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The 40S ribosomal protein SA-2 inhibits i
citrus yellow vein clearing virus infection

in Eureka lemon via activating jasmonic acid
and photosynthetic pathways
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Abstract

The 40S ribosomal protein SA (RPSA) functions as an important regulatory factor in plant resistance to abiotic stresses.
However, the role of RPSA in response to plant virus infection is poorly understood. Citrus yellow vein clearing virus
(CYVCV) has a significantly negative impact on citrus production, and its coat protein (CP) is involved in viral patho-
genicity. In this study, we revealed the interaction of CP with Eureka lemon 40S RPSA (CIRPSA-2) in the nucleus, mem-
brane, and endoplasmic reticulum of Nicotiana benthamiana. Further experiments demonstrated that the CIRPSA-2
N-terminal conserved region (amino acids 22—122) was involved in the interaction with CP, and the CIRPSA-2
expression in young Eureka lemon leaves significantly reduced. Transient expression of CIRPSA-2 triggered the expres-
sion of jasmonic acid (JA), photosynthetic pathway- and resistance-related genes, as well as increased the JA con-
tent and maximum photochemical efficiency (Fv/Fm) in lemon. Furthermore, CIRPSA-2 negatively regulated CYVCV
resistance in plants, which induced resistance to other citrus viruses. These findings enhance our understanding

of the interaction between CYVCV and citrus plants and provide a basis for future research on resistance breeding

of citrus.
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Background

Ribosomes have important functions in cellular pro-
cesses such as transcription, cell cycle, mRNA process-
ing, and DNA repair. Plant ribosomal proteins (RPs) have
been divided into two major groups, 60S and 40S subunit
RPs, which are the basic translational machines of living
cells (Chang et al. 2005; Xiong et al. 2021). Several plant
40S RPs contribute to plant immunity by participating
in plant responses to viruses. For example, RPS6s and
GmRPS8 negatively regulate plant resistance to cucum-
ber mosaic virus (CMV), turnip mosaic virus, potato
virus A, tomato spotted wilt virus, potato virus X, and
soybean mosaic virus (SMV) (Rajamaiki et al. 2017; Hel-
derman et al. 2022; Hu et al. 2023). In contrast, CsRPS21
positively regulates Nicotiana benthamiana resistance
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to cucurbit chlorotic yellows virus (CCYV) (Yang et al.
2021).

Citrus is an important fruit crop and has been cul-
tivated in China for more than 4000 years. Currently,
China is the world’s largest citrus producer, with a pro-
duction of 6003.89 million tons of citrus fruit in an area
of 303.35 million hectares in 2022 (National Bureau
of Statistics 2023). Citrus yellow vein clearing virus
(CYVCV) is a devastating virus in citrus, causing signifi-
cant economic losses in Pakistan, India, Turkey, China,
Iran, South Korea, and the United States (Liu et al. 2019;
Abrahamian et al. 2024; Sun and Yokomi 2024). Although
CYVCV is not seed-transmissible, it can rapidly spread
through CYVCV-infected budwood, contaminated tools,
and some Hemipteran insect species (Zhang et al. 2019a,
b; Liu et al. 2020; Maghsoudi et al. 2023).

As members of the genus Mandarivirus, CYVCV is
closely related to Indian citrus ring spot virus; however,
there are significant serological differences between the
two viruses (Meena and Baranwal 2020). Some host pro-
teins can interact with the coat protein (CP, a pathogenic
factor) of CYVCYV and regulate the host defense response
against CYVCV infection (Bin et al. 2022; Wang et al.
2023; Liao et al. 2024). Zeng et al. (2023) revealed the
interaction between Eureka lemon 40S ribosomal protein
$9-2 (CIRPS9-2) and the CYVCYV CP, and CIRPS9-2 can
reduce CP accumulation and inhibit the RNA silencing
activity of CP. In addition, the Eureka lemon 40S ribo-
somal protein, CIRPSA-2, interacts with the CP in yeast
(Zeng et al. 2023).

The 40S ribosomal protein SA (RPSA) is a multifunc-
tional protein that participates in tumor invasion (Fate-
hullah et al. 2010; Ould-Abeih et al. 2012) and acts as a
membrane receptor for viruses (Tio et al. 2005; Malygin
et al. 2009). 40S ribosomal protein SA-like protein
(CaSLP) improves Pseudomonas syringae pv. tomato (Pst)
DC3000 tolerance in pepper and Arabidopsis (Zhang
et al. 2023). However, the function of RPSA in plant viral
disease resistance remains unclear.

Therefore, we aimed to determine the function of
CIRPSA-2 in plant disease resistance in this study, and
found that CIRPSA-2 interacted with the CYVCV CP and
inhibited CP accumulation by triggering the jasmonic
acid (JA) and photosynthesis pathways. Furthermore,
transient expression of CIRPSA-2 enhanced citrus resist-
ance to CYVCYV and other viruses tested.

Results

Characterization of CIRPSA-2

The SMART online assay showed that CIRPSA-2 con-
sists of 316 amino acids (aa) and contains two conserved
rbosomal_S2 domains (Additional file 1: Figure Sla). To
evaluate RPSA-2 conservation in plants, homologous
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RPSA-2 sequences from Citrus, Citrus-related gen-
era, and other non-Citrus genera were analyzed. We
found that the similarity of these homologous RPSA-2
sequences ranged from 64.94% to 100.00%. The similarity
between RPSA-2 from Citrus and Citrus-related genera
was over 91.88% (Additional file 2: Table S1). In addition,
all RPSA-2 sequences from Citrus and Citrus-related
genera clustered together in the phylogenetic tree, which
was generated using the neighbor-joining method (Addi-
tional file 1: Figure S1b). As shown in Additional file 2:
Table S2, CIRPSA-2 contains nucleotide-binding sites
such as MYB, MYC, ABRE, and G-box, which are closely
related to light and MeJA responses, and confer stress
resistance.

CYVCV-CP interacts with CIRPSA-2

To confirm the interactions between CP and CIRPSA-2,
BD:CP and AD:CIRPSA-2 were used in the yeast two-
hybrid (Y2H) assay. Y2H Gold competent cells harboring
BD:CP and AD:CIRPSA-2 produced blue clones on SD/-
Trp/-Leu/-His/-Ade/AbA/X-a-Gal medium (Fig. 1la).
Subsequently, co-immunoprecipitation (Co-IP) was used
to analyze the putative CP/CIRPSA-2 interaction in vivo.
At 2 days post infiltration (dpi), the results suggested
that CP-GFP co-immunoprecipitated with CIRPSA-2-
His but not with GFP (Fig. 1b). In the luciferase com-
plementation imaging (LCI) assay, CP and RPSA-2 were
ligated into PHNL:P14 and PCCL:P9 vectors to express
CP and RPSA-2, respectively, with an N-terminal split-
luciferase tag in N. benthamiana. Luminescence was
observed in N. benthamiana leaves co-expressing CP/
RPSA-2 or CP/TGBp1 (positive control) at 2 dpi; how-
ever, no luminescence signal was detected in the negative
control (Fig. 1c). Finally, pSPYCE:CP was agro-infiltrated
with pSPYNE:CIRPSA-2 into N. benthamiana. Two days
later, yellow fluorescence was observed in the nucleus
and membrane of N. benthamiana leaf cells (Fig. 1d).
No fluorescence was observed in N. benthamiana
leaves co-infiltrated with pSPYCE:CP and pSPYNE or
pSPYNE:CIRPSA-2 and pSPYCE as negative controls.
These results confirmed that CP directly interacts with
CIRPSA-2 and that the nucleus and membrane are the
interaction sites.

To clarify the key segments of the CIRPSA-2 interac-
tion with CP, the Y2H assay was conducted using BD:CP
and prey vectors that carrying four CIRPSA-2 deleted
constructs. The results indicated that the yeast cells
transformed with BD:CP/AD:CIRPSA-2,, ;,, produced
blue colonies on the SD/-Trp/-Leu/-His/-Ade/AbA/X-a-
Gal selective medium (Fig. 1e, f). Furthermore, the bimo-
lecular fluorescence complementation (BiFC) and LCI
assays also suggested that CIRPSA-2,, ;,,,, could inter-
act with CP (Fig. 1g, h).
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Fig. 1 Interaction between CP and CIRPSA-2 in vivo. a Yeast-two hybrid (Y2H) assay showed interaction between CP and CIRPSA-2.

BD:53+AD:T7, positive control, BD:Lam +AD:T7, negative control. b Co-immunoprecipitation assay showed that CP interacts with CIRPSA-2.

Input is the positive control group, representing the detection of the target protein in the extracted total protein, and output represents

the protein detection after immunoprecipitation. c Firefly luciferase complementation imaging (LCl) assay was used to illustrate the interaction
relationship between CP and CIRPSA-2. PHNL:TGB1 + PCCL:CP, positive control, PHNL:CORA + PCCL:CP, negative control. d Bimolecular fluorescence
complementation (BiFC) assay showed that CP and CIRPSA-2 interacted at the cell membrane and nucleus. pSPYCE + pSPYNE, pSPYCE:CP + pSPYNE,
and pSPYCE + pSPYNE:CIRPSA-2 were used as negative controls. Scale bars: 50 pm. e Schematic representation of a truncated mutant of CIRPSA-2.
fThe interaction between CP and the CIRPSA-2 truncation mutant was analyzed by Y2H assay. g, h BiFC and LCl assays proved CIRPSA-25,_;,,,, (@a
residues 22-122) interacts with CP
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The interaction between CP and RPSA-2 is conserved

To clarify whether the interactions between CP and
RPSA-2 were conserved in other hosts, Y2H and
LCI assays were performed to validate the interac-
tion between CP and homologous RPSA2 (CsRPSA-2,
CcRPSA-2, ChRPSA-2, and NtRPSA-2). Both the
Y2H and LCI assay results indicated that CsRPSA-2,
CcRPSA-2, ChRPSA-2, and NtRPSA-2 could interact
with CP (Fig. 2), confirming that the interaction between
CP and RPSA-2 s may be conserved across species.

Distribution of CIRPSA-2 in cells

To understand the distribution of CIRPSA-2 in plant
cells, the nucleotide sequence of CIRPSA-2 was analyzed
using the Cell-PLoc 2.0 software. It was predicted that
CIRPSA-2 may be distributed in the cell membrane and
nucleus. Subsequently, CIRPSA-2 was co-expressed with
mCherry-H2B, mCherry-HDEL, and mCherry-PIP2A in
N. benthamiana, respectively, using the pCHF3-GFP vec-
tor. Laser-scanning confocal microscopy at 2 dpi revealed
that CIRPSA-2 existed in the nucleus, cell membrane,
and endoplasmic reticulum (Fig. 3a—c). In addition, the
subcellular localization of CIRPSA-2 did not change in
the presence of CP (Fig. 3d).
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CP enhances the expression of CIRPSA-2

To determine the effect of CP on RPSA-2 expression,
CP was expressed in young Eureka lemon leaves. West-
ern blotting (WB) revealed that CP was expressed at 3
dpi (Additional file 1: Figure S2a). Real-time quantitative
PCR (RT-qPCR) confirmed CP expression at 3-12 dpi
(Additional file 1: Figure S2b). CIRPSA-2 expression was
significantly up-regulated at 3 dpi and peaked at 6 dpi
(4.19-fold; Additional file 1: Figure S2c).

CIRPSA-2 negatively regulates CP expression

To reveal the role of CIRPSA-2 in CP expression in
plants, CIRPSA-2 was expressed in young Eureka lemon
leaves using the pNmGEFPer vector. The WB assay
showed that CIRPSA-2 was expressed at 3 dpi and RT-
qPCR revealed that CIRPSA-2 expression peaked at 6
dpi (4.05-fold, Fig. 4a, b). At 3 dpi, pNmGFPer:CP was
re-infiltrated in the infiltrated patches. At 3 and 5 days
post-re-infiltration with pNmGFPer:CP, CP expres-
sion was 20.27% and 26.46% of the control, respectively
(Fig. 4c); WB results also confirmed that CP expres-
sion was inhibited by transient CIRPSA-2 expres-
sion (Fig. 4d). Furthermore, the truncated mutants
(pPNmGEFPer:CIRPSA-2,_,;, pNmGFPer:CIRPSA-2,, 5,
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Fig. 2 The interaction between CP and RPSA-2 s. a Yeast-two hybrid assay showed interaction between CP and RPSA-2 s. BD:53 + AD:T7, positive
control; BD:Lam+AD:T7, negative control. b Firefly luciferase complementation imaging assay was used to illustrate the interaction relationship
between CP and RPSA-2s. PHNL:TGB1 + PCCL:CP, positive control, PHNL:.CORA + PCCL:CP, negative control. CsRPSA-2 from Citrus sinensis, CCRPSA-2
from C. clementina, ChRPSA-2 from C. hongheensis, and NtRPSA-2 from Nicotiana tabacum
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Merged

Fig. 3 Subcellular localization of CIRPSA-2 in Nicotiana benthamiana cells. a—c CIRPSA-2 was localized to the nucleus, cell membrane,
and endoplasmic reticulum (ER). mCherry-H2B, mCherry-PIP2A, and mCherry-HDEL were used as nuclear, cell membrane, and ER markers,
respectively. d CP co-localized with CIRPSA-2 in the nucleus, cell membrane, and ER. Scale bars: 50 um

and pNmMGFPer:CIRPSA-2,,5 4,,) Wwere transiently
expressed in young Eureka lemon leaves. Three days later,
the truncated CIRPSA-2 mutants were expressed, as con-
firmed by WB (Fig. 4e). Simultaneously, pNmGFPer:CP
was re-infiltrated into infiltrated leaves, as described
above. At 3 days post-re-infiltration with pNmGFPer:CP,
RT-qPCR, and WB suggested that CIRPSA-2,, ;,, inhib-
ited CP expression (23.00%, Fig. 4f, g).

To further clarify the relationship between CIRPSA-2
and CP, CIRPSA-2 was silenced by using the tobacco
rattle virus (TRV) vector. From 3 to 12 dpi, in young

CIRPSA-2-silenced Eureka lemon leaves, CIRPSA-2
was down-regulated and was lowest at 6 dpi (44.76%,
Additional file 1: Figure S3a). Three days later, an
Agrobacterium culture containing pNmGFPer:CP was
re-infiltrated into the above-mentioned infiltrated
leaves. At 5 dpi, RT-qPCR suggested that CP expres-
sion in the CIRPSA-2-silenced leaves was 3.30-fold of
the control. WB confirmed the results observed in RT-
qPCR amplification (Additional file 1: Figure S3b, c).
Overall, these results demonstrate that CIRPSA-2 neg-
atively regulates CP expression in Eureka lemon.
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Fig. 4 CIRPSA-2 negatively regulates CP expression. a Western blotting (WB) analysis was used to detect CIRPSA-2 expression at 3 days

post infiltration (dpi). An anti-GFP antibody was used. b The relative expression level of CIRPSA-2 was detected by real-time quantitative PCR analysis
(RT-gPCR). Actin was an internal reference gene, t-test, data are mean + SD, **** P<0.0001. ¢, d RT-gPCR and WB analysis were used to detect CP
expression. Anti-CYVCV CP antibody was used for WB analysis; Actin was an internal reference gene for RT-qPCR analysis, t-test, data are mean +SD,
n=9,*** P<0.001,**** P<0.0001. e WB analysis detected CIRPSA-2 segments expression. f, g RT-gPCR and WB analysis detected CP expression

in CIRPSA-2 segments expression Eureka lemon leaves. Actin was an internal reference gene, one-way ANOVA test at 0.05 level (n=9), data are

mean + SD; An anti-CYVCV CP antibody was used for WB analysis

CIRPSA-2 triggers jasmonic acid and photosynthetic
pathway expression

At 6 dpi, resistance-related genes (NPRI, PR4, EDSI, R,
UEPI, HINI, and PAL) were significantly up-regulated
by transient CIRPSA-2 expression and down-regulated
by CIRPSA-2 silencing (Additional file 1: Figure S4a,
b). In addition, the plant disease resistance-related
enzyme, phenylalanine ammonia lyase (PAL), increased

(2.22-fold) after transient expression of CIRPSA-2 (Addi-
tional file 1: Figure S4c). Motif distribution analysis
showed that CIRPSA-2 contains MYC, MYB, and G-box
motifs closely related to MeJA and light response. To fur-
ther clarify the reasons for CP inhibition by CIRPSA-2,
JA- and photosynthetic-related gene expression was
quantified at 6 dpi in young Eureka lemon leaves where
the CIRPSA-2 gene was transiently expressed or silenced.
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As shown in Fig. 5a, b, transient CIRPSA-2 expres-
sion significantly up-regulated JA- (MYC2, AOC, AOS,
LOX3, and JARI) and photosynthesis (ABC10, HEMG,
CHLH, and CLH) -related genes. Furthermore, CIRPSA-2
silencing in young Eureka lemon leaves down-regulated
JA- (MYC2, AOC, AOS, LOX3, and JARI) and photosyn-
thesis (HEMA, ABC10, HEMG, CHLH, CHLI, and CLH)
-related genes (Additional file 1: Figure S5). In addi-
tion, we found that transient expression of CIRPSA-2
increased the JA content (2.93-fold) and enhanced the
Fv/Fm (1.45-fold) in the infiltrated leaves, while these
parameters decreased by 46.57% and 20.00% in CIRPSA-
2-silenced leaves, respectively (Fig. 5¢, d). These findings
suggest that CIRPSA-2 may activate plant resistance by
inhibiting CP expression via JA and photosynthetic path-
way activation.

To confirm the effect of CIRPSA-2 and CP on JA path-
way activation, CIRPSA-2 and CIRPSA-2+CP were
transiently expressed in young Eureka lemon leaves,
respectively. At 6 dpi, the JA content, Fv/Fm, and JA- and
photosynthesis-related genes expression were tested.
Compared with the control (Eureka lemon leaves express-
ing CIRPSA-2 alone), co-expressed CIRPSA-2+ CP sig-
nificantly enhanced the JA content (1.52-fold), Fv/Fm
(1.20-fold), and JA-related genes (MYC2, LOX3, and
JARI), and photosynthesis-related genes (HEMA, HEMG,
CHLH, and CLH) expression (Fig. 5e—h). Compared with
expressed CP alone, co-expressed CIRPSA-2+ CP signifi-
cantly reduced CP expression (45.54%, Fig. 5i); the WB
assay obtained similar results (Fig. 5j). These findings
indicated that the interaction between CIRPSA-2 and
CP may induce the JA and photosynthetic pathways and
inhibit CP expression.

CIRPSA-2 positively regulates Eureka lemon anti-CYVCV
defense

To assess the function of CIRPSA-2 during CYVCYV infec-
tion, pLGN:CIRPSA-2 and pLGN:CIRPSA-2-KO were
constructed to establish the Eureka lemon hairy root
CIRPSA-2 transformation system. Sixty days later, the
transformation of the hairy roots was characterized, and
positive samples were used in subsequent experiments

(See figure on next page.)
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(Additional file 2: Table S3). As shown in Fig. 6a, the
CYVCV titers in CIRPSA-2 over-expressed and CIRPSA-
2-silenced transgenic hairy roots were 37.00% and 3.40-
fold those of the control, respectively. Compared with
the pLGN control, resistance- (NPR1, PR4, EDS1, UEPI,
HINI1, and PAL) and JA- (MYC2, AOC, AOS, LOX3, and
JARI) -related genes were significantly up-regulated by
CIRPSA-2 over-expression, whereas most of the genes
were down-regulated by CIRPSA-2-silencing (Fig. 6b, c).
In CIRPSA-2 over-expressed transgenic hairy roots, the
PAL and JA content was 2.11- and 2.58-fold that of the
control, and CIRPSA-2-silencing resulted in a 47.09% and
25.23% reduction in PAL and JA content, respectively
(Fig. 6d, e). These results further indicate that C/IRPSA-2
is a resistance-related gene involved in CYVCYV infection
inhibition via JA pathway activation.

Methyl jasmonate (MeJA) and JA inhibitor
salicylhydroxamic acid (SHAM) treatments affect CYVCV
accumulation through the JA signaling pathway

To further clarify whether the JA signaling pathway
affects CYVCV accumulation, MeJA and SHAM solu-
tions were sprayed on virus-free and CYVCV-infected
Eureka lemon plants. In virus-free Eureka lemon plants,
MeJA treatment up-regulated the expression of JA-
related genes (MYC2, AOC, AOS, LOX3, and JARI) and
the accumulation of endogenous JA (1.96-fold); the
opposite was observed in the SHAM-treated virus-free
Eureka lemon plants (Fig. 7a, b). As shown in Fig. 7c, d,
the CYVCYV titer was reduced by exogenous MeJA treat-
ment and increased by SHAM treatment.

CIRPSA-2 positively regulates broad-spectrum resistance
to citrus viruses

To determine the resistance function of CIRPSA-2 in
other citrus viruses, CIRPSA-2 was transiently expressed
or silenced in citrus psorosis virus (CPV)-, citrus tristeza
virus (CTV)-, citrus chlorotic dwarf-associated virus
(CCDaV)-, and citrus tatter-leaf virus (CTLV)-infected
young Eureka lemon leaves. At 6 dpi, RT-qPCR revealed
that transient CIRPSA-2 expression reduced CPV, CTYV,
CCDaV, and CTLV titers by 78.43%, 69.23%, 27.45%,

Fig. 5 CIRPSA-2 triggers jasmonic acid (JA) and photosynthetic pathway expression. a, b Relative expression level of JA- and photosynthesis-related
genes in CIRPSA-2 transiently expressed Eureka lemon leaves. Actin was an internal reference gene, t-test, data are mean+SD, n=9, ** P<0.01,

¥ P<0.001,**** P<0.0001. ¢, d The JA content and F /F,, in the CIRPSA-2 transient expressed and silenced Eureka lemon leaves. t-test, data are
mean+SD, n=5,* P<0.05, *** P<0.001, *** P<0.0001. e, f The JA content and F /F,, in CIRPSA-2 and CIRPSA-2+ CP transiently expressed Eureka
lemon leaves. T-test, data are mean+SD, n=5, *P<0.05, ***P<0.001. g, h Relative expression level of JA- and photosynthesis-related genes

in CIRPSA-2 and CIRPSA-2+ CP transiently expressed Eureka lemon leaves. Actin was an internal reference gene, t-test, data are mean+SD, n=9,
**P<0.01,** P<0.001, **** P<0.0001. i Relative expression level of CPin CP and CIRPSA-2+ CP transiently expressed Eureka lemon leaves. Actin
was an internal reference gene, t-test, data are mean +SD, n=9, **** P<0.0001. j Western blotting was used to detect the accumulation of CP

with anti-CYVCV CP antibody
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Fig. 6 CIRPSA-2 positively regulates Eureka lemon anti-CYVCV defense. a—c The relative expression level of CYVCV CP, resistance-related genes,
and jasmonic acid (JA)-related genes in CIRPSA-2 transgenic hairy roots. Actin was an internal reference gene, one-way ANOVA test at 0.05 level
(n=9), data are mean +SD. d, e The phenylalanine ammonia lyase and JA contents in CIRPSA-2 transgenic hairy roots. One-way ANOVA test at 0.05

level (n=5), data are mean +SD

and 50.96%, respectively (Fig. 8). However, at 6 dpi, the
CYVCYV, CTYV, CCDaV, and CTLV titers were 2.93-, 2.65-,
9.97-, and 1.69-fold that of the controls in CIRPSA-2-si-
lenced CPV-, CTV-, CCDaV-, and CTLV-infected young
Eureka lemon leaves (Fig. 8). These results indicated that
CIRPSA-2 positively regulates a broad-spectrum resist-
ance to citrus viruses.

Discussion

Because the viral genome is too small to encode all nec-
essary proteins, virus-plant interactions are crucial for
viral infection. Using the Eureka lemon ¢cDNA library
(Zeng et al. 2023), the 40S ribosomal protein, RPSA-
2, was identified as a CYVCV-CP binding partner,

indicating that CIRPSA-2 is involved in CYVCYV infec-
tion modulation. Therefore, we aimed to characterize
the regulatory role of CIRPSA-2 in citrus virus function
in this study. CIRPSA-2 directly interacts with CP in the
nucleus and membrane of N. benthamiana as a CYVCV
resistance protein in Eureka lemon, and the N-terminal
aas 22—122 acts as the binding region of CIRPSA-2
with CP and functions to inhibit CP expression.
Previous studies have shown that 40S RPs partici-
pate in the host’s anti-viral immunity by interacting
with viral proteins. Yang et al. (2021) suggested that
CsRPS21 inhibits CCYV in N. benthamiana by inter-
acting with CCYV P22. Wang et al. (2017) found that
RPS11 interacts with the CMV LS2b protein and pro-
motes CMV replication and accumulation. In addition,
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Fig. 7 Methyl jasmonate (MeJA) and JA inhibitor salicylhydroxamic acid (SHAM) treatment affect CYVCV accumulation through the JA signaling
pathway. a Relative expression level of JA-related genes in MeJA and SHAM treatment virus-free Eureka lemon. Actin was an internal reference
gene, determined by one-way ANOVA test at the 0.05 level (n=9). b The JA content in MeJA and SHAM treatment virus-free Eureka lemon.
One-way ANOVA test at 0.05 level (n=5), data are mean +SD. ¢, d The CYVCV titer was detected using real-time quantitative PCR analysis
(RT-gPCR) and western blotting (WB) analysis. Actin was an internal reference gene, one-way ANOVA test at 0.05 level (1=9), data are mean +SD;

an anti-CYVCV CP antibody was used for WB analysis

the interaction between SMV 6K1 and GmRPS8 con-
tributes to viral susceptibility (Hu et al. 2023).

RPSA, also known as p40 or RPS2, belongs to the
laminin receptor family (DiGiacomo and Meruelo 2016).
As a component of the 40S ribosome, RPSA was first iso-
lated from rats (Tohgo et al. 1994). Subsequently, RPSA
homologs were observed in amphibians, invertebrates,
plants, yeasts, and bacteria (DiGiacomo and Meruelo
2016). The RPSA sequence is highly conserved and per-
forms multiple functions; RPSA participates in the prolif-
eration, invasion, and metastasis of tumors and regulates
plant resistance to abiotic stresses (Ould-Abeih et al.

2012; Cloutier et al. 2022; Lu et al. 2023). Comparative
proteomic analysis has shown that RPSA participates
in nitrogen deficiency tolerance in cucumber fruit and
in the tolerance of soybean seeds to flooding (Hao et al.
2021; Sharmin et al. 2021). Capsicum annuum RPSA-like
CaSLP is a CaNACO035-interacting protein expressed in
peppers that positively regulates the resistance of pepper
to drought and Pst. DC3000 stress (Zhang et al. 2023).
Recently, several studies have revealed the potential role
of RPSA in plant disease. A previous study demonstrated
that RPSA binds to tobacco etch potyvirus helper com-
ponent-proteinase (HC-Pro) in aphid mouthparts and
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is involved in the virus transmission process (Fernin-
dez-Calvino et al. 2010). Based on protein—protein
interactions (PPIs) and Y2H analyses, Kim et al. (2016)
speculated that RPSA may be involved in the transla-
tion of tomato yellow leaf curl virus (TYLCV) proteins,
providing favorable conditions for viral infection. In this
study, CIRPSA-2 significantly inhibited CYVCV accumu-
lation in Eureka lemon. To the best of our knowledge, this
is the first study to show that RPSA is involved in plant
antiviral responses. In addition, a previous study demon-
strated that the CYVCV content was reduced in C/RPS9-
2 transgenic lemon plants (Zeng et al. 2023). However,
no interaction between CIRPS9-2 and CIRPSA-2 was
observed in the Y2H assay (Additional file 1: Figure
S6). In the future, we should aim to elucidate whether
CIRPS9-2 and CIRPSA-2 could synergistically inhibit CP
accumulation.

Phytohormones, including JA, participate in the antivi-
ral activity of plants. JA positively regulates plant resist-
ance to the potato virus YN™ strain, CMV, and beet
curly top virus (Petrovic et al. 1999; Lozano-Duran et al.
2011; Zhao et al. 2013). Furthermore, host proteins medi-
ate plant resistance to viruses by increasing JA-medi-
ated defense. For example, SIMAPK3 enhances tomato
tolerance to TYLCV, and ZmGLK36 promotes maize
resistance to maize rough dwarf virus and rice black-
streaked dwarf virus by activating JA signaling (Li et al.
2017; Mahmood and Greenwood 2023). In this study,
we demonstrated that CIRPSA-2 has three MYC bind-
ing sites, activates the expression of JA-related genes, and
enhances the JA content, indicating that CIRPSA-2 may
induce the immune response of Eureka lemon to CYVCV
via the JA pathway; MeJA treatment reduced the CYVCV

titer, while knockdown of the JA signaling pathway by
SHAM treatment significantly increased the CYVCV
titer. Moreover, CIRPSA-2 can enhance the resistance of
Eureka lemon to CYVCYV through the JA signaling path-
way. Furthermore, MYB, MYC, ABRE, and G-box motifs
were identified in CIRPSA-2; therefore, it would be inter-
esting to determine the binding activity of CIRPSA-2 in
specific DNA sequences.

An increasing number of reports highlight that
improved photosynthetic efficiency can enhance plant
resistance to virus infection (Zhou et al. 2017a; Bwalya
et al. 2023). In addition, F,/F,, reflects the potential maxi-
mum photosynthetic capacity of plants, which enhances
the stress resistance of plants (Kim et al. 2019; Ren
et al. 2024); it is also an important indicator for evalu-
ating plant antiviral infection (Rys et al. 2014; Srilatha
et al. 2019). In this study, we observed light responsive-
ness binding sites in CIRPSA-2, indicating that it may
be involved in photosynthesis. Transient CIRPSA-2
expression positively regulates photosynthesis-related
gene expression, and F,/F, was 1.45-fold that of the
control. These results indicate that the resistance factor
CIRPSA-2 may also activate and enhance plant resistance
to CYVCYV via the photosynthetic pathway.

Conclusion

In this study, we demonstrated that the CYVCV-CP
interacts with CIRPSA-2, and CIRPSA-2 negatively regu-
lates CP expression in Eureka lemon. Our findings sug-
gest that CIRPSA-2 suppresses the accumulation of
CYVCYV in lemons by activating the JA and photosyn-
thetic signaling pathways, providing a new strategy for
effective CYVCYV control in China.
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Methods

Plant materials and virus source

N. benthamiana, N. tabacum, virus-free Eureka lemon
seedlings, and Eureka lemon seedlings inoculated with
CYVCYV, CPV, CTV, CCDaV, and CTLV were planted
in a greenhouse at 25°C+3°C under a 16/8 h light/dark
photoperiod. All primers used in this study are listed in
Additional file 2: Table S4.

Characterization of CIRPSA-2

To characterize RPSA-2 from Eureka lemon, the full
CIRPSA-2 sequence was amplified using the specific
primers (Additional file 2: Table S4), and the correspond-
ing predicted aa sequence was analyzed as previously
described by Zeng et al. (2023). Eighteen multiple-
aligned homologous RPSA-2 sequences from Citrus, Cit-
rus-related genera, and non-Citrus genera plants were
obtained using DNAMAN V6 software. Phylogenetic
analysis of these sequences was performed using the
MEGA package and neighbor-joining method (Kumar
et al,, 2015). CIRPSA-2 binding sites were analyzed using
plantCARE.

Vector construction

The homologous coding sequences (CDS) of RPSA-
2 from lemon (CIRPSA-2), sweet orange (CsRPSA-2),
Citrus  clementina  (CcRPSA-2), C. hongheensis
(ChRPSA-2), N. tabacum (NtRPSA-2), and four trun-
cated mutants of CIRPSA-2 were ligated into the vec-
tor pGADT7 (AD) (Puint, China) to generate the prey
plasmids AD:CIRPSA-2, AD:CsRPSA-2, AD:CcRPSA-2,
AD:ChRPSA-2,  AD:NtRPSA-2,  AD:CIRPSA-2, ,,
(aa residues 1—21), AD:CIRPSA-2,, ;,, (aa residues
22—122), AD:CIRPSA-2,,5 45 (aa residues 115—188),
and AD:CIRPSA-2,49_ 3,4 (aa residues 189—316), respec-
tively. The bait plasmid pGBKT7:CP (BD:CP) was con-
structed using a similar method (Zeng et al. 2023).

For the BiFC assays, the full-length CDS of CIRPSA-2
and CP were cloned into the pSPYNE and pSPYCE
(Puint, China) vectors to construct pSPYNE:CIRPSA-2
and pSPYCE:CP (Zhang et al. 2022), respectively.

For the LCI assay, CIRPSA-2, CsRPSA-2, CcRPSA-2,
ChRPSA-2, and NtRPSA-2 were cloned into PHNL-
P14 to generate PHNL:CIRPSA-2, PHNL:CsRPSA-2,
PHNL:CcRPSA-2, PHNL:ChRPSA-2, and
PHNL:NtRPSA-2, respectively; CP was inserted into the
PCCL:P9 vector to construct PCCL:CP (Yao et al. 2023).

For the Co-IP assays, pSPYCE:CP-GFP and
pSPYCE:CIRPSA-2-His were constructed as previously
described by Zeng et al. (2023).

For subcellular localization of CIRPSA-2 and co-locali-
zation of CIRPSA-2/CP in N. benthamiana leaf cells, the
CDS of CIRPSA-2 was fused with GFP and cloned into
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pCHE3 to obtain pCHF3:CIRPSA-2-GFP. In addition, a
recombinant plasmid pCHF3:CP-mCherry fused with
mCherry was constructed.

To transiently express CIRPSA-2, CP, and a serial
of CIRPSA-2 segments, the recombinant plas-
mids pNmMGFPer:CIRPSA-2, pNmMGFPer:CP,
pNmGEFPer:CIRPSA-2, ,;, pNmGFPer:CIRPSA-2,, ;4
and pNmGFPer:CIRPSA-2,,; 4, were constructed
(Additional file 1: Figure S7). To silence CIRPSA-2,
recombinant TRV vectors containing the 243 bp reverse
complementary fragment of CIRPSA-2 was prepared
(Yang et al. 2023).

To establish a Eureka lemon hairy root transformation
system over-expressing CIRPSA-2, the full-length CDS of
CIRPSA-2 was subcloned into a pLGN vector to obtain
pLGN:CIRPSA-2 (Additional file 1: Figure S8). A 243-
bp fragment of CIRPSA-2 was reverse complementarily
cloned into a pLGN vector to obtain the silencing recom-
binant plasmid pLGN:CIRPSA-2-KO (Xiao et al. 2023).

All recombinant plasmids were sequenced and verified
before use. All of the primers used in this study are listed
in Additional file 2: Table S4.

Identification of the interaction between CIRPSA-2 and CP
Y2H assay: The bait plasmid BD:CP and prey plas-
mids were used for a Y2H assay to verify the interaction
between CP and RPSA-2 s. BD:CP and prey plasmids
were co-transformed into the yeast strain Y2H Gold and
applied to the SD/-Leu/-Trp selective medium. After 3-5
d of culture at 28°C, the positive clones were planted on
the SD/-His/-Leu/-Trp/ABA/X-a-Gal and SD/-Ade/-
His/-Leu/-Trp/ABA/X-a-Gal selective mediums as
described by Zeng et al. (2023).

BiFC assay: pSPYNE:CIRPSA-2 and pSPYCE:CP were
transformed into Agrobacterium EHA105. The Agro-
bacterium cultures containing pSPYNE:CIRPSA-2/
pSPYCE:CP were co-infiltrated into N. benthamiana
leaves. At 2 dpi, the infiltrated leaves were collected and
observed using a FV3000 scanning confocal microscope
(Olympus, Japan) (Zhou et al. 2017b).

LCI assay: The Agrobacterium strain EHA105 carry-
ing PHNL:CIRPSA-2 and PCCL:CP was equally mixed
and co-infiltrated into N. benthamiana leaves. At 2 dpi,
the infiltrated leaves were used to observe the interaction
between CIRPSA-2 and CP.

The Co-IP assay was used to verify the interaction
between CIRPSA-2 and CP, as described by Liao et al.
(2024).

The interactions between CP and CIRPSA-2, ,,,
CIRPSA-25, 155, CIRPSA-2,,: 1¢e, and CIRPSA-2 g0 56
were preliminarily evaluated using the Y2H assay. BiFC
and LCI were used to further verify the interaction
between CP and CIRPSA-2,, ;5.
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Subcellular localization of CIRPSA-2

mCherry-PIP2A, mCherry-H2B, and mCherry-HDEL
were agro-infiltrated with pCHF3:CIRPSA-2-GFP
in N. benthamiana leaves to analyze the subcellular
localization of CIRPSA-2. Additionally, A. tumefaciens
cultures carrying pCHF3:CIRPSA-2-GFP and pCHEF3:CP-
mCherry were co-infiltrated into N. benthamiana leaves.
The fluorescence signal in the infiltrated leaves was
observed at 2 dpi (Varshney et al. 2023).

Effect of CP on the expression of CIRPSA-2

To determine whether CP expression affects the expres-
sion of CIRPSA-2, pNmGFPer:CP was agro-infiltrated
into young Eureka lemon leaves, as described by Zeng
et al. (2023). At 0, 3, 6, 9, and 12 dpi, the expression of
CIRPSA-2 was analyzed by RT-qPCR assay (Liu et al.
2023).

Effects of CIRPSA-2 on CP expression and citrus virus
infection

To determine the function of CIRPSA-2 on CP expres-
sion, pNmGFPer:CIRPSA-2 was agro-infiltrated into
Eureka lemon leaves. At 3 dpi, WB was used to analyze
CIRPSA-2 expression, and at 0, 3, 6, 9, and 12 dpi, the
expression of CIRPSA-2 was analyzed by RT-qPCR. At 3
dpi, pPNmGFPer:CP was re-infiltrated into the infiltrated
leaves, and the CP expression was analyzed by WB and
RT-qPCR assays at 0, 1, 3, 5, and 7 d after infiltration with
PNmMGFPer:CP. CIRPSA-2 was silenced in Eureka lemon
leaves by agro-infiltration of TRV2:CIRPSA-2 into young
Eureka lemon leaves, as described above.

To determine the function of CIRPSA-2 in citrus
virus infection, C/IRPSA-2 was transiently expressed and
silenced in young CYVCV-, CPV-, CTV-, CCDaV-, and
CTLV-infected Eureka lemon leaves, as described above,
respectively. At 6 dpi, the infiltrated leaves were collected
for an RT-qPCR assay.

Construction of Eureka lemon hairy root transformation
system

To further explore the function of CIRPSA-2,
pLGN:CIRPSA-2 and pLGN:CIRPSA-2-KO were used to
establish an A. rhizogenes-mediated genetic transforma-
tion system, with CIRPSA-2 over-expression and silenc-
ing, respectively, in the hairy roots of CYVCV-infected
Eureka lemon (Xiao et al. 2023).

MeJA and JA inhibitors salicylhydroxamic acid treatment
The 0.1 mM MeJA and 0.2 mM salicylhydroxamic acid
(SHAM) solution were prepared and sprayed onto
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virus-free and CYVCV-infected Eureka lemon plants
(Nair et al. 2015; Hussain et al. 2021). Control plants were
sprayed with 50% alcohol solution. Spraying was repeated
on alternate days for a week. Fifteen days later, the sam-
ples were collected for RT-qPCR and WB assays, and the
JA content was detected.

Physiological measurements

At 6 dpi, the Fv/Fm in Eureka lemon leaves with tran-
siently expressed or silenced CIRPSA-2 was tested as pre-
viously described by Xiong et al. (2023). The JA and PAL
contents in CIRPSA-2 transiently expressed or silenced
Eureka lemon leaves, transformed hairy root, and MeJA
and SHAM treated samples were determined using the
corresponding ELISA detection kits (Sinobestbio, China).

Statistical analysis

The results were statistically analyzed using GraphPad
Prism 9.3.1 software (Anwar et al. 2024). Differences
between two groups were analyzed using a Student ¢-test,
and the data are presented as mean+standard devia-
tion (SD), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Differences among three or more groups were analyzed
using a one-way analysis of variance test; the data are
presented as mean + SD, and different lower case letters
represent differences at the P<0.05 level. We used n=9
for RT-qPCR analysis and n=5 for JA and PAL content
detection. A normal distribution and homogeneity of
variance test were performed before analysis; a Wilcoxon
test was used for a non-normal distribution, and a Welch
correction was performed when the variance was not
uniform.

Abbreviations

aa Amino acids

BiFC Bimolecular fluorescence complementation
CCDaV Citrus chlorotic dwarf-associated virus
ccyv Cucurbit chlorotic yellows virus
CIRPSA-2  Eureka lemon 40S RPSA

(@Y% Cucumber mosaic virus

Co-IP Co-immunoprecipitation

CcpP Coat protein

CPV Citrus psorosis virus

CTLv Citrus tatter-leaf virus

cTv Citrus tristeza virus

cyvev Citrus yellow vein clearing virus
Fv/Fm Maximum photochemical efficiency
JA Jasmonic acid

LCl Luciferase complementation imaging
PAL Phenylalanine ammonia lyase

RPs Ribosomal proteins

RT-gPCR  Real-time quantitative PCR

SHAM Salicylhydroxamic acid

SMV Soybean mosaic virus

TRV Tobacco rattle virus

TYLCV Tomato yellow leaf curl virus

WB Western blotting

Y2H Yeast two hybrid
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