longan (DIERF1-like, AKE49472.1), Gossypium hirsutum
(GhERF2, XP016716223.1), Theobroma cacao (TcERF2, XP007039732.2)
and Durio zibethinus (DzERF2-like, XP022718595.1) were searched by
BLAST on NCBI website (https://www.ncbinlm.nih.gov/). Multiple
sequence alignment was performed using DNAMAN software.
The protein sequences were used to construct a phylogenetic tree
using MEGA 7.0 software with Neighbour-joining method and a
bootstrap of 2000 replicates (Kumar et al., 2016).

2.4 Subcellular localization of CsERF1
in N. benthamiana

Full-length CsERF1 was fused with red fluorescent protein (REP)
at the BamH 1 and Xho I sites of the pBI121-RFP vector to obtain
pBI121-CsERF1-RFP. The construct was individually transformed into
Agrobacterium tumefaciens GV3101 and infiltrated into N.
benthamiana. H2B-GFP was used as nuclear markers. At 48 hours
post-inoculation (hpi), fluorescence images of the epidermal cells in
infiltrated N. benthamiana leaves were obtained using a scanning
confocal microscope (FV3000; Olympus).

2.5 Hormone treatment

One-year-old healthy sweet orange seedlings were treated with
exogenous hormones. 2 mmoL/L SA and 200 umoL/L MeJA were
used as two experimental groups, and ddH,O containing 2%
ethanol and 0.1% Tween 20 was used as a control group. Each
treatment and control group comprised 15 sweet orange seedlings.
The optimum condition was uniform wet dripping on the leaf
surface. The 3rd-6th leaves from the top of 3 potted seedlings were
collected at 0, 3, 6, 12, and 24 h after treatment. The samples were
frozen in liquid nitrogen and stored at —80°C until further use.

2.6 Citrus transformation

Plant binary expression vector pLGN with a double 35S promoter
was used to construct transgenic Wanjincheng orange for
overexpressing CsERFI. The full-length coding sequence (CDS) of
CsERFI was amplified from Wanjincheng orange using the primers
pLGN-CsERF1-F/R and cloned into pLGN vector at BamH I and EcoR1
sites. A 230 bp fragment of CsERFI was amplified using the primers
RNAi-CsERF1 230Ff/r and RNAi-CsERF1 230Rf/r by PCR with 5’ sites
for Asc I and Swa I and 3’ sites for EcoR I and BamH 1. The fragments
were used as an inverted repeat placed in the RNAi vector puc-RNAI.
The primers for vector construction are displayed in Supplementary
Table SI. The construction was confirmed by sequencing and
transformed into Agrobacterium tumefaciens EHA105. Citrus
transformation was performed as previously described, and confirmed
by PCR and B-glucuronidase (GUS) histochemical staining using GUS
stain (solarbio) (Zou et al., 2017). Transgenic pLGN-CsERF1 and puc-
RNAi-CsERF1 Wanjincheng orange lines were recovered by grafting on
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2-year-old virus-free sweet oranges (one to three plants per transgenic
line) and maintained in a greenhouse at 23 - 25°C.

2.7 Inoculation with CTV

Two-year-old sweet orange was used as a rootstock to propagate
the obtained one RNAi-CsERF1 transgenic plant, and eight plants
were obtained. Three transgenic and empty vector seedlings were
graft inoculated with the CT14A isolate in the greenhouse. The
shoots and skins of CT14A sweet orange toxic source were
randomly selected, and 2 buds and 1 skin were grafted on each
interfered transgenic seedling and empty seedling. The expression
of p25 coat protein (CP) gene of CTV was detected using RT-qPCR
at 45 days post-inoculation (dpi). The primers used for RT-qPCR
are listed in Supplementary Table S1.

2.8 Total nucleic acid extraction and RT-
qPCR analysis

Citrus DNA extraction was performed using the to Biospin
Universal Plant Genome DNA Extraction Kit. Expression levels of
CsERFI, p25, CsPRI, NPRI, PR5, PR1, TGA, MYC2, JAZ and LOX2
genes were analyzed by RT-qPCR. Total RNA was extracted from
citrus samples using RNAisoPlus (Takara). cDNA was synthesized
using All-in-One5xRTMasterMix reverse transcriptase kit (ABM). RT-
gPCR was performed using BlasTaq TM 2x qPCR MasterMix premix
(ABM). CsCOX was used as an internal control gene (Li et al., 2006).
Each experiment was performed in triplicate along with the internal
control gene. The target gene content was calculated using the 274"
method (Livak and Schmittgen, 2001). The primers used for RT-qPCR
are listed in Supplementary Table S1.

2.9 Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 and
data were expressed as mean + standard deviation (SD) of three
biological replicates. Dunnett’s test was used at p <0.001 level to
assess significant differences in gene expression.

3 Results

3.1 Expression analysis of CsERF1 gene in
different citrus tissues

To explore the potential role of the CsERFI gene in biological stress
and its expression pattern in different citrus tissues, the total RNA was
extracted from roots, stems, and leaves of healthy and CT14A-infected
sweet oranges, and the relative expression of the CsERFI gene was
detected by RT-qPCR. As shown in Figure 1, the CsERFI gene was
expressed in all citrus tissues, but there were differences in expression
between tissues. CsERFI gene expression in leaves and roots was
significantly higher than that in stems. CsERFI gene expression
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Tissue-specific expression of CSERF1 in healthy and CTV-infected Citrus. CsCOX was used as internal control gene, ns, not significant, *P < 0.05,

**P < 0.01, determined by two-way ANOVA using Dunnett’s test.

decreased significantly in roots and increased significantly in stems
under CTV infection, indicating that CsERFI gene expression was tissue
specific and that the CsERFI gene responded to CTV infection, which
suggests its regulatory role in CTV stress.

3.2 Analysis of domain and cis-regulatory
elements of CsERF1

Analysis with SMART revealed that the CsERF1 protein had an
AP2 domain located at 138-202 aa (Figure 2). To further explore the
regulatory mechanism of CsERF1, cis-elements were scanned in the
promoter region of CSERF1. A 2000-bp sequence upstream of the
translation start was considered a putative promoter region to analyze
the distribution of cis-regulatory elements. CsERF1 was mainly
regulated by physiological stress (Supplementary Table 52). CsERF1
contained by four phytohormone response elements: one SA response-
related element, one auxin response-related element, seven ABA
response-related elements, and four MeJA response-related
elements (Figure 3).

3.3 Multiple sequence alignment and
phylogenetic tree construction of CsERF1

To understand the genetic relationship of the CsERF1 protein in
different plants, a phylogenetic tree was constructed (Figure 4). The
amino acid sequence of CsERF1 had relatively high similarity with

112

FIGURE 2
CsERF1 protein structural domain.

Frontiers in Plant Science

13

04

longan, durian, cacao tree, upland cotton, apple, and pear (64.49,
64.26, 64.1, 61.28, 61.23, and 61.11%, respectively) and relatively
lower similarity with peach, poplar, tobacco, Arabidopsis thaliana,
grape, and rice (59.07, 57.24, 56.44, 54.98, 52.08, and 49.76%,
respectively). Phylogenetic tree analysis showed that CsERF1 and
DIERFI1-like were clustered together and had the closest genetic
relationship, suggesting that they had similar functions.

3.4 Subcellular localization of CsERF1

In this study, ERF1-RFP and H2B-GFP were transiently
expressed in N.benthamiana leaves to determine the subcellular
localization of CSERF1 protein. Fluorescence observation at 48 hpi
showed that ERF1-RFP fusion protein successfully expressed red
fluorescence and localized in the nucleus (Figure 5).

3.5 Expression analysis of CsERF1 under
exogenous SA and MeJA
hormone treatment

After exogenous hormone application, total RNA was extracted
from the leaves, and gene expression was analyzed by RT-qPCR.
Under exogenous SA treatment, the expression levels of CsERFI
were 0.41 and 0.59 times higher than that of the control at 3 and 6
hpi, respectively, increasing to a maximum of 1.62 times at 12 hpi
and then decreasing to 0.64 times at 24 hpi. Therefore, exogenous

]
14 229

200
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Cis-regulatory element analyses of CsERF1. The cis-elements were characterized and indicated by labeling with different colors.

SA inhibited CsERFI expression at an early stage. Compared to
control, the expression level of CsERFI was upregulated and then
downregulated after exogenous MeJA treatment, reaching a
maximum of 2.23-fold at 6 hpi and dropping abruptly to 0.61-
fold at 12 hpi (Figure 6). Exogenous MeJA inhibited the expression
of CsERFI at 12 hpi. These results suggest that CsERFI plays an
important role in responding to hormonal defense signals.

3.6 Acquisition of transgenic plants

The interference expression vector puc-RNAi-CsERF1 and the
overexpression vector pLGN-CsERF1 were transformed into the
Wanjincheng (Citrus sinensis) via Agrobacterium-mediated epicotyl
transformation. Three independent CsERFI overexpression transgenic
lines (OE1-3) and one independent CsERFI interference transgenic
line were detected by GUS histochemical staining, PCR and RT-qPCR
identification. In addition, no significant phenotypic differences were
observed between transgenic CsERFI and wild-type (WT) sweet
orange during the observation period of 6 months to 1 year (Figure 7).

3.7 Effect of RNAI-CsERF1 transgenic plants
on CTV infection

The effect of RNAi-CsERF1 transgenic plants on CTV infection
was evaluated by determining the expression levels of p25 in plants
using RT-qPCR. At 45 dpi, CTV was detected in both transgenic and
control plants, but p25 expression levels were significantly higher in
RNAI-CsERF1 transgenic plants than in control plants (Figure 8).
Therefore, CsERF1 interference promoted CTV infection.

3.8 Expression of JA and SA signaling
pathway genes in CsERF1 transgenic plants

To further investigate the effect of CsERF1 on SA and JA
signaling pathway-related genes, we employed RT-qPCR to
investigate transcriptional changes in NPRI, PR5, PRI, and TGA in
SA pathways and MYC2, JAZ, and LOX2 in JA pathways in CsERF1-
overexpressing and RNAi-CsERF1 transgenic plants. NPRI, a
positive regulator of the SA pathway (Chen et al, 2013), and PRI,
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a activator gene of SAR (Fu and Dong, 2013), were upregulated in
overexpressing transgenic citrus, indicating that overexpressing
CsERFI activated the SA defense pathway (Figure 9A). The JA
synthesis gene LOX2 was upregulated (Wasternack and Hause,
2013). MYC2, a positive regulatory element of JA signaling
(Dombrecht et al,, 2007), was downregulated, and JAZ, an inhibitor
of the JA pathway (Thines et al., 2007), was upregulated, indicating
that CsERFI1 overexpression inhibited the JA defense pathway
(Figure 9B), consistent with the results showing that CsERF1
expression was antagonized by SA and JA in the exogenous

hormone application experiment.

4 Discussion

At present, the function of AP2/ERF transcription factors is an
important research topic. ERF genes have been widely studied in
model plants, but the gene function of the AP2/ERF gene family in
sweet orange is relatively less studied. The AP2/ERF superfamily is an
important transcription factor group involved in plant growth,
development and stress responses (Ma et al.,, 2024). Zhang found
that the expression levels of MdERFI00 in apples were significantly
higher in roots and leaves than in stems (Zhang, 2022). Consistent
with these results, the results of the present study showed that the
expression patterns of the CsERFI gene differed in citrus roots, stems,
and leaves and that the expression level of this gene was higher in
roots and leaves than in stems. The expression level of CsERFI gene
was significantly reduced in the roots of citrus and was significantly
increased in the stems after CTV infection. As we know, CTV is a
phloem-restricted virus, indicating that CsSERF1 can respond to CTV
stress. The subcellular localization of proteins plays an important role
in revealing their biological functions. Most transcription factors are
localized in the nucleus to regulate the transcription of downstream
genes, thus realizing their biological functions (Mei et al., 2018). This
study also found that CsERF1 transcription factor is localized in the
nucleus, and CsERFI has high homology (64.49%) with ERF1-like
amino acid sequence from longan.

Many studies have shown that the expression levels of the ERF
family change after treatment with pathogens and exogenous
hormones. An ERF gene CaPTII was induced by Phytophthora
capsici, SA, MeJA and ethephon (ETH), and the expression of
CaERF5 gene was up-regulated (Nie and Wang, 2023). Arabidopsis
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FIGURE 4

ERF amino acid sequence alignment (A) and phylogenetic analysis of differen
joining method and the bootstrap test (2000 replicates). CSERF1, citrus ERF1,
PeERF2, Populus euphratica ERF2, XP011031947.1; GhERF2, Gossypium hirsu

t species (B). The phylogenetic tree was generated using the neighbor-
Cs5g08360.1; DIERF1-like, Dimocarpus longan ERF1-like, AKE49472.1;
tum ERF2, XP016716223.1; TcERF2, Theobroma cacao ERF2,

XP007039732.2; DzERF2-like, Durio zibethinus ERF2-like, XP022718595.1; PpERF1A, Prunus persica ERF1A, XP007209449.1; MAERF1-like, Malus

domestica ERF1-like, NP001315734.1; PbERF2-like, Pyrus x bretschneideri ER
OsERF2, Oryza sativa Japonica Group ERF2, XP015623259.1; AtERF1, Arabido
ERF2, NPO01311965.1.

thaliana At4g13040 is a member of the AP2/ERF family. At4¢13040
is a positive regulator of disease defense that functions upstream of
SA accumulation. The gene is upregulated in pathogen inoculation

and exogenous SA treatment (Giri et al., 2014). In the present study,
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F2-like, XP009369170.1; VERF2, Vitis vinifera ERF2, RVW50777.1;
psis thaliana ERF1, NP567530.4; NtERF2, Nicotiana tabacum

CsERFI expression was inhibited by exogenous SA but induced by
exogenous MeJA in the early stage of hormone treatment,
suggesting that CsERF1 plays an important role in the response
to hormone signal transduction.
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Bright field Merged

Subcellular localization of CsERF1 in N. benthamiana leaf cells. Scale bars represent 40 um

Regulation of plant defense responses is a complex process. Many
defense responses depend on SA and JA pathways, and there is
antagonism between SA and JA pathways.The expression of HSP17.4
activated the up-regulation of downstream signals of SA and inhibited
the JA signal pathway in strawberry. Moreover, the HSPI7.4 gene-
silenced cultivar Sweet Charlie plants were more susceptible to
Colletotrichum gloeosporioides than the wild-type Sweet Charlie. This
suggests that HSP17.4 mediates SA and JA pathways in the regulation
of resistance to Colletotrichum gloeosporioides in strawberry (

). CAT2 plays an important role in plant defense against pathogen
attack by regulating antagonistic signaling pathways between SA and JA
( ). ERF overexpression in plants has been shown to
alter defense gene expression and pathogen resistance ( ;

2.0

1.5

1.0 ns

%% % k]

0.5+

0.0 T T

). Overexpression of MdERFI1 gene in apple and
ACERF2 gene in Atriplex canescens activates defense responses and
enhances disease resistance by increasing the expression of genes related
to the SA defense pathway ( ; ). In
wheat, TaERF3 is mainly involved in the active defense response to
Blumeria graminis at an earlier stage through SA signaling (

). Silencing CaAP2/ERF064 compromised pepper plant resistance
to Phytophthora capsici, while the ectopic expression of CaAP2/ERF064
in N. benthamiana plants elevated the expression level of NbPRIb,
NbUPR3, and NbPR4 and enhanced resistance to P. capsici (

). The expression of PR genes, such as PRI, PR2, PR4, Osmotin
and SARS8.2, were activated and resistance to tobacco mosaic virus
(TMV), Ralstonia solanacearum and Alternaria alternata was enhanced
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FIGURE 6
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Expression profile of CsERF1 in sweet orange treated with SA (A) and JA (B). CsCOX was used as internal control gene, ns, not significant, *P < 0.05,
***p < 0.001, ****P < 0.0001, determined by two-way ANOVA using Dunnett’s test.
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FIGURE 7

Identification of transgenic plants. (A) GUS histochemical staining. (B) Detection of the CsERF1 transgenic Wanjincheng orange by PCR, ‘M" indicates DL 2000
DNA marker. Numbers indicate transgenic lines, ‘0" represents no-load citrus. (C) RT-gqPCR detection. (D) CsERF1 overexpression transgenic plants cultured
for 180 d in greenhouse. (E) RNAi-CsERF1 transgenic plants cultured for 260 d in greenhouse. CsCOX was used as internal control gene, ***P < 0.001, ****p
< 0.0001, determined by one-way ANOVA with Dunnett's test.
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FIGURE 8

RNAI-CsERF1 transgenic plants promoted the infection of CTV. CsCOX was chosen as internal control gene, data analysis was determined by two-way
ANOVA using Dunnett's test, ****P < 0.0001.
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Expression of defense-related genes in transgenic citrus plants. (A) Expression of genes related to SA and JA signaling pathways in CsERF1-
overexpressing citrus plants. (B) Expression of genes related to SA and JA signaling pathway in RNAi-CsERF1 citrus plant. ns, not significant, *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, determined by two-way ANOVA and Dunnett's test.

in GmERF3 gene-overexpressing transgenic tobacco plants (Zhang
et al, 2009). In the present study, the CsERFI overexpression and
RNAI-CsERF1 transgenic sweet orange were analyzed using RT-qPCR.
PRI and NPRI were upregulated, while the JA signal positive regulatory
element MYC2 was downregulated and the inhibitor JAZ was
upregulated in CsERFI overexpressing transgenic sweet orange
transgenic plants. This evidence suggests that CsERFI overexpression
activated the SA defense pathway and inhibited the JA defense pathway,
consistent with the results of the hormone experiments. CsERFI
expression was antagonized by SA and JA. Moreover, CTV titers in
RNAIi-CsERF1 transgenic sweet orange plants were significantly higher
than those in control plants. Suggesting that interference with CsERF1
can promote the CTV infection. This study indicated that CsERF1 had
great potential in plant virus resistance, and provided reference for
breeding resistant varieties. In the future, we can explore whether there
are proteins interacting with CsERFI in plants, and further understand
the biological function of CsERF1.

5 Conclusion

The citrus transcription factor CsERFI is involved in the
response to citrus tristeza disease. Interfering with CsERFI
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expression enhanced the susceptibility of sweet orange to CTV.
CsERF1I responded to exogenous SA and MeJA hormone treatment.
Expression analysis of genes related to SA and JA defense signaling
pathways in transgenic plants suggested that CsERF1 is involved in
SA and JA-mediated defense pathways, regulating the expression of
key genes, such as PR, to stimulate the citrus immune response to
CTV infection. The results of this study indicate the potential of
CsERFI in plant virus resistance and provide a reference for
breeding excellent resistant varieties.

Data availability statement

The data presented in the study are deposited in the NCBI
(https://www.ncbinlm.nih.gov/) repository. Arabidopsis thaliana
(AtERF1, NP567530.4), Nicotiana tabacum (NtERF2, NP001311965.1),
Malus domestica (MdERF1-like, NP001315734.1), Vitis vinifera
(VVERF2, RVW50777.1), Prunus persica (PpERF1A, XP007209449.1),
Pyrus bretschneideri (PbERF2-like, XP009369170.1), Populus euphratica
(PeERF2, XP011031947.1), Oryza sativa (OsERF2, XP015623259.1),
Dimocarpus longan (DIERF1-like, AKE49472.1), Gossypium hirsutum
(GhERF2, XP016716223.1), Theobroma cacao (TcERF2,
XP007039732.2) and Durio zibethinus (DzERF2-like, XP022718595.1).

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fpls.2024.1528348
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

Author contributions

QC: Data curation, Formal analysis, Writing — original draft,
Writing - review & editing. FY: Validation, Visualization, Writing -
original draft, Writing - review & editing. JiL: Formal analysis,
Investigation, Writing — review & editing. ZX: Formal analysis,
Investigation, Writing - review & editing. JJ: Formal analysis,
Investigation, Writing - review & editing. JML: Formal analysis,
Investigation, Writing - review & editing. JC: Formal analysis,
Investigation, Writing - review & editing. HW: Methodology,
Validation, Writing - review & editing. JXL: Conceptualization,
Funding acquisition, Supervision, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was financed by the National Natural Science Foundation of China
(Grant No. 31972237), the National Key Research and
Development Program of China (Grant No.2021YFD1400800).

Acknowledgments

We thank Professor X. P. Zou (Citrus Research Institute, SWU/
CAAS) for presenting pLGN and puc-RNAI vector.

References

Cao, Y., Wu, Y., Zheng, Z., and Song, F. (2005). Overexpression of the rice erebp-like
gene osbierf3 enhances disease resistance and salt tolerance in transgenic tobacco.
Physiol. Mol. Plant Pathol. 67, 202-211. doi: 10.1016/j.pmpp.2006.01.004

Catara, A. F,, Bar-Joseph, M., and Licciardello, G. (2021). Exotic and emergent citrus
viruses relevant to the mediterranean region. Agriculture 11, 839. doi: 10.3390/
agriculture11090839

Chen, C,, Chen, H.,, Zhang, Y., Thomas, H. R, Frank, M. H,, He, Y., et al. (2020).
Tbtools: an integrative toolkit developed for interactive analyses of big biological data.
Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Chen, J. C., Lu, H. C,, Chen, C. E., Hsu, H. F., Chen, H. H., and Yeh, H. H. (2013).
The nprl ortholog phanprl is required for the induction of phaprl in phalaenopsis
aphrodite. Bot. Stud. 54, 31. doi: 10.1186/1999-3110-54-31

Dawson, W. O., Bar-Joseph, M., Garnsey, S. M., and Moreno, P. (2015). Citrus
tristeza virus: making an ally from an enemy. Annu. Rev. Phytopathol. 53, 137-155.
doi: 10.1146/annurev-phyto-080614-120012

Dombrecht, B., Xue, G. P., Sprague, S. J., Kirkegaard, J. A., Ross, J. J., Reid, J. B., et al.
(2007). Myc2 differentially modulates diverse jasmonate-dependent functions in
arabidopsis. Plant Cell 19, 2225-2245. doi: 10.1105/tpc.106.048017

Fang, X., Chai, W., Li, S., Zhang, L., Yu, H,, Shen, ], et al. (2021). Hsp17. 4 mediates
salicylic acid and jasmonic acid pathways in the regulation of resistance to
colletotrichum gloeosporioides in strawberry. Mol. Plant Pathol. 22, 817-828.
doi: 10.1111/mpp.13065

Feng, K., Hou, X. L,, Xing, G. M,, Liu, J. X,, Duan, A. Q, Xu, Z. S, et al. (2020).
Advances in ap2/erf super-family transcription factors in plant. Crit. Rev. Biotechnol.
40, 750-776. doi: 10.1080/07388551.2020.1768509

Folimonova, S. Y., Achor, D., and Bar-Joseph, M. (2020). Walking together: cross-
protection, genome conservation, and the replication machinery of citrus tristeza virus.
Viruses 12, 1353. doi: 10.3390/v12121353

Fu, Z. Q., and Dong, X. (2013). Systemic acquired resistance: turning local infection
into global defense. Annu. Rev. Plant Biol. 64, 839-863. doi: 10.1146/annurev-arplant-
042811-105606

Frontiers in Plant Science

10.3389/fpls.2024.1528348

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/
full#supplementary-material

Fujimoto, S. Y., Ohta, M., Usui, A., Shinshi, H., and Ohme-Takagi, M. (2000).
Arabidopsis ethylene-responsive element binding factors act as transcriptional
activators or repressors of gcc box-mediated gene expression. Plant Cell 12, 393—
404. doi: 10.1105/tpc.12.3.393

Garnsey, S. M., Civerolo, E. L., Gumpf, D. ], Paul, C, Hilf, M. E,, Lee, R. F,, et al.
(2005). Biological characterization of an international collection of citrus tristeza virus
(CTV) isolates. Int. Organ. Citrus Virologists Conf. Proc. 1957-2010), 16. doi: 10.5070/
C53NJ1RIGT

Giri, M. K,, Swain, S., Gautam, J. K,, Singh, S., Singh, N., Bhattacharjee, L., et al.
(2014). The arabidopsis thaliana at4g13040 gene, a unique member of the ap2/erebp
family, is a positive regulator for salicylic acid accumulation and basal defense against
bacterial pathogens. J. Plant Physiol. 171, 860-867. doi: 10.1016/.jplph.2013.12.015

Guo, Z.]., Chen, X. ], Wu, X. L,, Ling, J. Q., and Xu, P. (2004). Overexpression of the
ap2/erebp transcription factor opbpl enhances disease resistance and salt tolerance in
tobacco. Plant Mol. Biol. 55, 607-618. doi: 10.1007/s11103-004-1521-3

Huang, P. Y., Zhang, J,, Jiang, B., Chan, C,, Yu, J. H,, Lu, Y. P,, et al. (2019). Ninja-
associated erfl9 negatively regulates arabidopsis pattern-triggered immunity. J. Exp.
Bot. 70, 1033-1047. doi: 10.1093/jxb/ery414

Jin, J., Zhang, H., Ali, M., Wei, A, Luo, D., and Gong, Z. (2019). The caap2/erf064
regulates dual functions in pepper: plant cell death and resistance to phytophthora
capsici. Genes (Basel) 10, 541. doi: 10.3390/genes10070541

Kumar, S., Stecher, G., and Tamura, K. (2016). Mega7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van de Peer, Y., et al.
(2002). Plantcare, a database of plant cis-acting regulatory elements and a portal to
tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30, 325-327.
doi: 10.1093/nar/30.1.325

Li, W., Hartung, J. S., and Levy, L. (2006). Quantitative real-time pcr for detection
and identification of candidatus liberibacter species associated with citrus
huanglongbing. J. Microbiol. Methods 66, 104-115. doi: 10.1016/j.mimet.2005.10.018

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1528348/full#supplementary-material
https://doi.org/10.1016/j.pmpp.2006.01.004
https://doi.org/10.3390/agriculture11090839
https://doi.org/10.3390/agriculture11090839
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1186/1999-3110-54-31
https://doi.org/10.1146/annurev-phyto-080614-120012
https://doi.org/10.1105/tpc.106.048017
https://doi.org/10.1111/mpp.13065
https://doi.org/10.1080/07388551.2020.1768509
https://doi.org/10.3390/v12121353
https://doi.org/10.1146/annurev-arplant-042811-105606
https://doi.org/10.1146/annurev-arplant-042811-105606
https://doi.org/10.1105/tpc.12.3.393
https://doi.org/10.5070/C53NJ1R1GT
https://doi.org/10.5070/C53NJ1R1GT
https://doi.org/10.1016/j.jplph.2013.12.015
https://doi.org/10.1007/s11103-004-1521-3
https://doi.org/10.1093/jxb/ery414
https://doi.org/10.3390/genes10070541
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1016/j.mimet.2005.10.018
https://doi.org/10.3389/fpls.2024.1528348
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

Liang, H., Lu, Y., Liu, H., Wang, F., Xin, Z., and Zhang, Z. (2008). A novel activator-
type erf of thinopyrum intermedium, tierfl, positively regulates defence responses. J.
Exp. Bot. 59, 3111-3120. doi: 10.1093/jxb/ern165

Liu, D., Chen, X,, Liu, J., Ye, J., and Guo, Z. (2012). Rice erf transcription factor
oserf922 negatively regulates resistance to magnaporthe oryzae and salt tolerance. J.
Exp. Bot. 63, 3899-3911. doi: 10.1093/jxb/ers079

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative pcr and the 2-38ct method. Methods 25, 402-408.
doi: 10.1006/meth.2001.1262

Ma, Z., Hu, L., and Jiang, W. (2024). Understanding ap2/erf transcription factor
responses and tolerance to various abiotic stresses in plants: a comprehensive review.
Int. J. Mol. Sci. 25 (2), 893. doi: 10.3390/ijms25020893

McGrath, K. C., Dombrecht, B., Manners, J. M., Schenk, P. M., Edgar, C. I, Maclean,
D. ], et al. (2005). Repressor-and activator-type ethylene response factors functioning
in jasmonate signaling and disease resistance identified via a genome-wide screen of
arabidopsis transcription factor gene expression. Plant Physiol. 139, 949-959.
doi: 10.1104/pp.105.068544

Mei, Y., Wang, Y., Hu, T., Yang, X., Lozano-Duran, R., Sunter, G., et al. (2018).
Nucleocytoplasmic shuttling of geminivirus c4 protein mediated by phosphorylation
and myristoylation is critical for viral pathogenicity. Mol Plant 11, 1466-1481.
doi: 10.1016/j.molp.2018.10.004

Nie, S., and Wang, D. (2023). Ap2/erf transcription factors for tolerance to both
biotic and abiotic stress factors in plants. Trop. Plant Biol. 16, 105-112. doi: 10.1007/
512042-023-09339-9

Onate-Sanche, L., Anderson, J. P., Young, J., and Singh, K. B. (2007). Aterfl4, a
member of the erf family of transcription factors, plays a nonredundant role in plant
defense. Plant Physiol. (Bethesda) 143, 400-409. doi: 10.1104/pp.106.086637

Schultz, J., Copley, R. R., Doerks, T., Ponting, C. P., and Bork, P. (2000). Smart: a
web-based tool for the study of genetically mobile domains. Nucleic Acids Res. 28, 231~
234. doi: 10.1093/nar/28.1.231

Sears, M. T., Zhang, H., Rushton, P. J., Wu, M., Han, S, Spano, A. ., et al. (2014). Nterf32:
a non-nic2 locus ap2/erf transcription factor required in jasmonate-inducible nicotine
biosynthesis in tobacco. Plant Mol. Biol. 84, 49-66. doi: 10.1007/s11103-013-0116-2

Sun, X, Yu, G, Li, J,, Liu, J., Wang, X, Zhu, G,, et al. (2018). Acerf2, an ethylene-
responsive factor of atriplex canescens, positively modulates osmotic and disease
resistance in arabidopsis thaliana. Plant Sci. 274, 32-43. doi: 10.1016/
j.plantsci.2018.05.004

Frontiers in Plant Science

11

10.3389/fpls.2024.1528348

Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G., et al. (2007). Jaz
repressor proteins are targets of the scf(coil) complex during jasmonate signalling.
Nature 448, 661-665. doi: 10.1038/nature05960

Wang, J. H, Gu, K. D, Han, P. L, Yu, J. Q, Wang, C. K,, Zhang, Q. Y.,
et al. (2020). Apple ethylene response factor mderfll confers resistance to fungal
pathogen botryosphaeria dothidea. Plant Sci. 291, 110351. doi: 10.1016/
j.plantsci.2019.110351

Wasternack, C., and Hause, B. (2013). Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response, growth and development. An update
to the 2007 review in annals of botany. Ann. Bot. 111, 1021-1058. doi: 10.1093/aob/
mct067

Yang, H., Shen, F., Wang, H., Zhao, T., Zhang, H., Jiang, J., et al. (2020). Functional
analysis of the SLERFO0I gene in disease resistance to S. Lycopersici. BMC Plant Biol. 20,
1-12. doi: 10.1186/s12870-020-02588-w

Yin, F., Zeng, Y., Ji, ], Wang, P., Zhang, Y., and Li, W. (2021). The halophyte
Halostachys caspica AP2/ERF transcription factor hctoe3 positively regulates freezing
tolerance in Arabidopsis. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.638788

Yuan, H., Liu, W,, and Lu, Y. (2017). Catalase2 coordinates sa-mediated repression of
both auxin accumulation and ja biosynthesis in plant defenses. Cell Host Microbe 21,
143-155. doi: 10.1016/j.chom.2017.01.007

Zhang, Y. P. (2022). Identification and Functional Analysis of the Interaction Protein
Mdb HLH92 of Powdery Mildew Disease Resistance Gene Md ERF100 in Apple (hina
(ShanXi: F University).

Zhang, G., Chen, M., Li, L., Xu, Z., Chen, X, Guo, J,, et al. (2009). Overexpression of
the soybean gmerf3 gene, an ap2/erf type transcription factor for increased tolerances
to salt, drought, and diseases in transgenic tobacco. J. Exp. Bot. 60, 3781-3796.
doi: 10.1093/jxb/erp214

Zhang, Z., Yao, W., Dong, N,, Liang, H., Liu, H., and Huang, R. (2007). Novel erf
transcription activator in wheat and its induction kinetics after pathogen and hormone
treatments. J. Exp. Bot. 58, 2993-3003. doi: 10.1093/jxb/erm151

Zhang, H., Zhang, D., Chen, J., Yang, Y., Huang, Z., Huang, D., et al. (2004). Tomato
stress-responsive factor tsrfl interacts with ethylene responsive element gcc box and
regulates pathogen resistance to ralstonia solanacearum. Plant Mol. Biol. 55, 825-834.
doi: 10.1007/s11103-004-2140-8

Zou, X, Jiang, X,, Xu, L., Lei, T, Peng, A., He, Y., et al. (2017). Transgenic citrus
expressing synthesized cecropin b genes in the phloem exhibits decreased susceptibility
to huanglongbing. Plant Mol. Biol. 93, 341-353. doi: 10.1007/s11103-016-0565-5

frontiersin.org


https://doi.org/10.1093/jxb/ern165
https://doi.org/10.1093/jxb/ers079
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3390/ijms25020893
https://doi.org/10.1104/pp.105.068544
https://doi.org/10.1016/j.molp.2018.10.004
https://doi.org/10.1007/s12042-023-09339-9
https://doi.org/10.1007/s12042-023-09339-9
https://doi.org/10.1104/pp.106.086637
https://doi.org/10.1093/nar/28.1.231
https://doi.org/10.1007/s11103-013-0116-2
https://doi.org/10.1016/j.plantsci.2018.05.004
https://doi.org/10.1016/j.plantsci.2018.05.004
https://doi.org/10.1038/nature05960
https://doi.org/10.1016/j.plantsci.2019.110351
https://doi.org/10.1016/j.plantsci.2019.110351
https://doi.org/10.1093/aob/mct067
https://doi.org/10.1093/aob/mct067
https://doi.org/10.1186/s12870-020-02588-w
https://doi.org/10.3389/fpls.2021.638788
https://doi.org/10.1016/j.chom.2017.01.007
https://doi.org/10.1093/jxb/erp214
https://doi.org/10.1093/jxb/erm151
https://doi.org/10.1007/s11103-004-2140-8
https://doi.org/10.1007/s11103-016-0565-5
https://doi.org/10.3389/fpls.2024.1528348
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Citrus transcription factor CsERF1 is involved in the response to citrus tristeza disease
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Domain analysis and cis-regulatory elements analysis
	2.3 Multiple sequence alignment and Phylogenetic tree construction
	2.4 Subcellular localization of CsERF1 in N.&thinsp;benthamiana
	2.5 Hormone treatment
	2.6 Citrus transformation
	2.7 Inoculation with CTV
	2.8 Total nucleic acid extraction and RT-qPCR analysis
	2.9 Statistical analysis

	3 Results
	3.1 Expression analysis of CsERF1 gene in different citrus tissues
	3.2 Analysis of domain and cis-regulatory elements of CsERF1
	3.3 Multiple sequence alignment and phylogenetic tree construction of CsERF1
	3.4 Subcellular localization of CsERF1
	3.5 Expression analysis of CsERF1 under exogenous SA and MeJA hormone treatment
	3.6 Acquisition of transgenic plants
	3.7 Effect of RNAi-CsERF1 transgenic plants on CTV infection
	3.8 Expression of JA and SA signaling pathway genes in CsERF1 transgenic plants

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


