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Abstract

RNA silencing plays an important role in plant antiviral responses, which trigger the production of virus-derived small
interfering RNAs (vsiRNAs). The competing endogenous RNA (ceRNA) hypothesis revealed a unique mechanism

in which circular RNAs (circRNAs) and long non-coding RNAs (IncRNAs) can interact with small RNAs to regulate

the expression of corresponding target mMRNAs. Sugarcane mosaic virus (SCMV) infection causes severe economic
losses in maize (Zea mays L.) production worldwide. This study compared and analyzed characteristics of vsiR-

NAs derived from SCMV and their target genes in resistant (Chang7-2) and susceptible (Mo17) maize inbred lines
through whole-transcriptome RNA sequencing and degradome sequencing. The results showed that 706 transcripts
were targeted by 204 vsiRNAs, including 784 vsiRNA-target gene pairs. Furthermore, ceRNA networks of circRNA/
INCRNA-vsiRNA-mRNA in response of maize to SCMV infection were obtained, including 3 differentially expressed (DE)
circRNAs, 36 DEINcRNAs, 105 vsiRNAs, and 342 DEMRNAs in Mo17 plants, and 3 DEcircRNAs, 35 DEINcRNAs, 23 vsiRNAs,
and 87 DEmRNAs in Chang7-2 plants. Our results also showed that the transcripts of ZmDCLs, ZmAGOs, and ZmRDRs
were differentially accumulated in resistant and susceptible maize inbred lines after SCMV infection. These findings
provide valuable insights into the relationship between SCMV-derived vsiRNAs and potential ceRNAs fine-tuning

the SCMV-maize interaction and offer novel clues to reveal the mechanism underlying the pathogenesis of SCMV.
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Background

Maize (Zea mays L.) is an essential crop for human food,
animal feed, and industrial material, which is also a clas-
sic model plant for genetics research (Gore et al. 2009).
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SCMV is the primary causal agent of maize dwarf mosaic
disease in China, which initially causes chlorotic symp-
toms at the base of the leaf and then extends to the whole
leaf until a stripe mosaic pattern appears on maize (Jiang
and Zhou 2002). Breeding and planting resistant maize
varieties are the most economical and effective meth-
ods to control SCMYV infection. Therefore, exploring the
interaction between SCMV and maize plants is impor-
tant for developing effective virus-control strategies and
cultivating disease-resistant varieties.

RNA silencing is a natural antiviral mechanism in
plants, which is triggered by double-stranded RNAs
(dsRNAs) with different sources and lengths (Pumplin
and Voinnet 2013). Plant Dicer-like (DCL) and Argo-
naute (AGO) proteins play crucial antiviral roles in the
RNA silencing pathway (Bouché et al. 2006; Schuck
et al. 2013). The dsRNAs are cleaved by DCL proteins
into virus-derived small interfering RNAs (vsiRNAs)
of 21 to 24 nucleotides (nt) (Ding and Voinnet 2007).
Previous studies have shown that plants infected with
positive-strand RNA viruses mainly generate 21-nt vsiR-
NAs processed by DCL4, while 22-nt vsiRNAs produced
by DCL2 are accumulated when the activity of DCL4 is
reduced or inhibited (Bouché et al. 2006; Ding 2010).
DCL1 and DCL3 can produce 21- and 24-nt vsiRNAs in
dcl2/dcl3/dcl4 and dcl2/dcl4 mutant plants, respectively
(Bouché et al. 2006; Qu et al. 2008). The vsiRNAs are
loaded into RNA-induced silencing complexes (RISCs),
which contain Argonaute (AGO) proteins, guiding the
degradation of viral RNAs and host target mRNAs in a
sequence-specific manner (Baumberger and Baulcombe
2005). In Arabidopsis, AGOs 1, 2, 4, 5, 7, and 10 can
bind vsiRNAs upon different virus infections (Carbonell
and Carrington 2015). AGOL1 is most important in plant
antiviral defense (Harvey et al. 2011). Moreover, AGO2
can protect against suppressor-defective tomato bushy
stunt virus (TBSV) in Nicotiana benthamiana (Scholthof
et al. 2011). AGO4 also shows antiviral function in CMV-
infected N. benthamiana (Ye et al. 2009). AGO1 and
AGOI18 are the main antiviral AGOs against rice stripe
virus (RSV) and rice dwarf virus (RDV) in rice (Carbonell
and Carrington 2015). In plants, the effect of RNA silenc-
ing can be amplified by cellular RNA-dependent RNA
polymerases (RDRs), which synthesize dsRNAs and pro-
duce secondary vsiRNAs (Wang et al. 2010).

Previous studies have shown that vsiRNAs are mainly
responsible for RNA silencing mediated antiviral immu-
nity (Zhu et al. 2011). Recently, more and more stud-
ies suggest that vsiRNAs play potential regulatory roles
in the expression of host genes, which determines the
manifestation of viral symptoms in host plants (Wang
et al. 2022). The first report of this phenomenon was the
vsiRNAs derived from CMV Y-satellite that specifically
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regulate the expression of chlorophyll-related gene (Chll)
and modulate the typical yellowing symptoms in N.
benthamiana (Smith et al. 2011; Shimura et al. 2011). It
has also been reported that Chinese wheat mosaic virus
(CWMYV) RNAIl-derived vsiRNA-20 can cleave the
mRNA of TaVP to maintain a weak alkaline environment
in the cytoplasm to enhance CWMYV infection in wheat
(Yang et al. 2020; Huang et al. 2022).

Recently, competing endogenous RNAs (ceRNAs) have
been widely accepted as a new mode of gene regula-
tion, of which circular RNAs (circRNAs) and long non-
coding RNAs (IncRNAs) can act as ceRNAs to regulate
miRNA or vsiRNA activity (Song et al. 2021). Based on
this mechanism, many studies have analyzed the regula-
tory network of ceRNA-miRNA/siRNA-target gene in
plants (Salmena et al. 2011). For example, maize IncRNA
PILNCRI inhibits miR399-guided cleavage of PHOS-
PHATE?2 (PHO?2) to regulate plant tolerance to low phos-
phate (Du et al. 2018). Tomato IncRNA08489-miR482e
module was reported to enhance host resistance to Phy-
tophthora infestans through the reactive oxygen species
(ROS)-scavenging system (Liu et al. 2022). In addition,
LINC-AP2 contributes to the formation of shorter sta-
men in the flowers of A. thaliana plants infected with
turnip crinkle virus (TCV) by anti-cis downregulating
the expression of AP2 gene (Gao et al. 2016). Tomato
IncRNA SILNRI interacts with vsiRNAs derived from a
non-coding intergenic region (IR) of tomato yellow leaf
curl virus (TYLCV) and suppresses disease development
during viral infection (Yang et al. 2019). However, there is
still a lack of comprehensive research on the interactions
among circRNA, IncRNA, vsiRNA, and mRNA in virus-
infected maize plants.

Our previous studies have reported the vsiRNA expres-
sion profiles in SCMV-infected maize inbred lines Zong
31 and B73 plants (Xia et al. 2014, 2016). The construc-
tion of ceRNA-vsiRNA-mRNA networks of susceptible
and resistant plants is beneficial for analyzing the patho-
genic mechanism of SCMV and the antiviral responses
of host plants. In this study, whole-transcriptome RNA
sequencing and degradome sequencing were performed
on Chang7-2 (resistant) and Mol7 (susceptible) with
or without SCMV infection to compare and identify
the critical ceRNA-vsiRNA-mRNA modules, aiming to
establish a vsiRNA-mediated regulatory network associ-
ated with pathogenesis of SCMV and viral disease resist-
ance in maize.

Results

Symptoms and viral accumulations in SCMV-infected Mo17
and Chang7-2 maize plants

To explore the pathogenicity of SCMV on maize, the
resistant (Chang7-2) and susceptible (Mol7) inbred
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Fig. 1 The symptoms and viral accumulations in SCMV-infected Chang7-2 and Mo17 maize plants. a The symptoms on Mo17 and Chang7-2 maize
plants inoculated by SCMV or phosphate buffer (Mock) at 10 dpi. b The accumulation of SCMV RNA at 10 dpi in Mo17 and Chang7-2 maize plants
determined by semiquantitative RT-PCR. 18x, 21x, and 25X indicate cycle numbers in semiquantitative RT-PCR reaction. M: Marker. ZmUBI, internal
control. € SCMV coat protein (CP) levels at 10 dpi in Mo17 and Chang7-2 maize plants determined by western blot. CBB, Coomassie brilliant blue.
MM, Mo17 inoculated with phosphate buffer; SM, Mo17 inoculated with SCMV; MC, Chang7-2 inoculated with phosphate buffer; SC, Chang7-2

inoculated with SCMV

lines were inoculated with SCMV and the phosphate
buffer (Mock). At 10 days post inoculation (dpi), sys-
temically infected leaves of Mol7 showed obvious
mosaic symptoms, while those of Chang7-2 showed
no symptoms (Fig. 1a). The results of semiquantitative

reverse transcription-polymerase chain reaction (RT-
PCR) and western blot assays showed that the accu-
mulations of SCMV genomic RNA and coat protein
(CP) in Mo17 were much higher than that in Chang7-2
(Fig. 1b, ¢).
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Fig. 2 Accumulation of vsiRNAs in Mo17 and Chang7-2 after SCMV infection. a Size distribution of total vsiRNAs in SM and SC libraries. b Size
distribution of total small RNAs in different libraries. ¢ Size distribution of total small RNAs in SM libraries. d Size distribution of total small RNAs
in SC libraries. Data shown were means of three libraries for each treatment. MM, Mo17 inoculated with phosphate buffer; SM, Mo17 inoculated
with SCMV; MC, Chang7-2 inoculated with phosphate buffer; SC, Chang7-2 inoculated with SCMV

High-throughput sequencing of small RNAs from maize
plants

The expression profiles of vsiRNAs are beneficial for elu-
cidating the components and mechanisms involved in
their biogenesis and function. To explore the different
roles of vsiRNAs in Chang7-2 and Mol7 after SCMV
infection, we generated 12 small RNA libraries from the
systemic leaves of plants inoculated with SCMV (SM
and SC) or phosphate buffer (MM and MC) with three
biological replicates and sequenced libraries using the
[lumina Solexa high-throughput sequencing platform
(Additional file 1: Table S1). Small RNA reads within
18-36 nt were selected for further analysis and aligned
to the SCMV genome in sense and antisense orienta-
tions. Results revealed that the majority of vsiRNAs were
21- and 22-nt in length in both SM and SC libraries,
accounting for 48.96% and 43.85% of total vsiRNAs in SM
libraries and 44.68% and 47.15% in SC libraries, respec-
tively (Fig. 2a). Then, we compared the overall profiles of
small RNAs between Mock- and SCMV-inoculated Mo17
and Chang7-2 libraries. Results suggested that levels of
21- and 22-nt small RNAs in SM libraries were about
twofold of those in MM libraries, while levels of 24-nt

small RNAs were significantly reduced in SM libraries
(Fig. 2b). Further analysis showed that the 21- and 22-nt
small RNAs in SM libraries were mainly attributed to the
accumulation of vsiRNAs (Fig. 2¢). In contrast, the small
RNAs of 21-, 22-, and 24-nt in SC libraries only increased
by about 10% compared with those in MC libraries
(Fig. 2b, d). These findings indicated that higher levels of
vsiRNAs were produced in Mol7 infected with SCMV,
while fewer vsiRNAs, as well as viral accumulation, were
detected in Chang7-2 maize plants, which may be the
result of antiviral RNA silencing or a specific interaction
between the virus and host.

Characteristics of vsiRNAs in SM and SC libraries

To determine the potential interactions between vsiR-
NAs and different ZmAGO complexes, we analyzed the
properties of 5’-terminal nucleotides of vsiRNAs in SM
and SC libraries. The results showed that A and U were
the most abundant nucleotides at the 5'-terminal, each
accounting for about 30% of 21- and 22-nt vsiRNAs in
both SM and SC libraries, while G was the least abun-
dant, accounting for about 15% (Additional file 2: Figure
Sla). The clear preference for A and U as the 5'-terminal
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nucleotides of vsiRNAs from SCMV implied that they
were potentially loaded into ZmAGO1, ZmAGO?2, and/
or ZmAGO4 homologs.

To examine the origin of vsiRNAs from SCMV
genome, we further analyzed the polarity ratio of vsiR-
NAs in SM and SC libraries. Results demonstrated that
the accumulations of sense vsiRNAs (65.43% and 53.69%)
were higher than that of antisense vsiRNAs (34.57% and
46.31%) (Additional file 2: Figure S1b), indicating that
sense strand of SCMV RNA was dominant in the produc-
tion of vsiRNAs.

To further explore the distribution of vsiRNAs, the
21- and 22-nt vsiRNAs in both SM and SC libraries were
aligned with SCMV genome (Fig. 3a, b). The resulting
single-nucleotide resolution maps showed that vsiRNAs
from both stands were almost continuously but hetero-
geneously distributed throughout the SCMV genome
(Fig. 3b). Further analyses indicated that the numbers
and regions of vsiRNA hotspots in SM and SC libraries
were similar, with vsiRNAs derived more from the sense
strand than from the antisense strand, and the cylindrical
inclusion (CI) region contained more hotspots (Fig. 3b).
However, compared with that in Mol7, the antisense
strand of SCMV genome in Chang7-2 contained more
hotspots (Fig. 3b).

To verify the existence of vsiRNAs, ten vsiRNAs from
different positions of SCMV genome in SM and SC
libraries were selected for semiquantitative RT-PCR vali-
dation. The results demonstrated that the selected vsiR-
NAs had a higher accumulation in SM but less in the SC
libraries (Fig. 3c).

Identification of SCMV-responsive circRNAs, IncRNAs,

and mRNAs in maize

To explore the different roles of circRNAs, IncRNAs, and
mRNAs in the response of Chang7-2 and Mo17 to SCMV
infection and determine the function of predicted target
genes of vsiRNAs, we performed RNA sequencing (RNA-
seq) using the same samples for small RNA sequencing.
We obtained an average of 92.80 million raw reads (rang-
ing from 89.10 to 96.99 million) for each library (Addi-
tional file 1: Table S2). There were seven differentially

(See figure on next page.)
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expressed (DE) circRNAs (five up-regulated, two down-
regulated) found in SM vs. MM comparison and eight
DEcircRNAs (four up-regulated, four down-regulated)
in SC vs. MC comparison (Additional file 1: Table S3,
4). In the SM vs. MM comparison, 58 IncRNAs were up-
regulated and 305 IncRNAs were down-regulated, while
in the SC vs. MC comparison, only 68 IncRNAs were
up-regulated and 44 IncRNAs were down-regulated.
Among them, three DEIncRNAs were co-expressed, of
which Zm000014026716_T001 was up-regulated, and
MSTRG.18720.1 and MSTRG.18787.1 were down-reg-
ulated in both comparisons (Additional file 1: Table S5,
6). A total of 4058 DEmRNAs (2672 up-regulated, 1386
down-regulated) in SM vs. MM comparison and 2896
DEmRNAs (1576 up-regulated, 1320 down-regulated) in
SC vs. MC comparison were identified. In addition, 320
DEmRNAs were uncovered in both comparisons, includ-
ing 215 DEmRNAs with similar expression trends and
105 DEmRNAs with opposite expression trends (Addi-
tional file 1: Table S7, 8).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) analyses of vsiRNA target genes

The vsiRNAs usually have a near-perfect complemen-
tarity with their targets to regulate gene expression,
which can be used to predict target genes of SCMV-
derived vsiRNAs in Mo17 and Chang7-2 plants. Due to
the wide variety of identified vsiRNAs, we only selected
some abundant vsiRNAs (Additional file 1: Table S9,
10) for further investigation. The results indicated that
565 and 713 genes were predicted as targets of 153 and
161 vsiRNAs in Mo17 and Chang7-2, respectively. GO
enrichment and KEGG pathway analysis of differen-
tially expressed genes (DEGs) targeted by vsiRNAs were
performed. The results showed that DEGs targeted by
vsiRNAs found in the SM vs. MM comparison were
mainly enriched in GO terms ‘oxidation—reduction pro-
cess, ‘translation, ‘endoplasmic reticulum, and ‘hydro-
lase activity’ (Fig. 4a and Additional file 1: Table S11).
In contrast, DEGs targeted by vsiRNAs in SC vs. MC
comparison were mainly annotated to GO terms ‘phos-
phorylation, ‘transferase activity, ‘kinase activity,

Fig. 3 Single-nucleotide resolution maps and semiquantitative RT-PCR analysis of vsiRNAs. a Schematic diagram of SCMV genome. b The
single-nucleotide resolution maps of 21- and 22-nt vsiRNAs on SCMV genome in SM and SC libraries. The SCMV genome was arranged

along the X-axis with length drawn to scale. vsiRNAs derived from the sense and antisense strand of SCMV genomic RNAs were shown

above and below the horizontal line, respectively. The data used to generate the charts were based on the means calculated from three

libraries for each treatment. ¢ Semiquantitative RT-PCR analysis of vsiRNAs in Mock- and SCMV-inoculated Mo17 and Chang7-2 maize plants.
Semiquantitative RT-PCR assays were conducted with three independent biological replicates using Mock- and SCMV-inoculated maize plants.”“(+)"
indicates vsiRNAs derived from the sense strand of SCMV genomes, and “(-)" indicates the antisense strand. U6 was used as the internal control.
MM, Mo17 inoculated with phosphate buffer; SM, Mo17 inoculated with SCMV; MC, Chang7-2 inoculated with phosphate buffer; SC, Chang7-2

inoculated with SCMV
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‘catalytic activity, and ‘oxidoreductase activity’ (Fig. 4b  vsiRNAs found in the SM vs. MM comparison were
and Additional file 1: Table S12). Results of KEGG mainly enriched in ‘categories proteasome, ‘inositol
pathway analysis indicated that the DEGs targeted by phosphate metabolism, ‘phenylalanine metabolism,
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Fig. 4 GO terms and KEGG pathway enrichment of target transcripts of vsiRNAs in SM and SC libraries. a, b GO enrichment analysis results for target
transcripts of vsiRNAs in SM and SC libraries, respectively. BP, biological process; CC, cellular component; MF, molecular function. ¢, d KEGG pathway

analysis of target transcripts of vsiRNAs in SM and SC libraries, respectively

and ‘ubiquitin-mediated proteolysis’ (Fig. 4c and Addi-
tional file 1: Table S13), while those in the SC vs. MC
comparison were enriched in ‘RNA transport, ‘phenyl-
propanoid biosynthesis, ‘protein processing in endo-
plasmic reticulum, and ‘nitrogen metabolism’ (Fig. 4d
and Additional file 1: Table S14). The GO and KEGG
pathway enrichment analysis results for target genes of
the selected ten vsiRNAs are shown in Additional file 1:
Table S15. These findings suggested that SCMV-derived
vsiRNAs may affect the physiological and biochemical
responses by regulating target genes in resistant and
susceptible maize materials.

Identification of vsiRNA targets by degradome sequencing
Target identification is essential for understanding the
regulatory function of vsiRNAs. We constructed a degra-
dome library using total RNAs derived from MM, MC,
SM, and SC to identify target transcripts of vsiRNAs.
A total of 10.9 million raw reads were generated. The
unique reads were matched to the maize genome and
transcriptome data to identify cleavage sites. As a result,
785 vsiRNA-target pairs for 204 vsiRNAs and 706 target
transcripts were identified. Some representative cleav-
age sites are shown as target plots (T-plots) (Fig. 5).
The results also showed that a single vsiRNA can act on
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multiple transcripts, such as vsiR3676(+) can target both  Zm00001d029720_T001 cleaved by vsiR3676(+) and
Zm00001d019518_T001 and Zm00001d029720_T001. vsiR3677(+) (Fig. 5). These findings suggested that there
Different vsiRNAs may also synergistically regulate the  might be a functional redundancy among diverse vsiR-
expression of one transcript, such as Zm00001d021906_  NAs and that a single vsiRNA could cleave multiple

T001 was cleaved by vsiR3609(—) and vsiR364(—), and  transcripts.
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regulation verified by degradome sequencing

Construction of vsiRNA-mediated ceRNA regulatory
networks

To reveal the relationship between protein-coding
RNAs and ncRNAs under SCMV infection, we con-
structed ceRNA regulatory networks. A total of three
DEcircRNAs and 36 DEIncRNAs combining with 105
vsiRNAs and competing for the vsiRNA binding sites
on 342 DEmRNAs were obtained in Mo17 (Additional
file 1: Table S16). However, only three DEcircRNAs
and 35 DEIncRNAs combining with 23 vsiRNAs that
potentially targeted 87 DEmRNAs were identified in
Chang7-2 (Additional file 1: Table S17). Among them,
five DEcircRNAs, seven DEIncRNAs, and 11 DEmR-
NAs were predicted to target or be targeted by seven
vsiRNAs selected in this study (Fig. 6). We found that
three vsiRNAs formed two DEcircRNA-vsiRNA, three
DEIncRNA-vsiRNA, and five vsiRNA-DEmRNA poten-
tial interactions in Chang7-2. The coding DEmRNAs
of the ceRNA network included alba DNA/RNA-bind-
ing protein (Zm000014033913_T001), auxin response
factor 11 (Zm00001d4043431_T003), and WRKY32
(Zm00001d028962_T001) (Fig. 6a). Moreover, four

vsiRNAs were found to form three DEcircRNA-
vsiRNA, four DEIncRNA-vsiRNA, and six DEmRNA-
vsiRNA interactions in Mo17. The coding DEmRNAs of
the ceRNA network included cyclin-dependent protein
kinase (Zm000014026360_T001), protein NRT1/PTR
FAMILY 6.1 (Zm000014040201_T001), chlorophyll a-b
binding protein (Zm00001d4021906_T001) and E3 ubiq-
uitin-protein ligase XBAT32 (Zm000014052057_T005)
(Fig. 6b). Moreover, RT-PCR and PCR assays were
performed to verify the existence of circRNA507, cir-
¢RNA1767, circRNA76, circRNA255, and circRNA1741
from ¢cDNA and DNA with a total of 10 pairs of diver-
gent and convergent primers. Subsequently, sanger
sequencing was performed on the PCR amplification
products of divergent primers, further confirming the
reverse splicing sites of circRNAs (Additional file 2:
Figure S2). The important vsiRNAs and their associated
circRNAs, IncRNAs, and mRNAs were summarized
and listed in Additional file 1: Table S18. In ceRNA
regulatory networks, vsiR3609(-22)-Zm00001d4033913
T001 and vsiR364(-)-Zm00001d4021906_T001 pairs
were verified by degradome sequencing (Fig. 5).
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Validation of the expression of vsiRNA-associated

circRNAs, IncRNAs, and mRNAs in Mo17 and Chang7-2
maize plants

To further determine the correlation of ceRNA-vsiRNA-
mRNA modules, the expression levels of vsiRNA-asso-
ciated circRNAs, IncRNAs, and mRNAs were analyzed
in Mol7 and Chang7-2 maize plants. The heat map of
RNA-seq data shows the expression patterns of circR-
NAs, IncRNAs, and mRNAs associated with selected
vsiRNAs (Fig. 7a). In Chang7-2, the expression levels
of circRNA255, MSTRG.13291.2, Zm00001d4021906_
T001, and Zm00001d4052057 _T005 were lower and cir-
¢RNA76, MSTRG.8678.1, Zm00001d026360_T001, and
Zm00001d040201_T001 were higher than those in Mo17
without SCMV infection (Fig. 7a). The accumulation of
these ceRNAs and mRNAs were also determined by
quantitative real-time reverse transcription-polymerase
chain reaction (qQRT-PCR). Among them, the expression
levels of circRNA1741, circRNA1767, circRNA255, cir-
¢RNAS507, and circRNA76 were significantly induced by
SCMYV infection in both Mo17 and Chang7-2. The IncR-
NAs MSTRG.17616.2, MSTRG.17000.2, MSTRG.8678.1,
MSTRG.1947.2, and MSTRG.1973.1 were signifi-
cantly up-regulated, while MSTRG.13291.2 and
MSTRG.18720.1 were significantly down-regulated after
SCMYV infection in Mo17 or Chang7-2. The accumulation
of Zm000014026360_T001, Zm000014040201_TO001,
Zm00001d033913_T001, Zm00001d043431_T003, and
Zm00001d028962_T001 significantly increased, while
that of Zm00001d4021906_T001 and Zm00001d4052057_
T005 significantly decreased in Mol7 or Chang7-2
infected with SCMV (Fig. 7b, c). These results were
consistent with RNA-seq data (Fig. 7a). Moreover, the
expression levels of ceRNAs were positively correlated
with mRNAs potentially targeted by vsiRNAs (Figs. 6, 7).

Differential expression of ZmDCLs, ZmAGOs, and ZmRDRs
after SCMV infection in Mo17 and Chang7-2

Our results showed that a large amount of 21- and 22-nt
vsiRNAs accumulated in Mol7 and Chang7-2 maize
plants infected with SCMV (Fig. 2a). To determine the
effects of SCMV infection on the RNA silencing path-
way, the expression levels of major components in RNA
silencing pathway after SCMV infection in Mol7 and
Chang7-2 were analyzed by RNA-seq and qRT-PCR.
The heat map of RNA-seq data shows the expression
pattern of ZmDCLs, ZmAGOs, and ZmRDRs in Mock-
and SCMV-inoculated Mol7 and Chang7-2 plants
(Fig. 8a). Consistent with the RNA-seq results, the tran-
script levels of ZmDCL2 and ZmDCL3a significantly
increased in SCMV-infected Mol7, whereas the accu-
mulation of ZmDCLI and ZmDCL4 transcripts signifi-
cantly decreased (Fig. 8b). In addition, SCMYV infection
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significantly increased the transcript accumulation of
ZmAGOla, ZmAGOle, ZmAGO2, and ZmAGO?7 in
Mol7, while decreased the expressions of ZmAGO4d,
ZmAGOI10a, and ZmAGOI0b (Fig. 8c). The expression
levels of ZmDCL1, ZmDCL2, ZmDCL3a, and ZmDCL4
were significantly increased in SCMV-infected Chang7-2
(Fig. 8d). Similarly, the virus infection significantly
increased the transcript accumulation of ZmAGOI1b,
ZmAGOle, and ZmAGO4d but decreased that of ZmA-
GO4a in Chang7-2 (Fig. 8e). However, the expression
levels of ZmRDRs were unchanged after SCMYV infection
in both Mo17 and Chang7-2 plants (Fig. 8a, f, g). Nota-
bly, ZmDCL2, ZmDCL3a, and ZmAGOIe showed simi-
lar expression patterns in Mol7 and Chang7-2 plants,
whereas for ZmDCLI, ZmDCL4, and ZmAGO4d, oppo-
site patterns of expression were observed in Mol7 and
Chang7-2 plants (Fig. 8), suggesting diverse responses of
host RNA silencing pathway to SCMYV infection in maize
resistant and susceptible inbred lines. In conclusion, the
expression levels of relevant components in the antivi-
ral RNA silencing pathway in Mo17 and Chang7-2 were
significantly affected by SCMV infection, indicating dis-
tinct mechanisms underlying interactions of SCMV with
resistant and susceptible maize inbred lines.

Discussion

RNA silencing is a small RNA-mediated gene regulation
mechanism in eukaryotes, which plays an essential role
in plant antiviral responses (Pumplin and Voinnet 2013).
In this study, we analyzed the characteristics of vsiRNAs
from SCMV in Chang7-2 and Mol7 inbred lines based
on high-throughput sequencing and investigated the
ceRNA-vsiRNA-mRNA networks to explore the mecha-
nisms mediating the interaction between SCMV and
maize plants.

The vsiRNAs produced by DCL4 and DCL2 in plants
infected with a positive-strand RNA virus are predomi-
nately 21- and 22-nt in length (Fusaro et al. 2006; Donaire
et al. 2008). Our study revealed that in SCMV-infected
Mol7 plants, 21-nt vsiRNAs were the most abundant
species, and 22-nt vsiRNAs accumulated to the highest
level in SCMV-infected Chang7-2 plants (Fig. 2a). These
results indicated that ZmDCL2 and ZmDCL4 might play
different roles in response to SCMV infection in resistant
and susceptible inbred lines. Moreover, ZmDCL2 was up-
regulated in SCMV-infected Chang7-2 and Mol7 plants
(Fig. 8b, ¢), confirming its role in antiviral responses and
vsiRNA production. However, despite the presence of a
large amount of 21-nt vsiRNAs (Fig. 2a), the expression
of ZmDCL4 was reduced in SCMV-infected Mo17 plants
(Fig. 8b), which was consistent with previous results
observed in SCMV-infected Zong 31 and B73 maize
plants (Xia et al. 2014, 2016). However, the accumulation
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Fig. 7 Expression pattern of vsiRNA-associated circRNAs, INcRNAs, and mRNAs. a Heat map of vsiRNA-associated circRNAs, INcRNAs, and mRNAs
in Mock- or SCMV-inoculated Mo17 and Chang7-2 libraries. b Expression levels of vsiRNA-associated circRNAs, INcRNAs, and mRNAs after SCMV
infection in Mo17. ¢ Expression levels of vsiRNA-associated circRNAs, IncRNAs, and mRNAs after SCMV infection in Chang7-2. Three independent
experiments were conducted with 3 biological replicates. Bars stand for+SD. Double asterisks indicate P <0.01

(See figure on next page.)

Fig. 8 Expression patterns of ZmDCLs, ZmAGOs, and ZmRDRs. a Heat map of ZmDCLs, ZmAGOs, and ZmRDRs in Mock- and SCMV-inoculated

Mo17 and Chang7-2 plants. b, d, f Relative levels of maize ZmDCls, ZmAGOs, and ZmRDRs gene transcripts in Mock- and SCMV-inoculated Mo17
plants. ¢, e, g Relative levels of maize ZmDCLs, ZmAGOs, and ZmRDRs gene transcripts in Mock- and SCMV-inoculated Chang7-2 plants. The relative
expression levels were determined by qRT-PCR assay of samples collected at 9 dpi. Three independent experiments were conducted with three
biological replicates each. ZmUBI (XM_008647047) was used as an internal control. Data were analyzed using a student t-test. Data shown are grand
means+ SD. The significance of differences is indicated by single (P <0.05) or double (P<0.01) asterisks
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of ZmDCL4 was induced by SCMYV infection in Chang7-2
plants, suggesting that ZmDCL4, probably a main com-
ponent of the RNA silencing pathway, was activated to
combat viral infection in the resistant maize inbred line.
Interestingly, the accumulation of ZmDCL?2 increased in
both resistant and susceptible maize inbred lines, indicat-
ing that the induction of ZmDCL?2 is probably a typical
response of host plants in antiviral RNA silencing.

Previous studies have shown that the recruitment of
vsiRNAs by different AGO complexes is dictated by their
5’-terminal nucleotides (Mi et al. 2008). Our results
showed that the proportion of vsiRNAs with a 5'-ter-
minal U was higher in both resistant and susceptible
maize inbred lines after SCMV infection (Additional
file 2: Figure Sla), which would be mainly loaded into
ZmAGOL1 that has been reported vital for defense against
plant viruses (Harvey et al. 2011). AGO2 and AGO4 are
involved in antiviral defense against TBSV and CMV
in N. benthamiana, respectively (Scholthof et al. 2011;
Hamera et al. 2012). This study showed that the 5’-ter-
minal nucleotide of SCMV-derived vsiRNAs has a clear
preference for A (Additional file 2: Figure Sla), suggest-
ing a higher binding affinity for AGO2 and/or AGO4
homologues (Donaire et al. 2009). However, the accumu-
lation of ZmAGO?2 increased in Mol7 while unchanged
in Chang7-2 plants, and ZmAGO4d showed an opposite
expression pattern (Fig. 8), suggesting that higher levels
of viral RNAs may trigger ZmAGO?2 to bind the numer-
ous vsiRNAs in susceptible maize inbred line, while
ZmAGO4d was induced in resistant maize inbred line,
possibly as the primary defense response. These results
indicate that SCMV infection affected the accumula-
tion of distinct ZmAGOs in Chang7-2 and Mol7 plants
(Fig. 8d, e), suggesting that ZmAGOs play different roles
in antiviral defenses in resistant and susceptible maize
materials, and the detailed mechanisms still need to be
unraveled.

We have found significant differences in the expres-
sion levels of ZmDCLs, ZmAGOs, and ZmRDRs in
Chang7-2 and Mol7 plants without the SCMV infec-
tion. For example, in Chang7-2 plants, the expression
levels of ZmDCLI1, ZmDCL4, and ZmRDR2 were lower,
and ZmAGO4a and ZmAGO?7 were higher than those
in Mol7 (Fig. 8a). After SCMV infection, the expres-
sion levels of major components in RNA silencing path-
way in resistant and susceptible inbred lines were also
diversified (Fig. 8a—e). The accumulations of ZmDCLI,
ZmDCL4, and ZmAGO4d were induced in Chang7-2 but
decreased in Mo17 after SCMV infection. The expression
of ZmAGO1b did not change in Mol7 but was signifi-
cantly up-regulated in Chang7-2 in response to SCMV
infection. Although ZmAGOIe was up-regulated in both
Mol7 and Chang7-2 plants after SCMV infection, it
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increased considerably more in Chang7-2. These differ-
entially expressed ZmDCLs and ZmAGOs probably play
essential roles in the resistance of Chang7-2 plants to
SCMYV infection.

The anti-SCMV processes in plants involve multiple
genes and reaction components. Although many studies
have demonstrated the roles of ceRNAs in the mainte-
nance of plant response to stresses (Salmena et al. 2011;
Song et al. 2021), SCMV-responsive ceRNA regula-
tory network (ceRNA-vsiRNA-mRNA) in maize has not
been extensively constructed. This study identified mul-
tiple SCMV-responsive ceRNA networks in Mol7 and
Chang?7-2 (Fig. 6a, b) plants, advancing the understand-
ing of the role of vsiRNA regulatory pathways in SCMV
pathogenesis and plant-virus interactions.

Rice protein OsAlbal improves plant tolerance to vari-
ous environmental stress factors under water deficit con-
ditions (Choudhary et al. 2009). Our results showed that
the induction of circRNA507, a sponge to bind vsiR3609(-
22), up-regulated the expression of Zm000014033913_
T001 (Alba DNA/RNA-binding protein, ZmAlba) that
is potentially targeted by vsiR3609(-22) in Chang7-2
plants (Figs. 6a and 7a, c). ARFs play vital roles in vari-
ous auxin signal-mediated biological processes. The
mutants of osarfl1 or osarf5 enhance the resistance, and
osarfl2 or osarfl6 reduce the resistance to RDV in rice
(Qin et al. 2020). In this study, Zm00001d4043431_T003
(auxin response factor 11, ZmARF11) was up-regulated
by vsiR1411(-)-mediated IncRNA MSTRG.8678.1 after
SCMYV infection in Chang7-2 (Figs. 6a and 7a, c). The
transcription factor WRKY32 can affect tomato fruit
color by regulating YELLOW FRUITED-TOMATO 1
(Zhao et al. 2021). A previous report demonstrated that
Arabidopsis transcription factor WRKY55 positively
regulates the accumulation of ROS and salicylic acid
(SA), thereby controlling leaf senescence and resistance
to Pseudomonas syringae (Wang et al. 2020). Moreover,
OsWRKY62, OsWRKY28, OsWRKY71, and OsWRKY76
can modulate rice innate immunity (Peng et al. 2010).
Here, we found that circRNA76, IncRNA MSTRG.1973.1,
and IncRNA MSTRG.1947.2 might function as SCMV-
responsive ceRNAs, which acted as vsiRNA sponges by
binding to vsiR2440(+) and up-regulated the expres-
sion of Zm000014028962_T001 (WRKY-transcription
factor 32, ZmWRKY32) in Chang7-2 (Figs. 6a and 7a,
c). These results suggested that specific ceRNAs might
act as sponges to bind to vsiRNAs, which regulate the
expression of target genes involved in the resistance of
Chang7-2 to SCMYV infection.

It has been reported that Arabidopsis cdkc;2 cyctl;5
double mutants were highly resistant to cauliflower
mosaic virus (CaMV) (Cui et al. 2007). In Arabidopsis,
the cdk8 mutant shows enhanced resistance to Botrytis
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cinerea (Zhu et al. 2014). In this study, the up-regulated
circRNA1741 and IncRNA MSTRG.17616.2 induced the
expression of Zm00001d4026360_T001 (cyclin-depend-
ent protein kinase, ZmCDK) by binding to vsiR4759(-)
in Mol7 plants (Figs. 6b and 7a, b). Numerous stud-
ies have demonstrated that proteins in the NPF family
can transport hormone substrates such as ABA and GA
(Chiba et al. 2015). AtNPF5.2 is induced by biotic and
abiotic stresses and is involved in plant defense against
bacterial pathogens in Arabidopsis (Karim et al. 2007).
Here, we found that induction of circRNAI1767, cir-
¢RNA255, and IncRNA MSTRG.17000.2 might up-reg-
ulate the expression levels of Zm00001d040201_T001
(protein NRT1/ PTR FAMILY 6.1, ZmNPF6.1) by bind-
ing to vsiR329(-22) in Mo17 (Figs. 6b and 7a, b). It has
been reported that the leaf yellowing symptom may
be caused by the degradation of chlorophyll and the
decrease of gene expression levels of major apoproteins
in light-harvesting complex II in African cassava mosaic
virus (ACMV)-infected cassava plants (Liu et al. 2014).
Our data showed that the vsiR364(-)-mediated IncRNA
MSTRG.13291.2 decreased and, in turn, down-regu-
lated the expression of Zm000014021906_T001 (Light-
harvesting chlorophyll a/b-binding, ZmLHC) in Mol7,
which might be involved in the manifestation of mosaic
symptom caused by SCMV infection. Mutation of xbat32
increased plant sensitivity to salt stress during germina-
tion and early seedling growth (Prasad and Stone 2010).
Our results show that decreased vsiR9322(-)-mediated
IncRNA MSTRG.18720.1 down-regulated the expression
of Zm00001d052057_T005 (E3 ubiquitin-protein ligase
ZmXBAT32) in Mol7 (Figs. 6b and 7a, b). These results
suggest that ceRNAs may regulate the expression levels
of ZmCDK, ZmNPF6.1, ZmLHC, and ZmXBAT32 by
binding to vsiRNAs, thereby enhancing Mol7 suscepti-
bility to SCMV infection.

Among ceRNA-vsiRNA-mRNA networks, the expression
levels of circRNA255, MSTRG.13291.2, Zm00001d021906_
T001, and Zm00001d052057_T005 in Chang7-2 were lower,
while circRNA76, MSTRG.8678.1, Zm00001d026360_T001,
and Zm00001d040201_T001 were higher than those in
Mol17 without SCMYV infection (Fig. 7a). Among the net-
works circRNA507-vsiR3609(-22)-Zm000014033913_T001,
MSTRG.8678.1-vsiR1411(-)-Zm000014043431_T003, and
circRNA76/MSTRG.1947.2/MSTRG.1973.1-vsiR2440(+)-
Zm00001d028962_T001, ceRNAs, and mRNAs were all
significantly induced by SCMV infection in Chang7-2. In
circRNA1741/MSTRG.17616.2-vsiRA759(-)-Zm00001d026360
T001, circRNA1767/circRNA255/MSTRG.17000.2-vsiR329
(-22)-Zm000014040201_T001, MSTRG.13291.2-vsiR364(-
)-Zm000014021906_T001, and MSTRG.18720.1-vsiR9322(-
)-Zm00001d4052057_T005 modules, MSTRG.13291.2,
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MSTRG.18720.1, Zm000014021906_T001, and Zm000
01d052057_T005 were significantly decreased, while other
ceRNAs and mRNAs were significantly increased after
SCMYV infection in Mol7. The difference in the expres-
sion levels of ceRNAs and mRNAs in Mol7 and Chang7-2
ceRNA-vsiRNA-mRNA networks before and after SCMV
infection may be one of the main factors that makes
Chang7-2 more resistant to SCMV.

However, other resistance mechanisms in addition to
RNA silencing may exist in Chang7-2 plants, such as spe-
cific resistance genes, RNA decoy, immune responses,
production and accumulation of pathogenesis-related
proteins, and ROS burst, which can inhibit the viral
multiplication and result in less accumulation of SCMV
RNAs and vsiRNAs in Chang7-2 at 10 dpi. The mecha-
nisms underlying the resistance of Chang7-2 to SCMV
infection need to be further investigated.

Conclusions

In this study, we performed whole-transcriptome
RNA-seq and degradome sequencing to investigate
the profiles of SCMV-derived vsiRNAs and construct
ceRNA-vsiRNA-mRNA modules in resistant and suscep-
tible maize inbred lines. The characteristics of vsiRNAs
were obtained, and the targets of vsiRNAs were pre-
dicted and annotated functionally. The ceRNA networks
in SCMV-infected Chang7-2 and Mol7 plants were
constructed, of which the specific circRNAs and IncR-
NAs may play important roles as ceRNAs in response to
SCMYV infection. The transcripts of ZmDCLs, ZmAGOs,
and ZmRDRs, associated with the production and func-
tion of vsiRNAs, were differentially expressed in resist-
ant and susceptible maize plants after SCMV infection.
These findings highlight an essential role of the ceRNA-
vsiRNA-mRNA network in the interaction between
SCMV and resistant/susceptible maize plants, and pro-
vide new clues to reveal the mechanism underlying the
pathogenesis of SCMV.

Methods

Plant materials and virus inoculation

The maize (Zea mays L.) inbred lines Chang7-2 and
Mo17 were grown in growth chambers (28°C, 16 h day
and 22°C, 8 h night cycles). The source of SCMV (Gen-
Bank: AY042184.1) was generously provided by Profes-
sor Zaifeng Fan (China Agricultural University, Beijing,
China) and stored at — 80°C. The crude extracts of maize
leaves infected with SCMV were prepared by mix-
ing 0.01 M phosphate buffer solution (0.01 M KH,PO,:
0.01 M Na,HPO,=49: 51 (V/V), pH 7.0) at a ratio of
1:10 (W/V). The crude extracts were inoculated on
the second leaves of six-day-old maize seedlings, and
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buffer-inoculated plants were used as control. At 10 dpi,
the systemic leaves from Mock (MM, MC) and SCMV
(SM, SC) treated maize plants were collected. Leaf sam-
ples from at least 15 maize seedlings were collected for
RNA extraction in each treatment.

Viral accumulation and circRNA validation

Samples were collected from the first systemic leaves of
treated Mo17 and Chang7-2 plants at 10 dpi to detect
the accumulation of viral RNAs, proteins, and existence
of circRNAs. Total RNA, protein, and genomic DNA
were extracted using TRIzol Reagent (Vazyme, Nanjing,
China), Plant Protein Extraction Kit (Beyotime Biotech-
nology, Shanghai, China), and Genomic DNA Purifica-
tion Kit (Sangon, Shanghai, China), respectively. The
same amount of cDNA was used for semiquantitative
RT-PCR assay, and the accumulation of viral RNA was
detected under different amplification cycles. The expres-
sion of the ZmUBI (XM_008647047) gene served as an
internal control. In western blot assays, SCMV CP poly-
clonal antibody (LV BAO, Chengdu, China) was used to
detect the viral protein accumulation. The SCMV CP
levels were quantified using Image] software (Schneider
et al. 2012).

RNA extraction and library construction for RNA
sequencing

Total RNA was isolated from the systemic leaves of
treated plant samples using TRIzol (Invitrogen, CA,
USA) according to the protocol of the manufacturer for
qRT-PCR, whole-transcriptome RNA sequencing, and
degradome sequencing. To ensure the purity and integ-
rity of the isolated RNA, Bioanalyzer 2100 and an RNA
6000 Nano LabChip Kit (Agilent, CA, USA) were used
for RNA quality control.

For whole-transcriptome RNA sequencing, samples
of three biological replicates in each group, including
Mol7-Mock (MM), Mo17-SCMV (SM), Chang7-2-Mock
(MC), and Chang7-2-SCMYV (SC), were used to construct
24 libraries. For small RNA sequencing, 12 libraries were
generated using TruSeq Small RNA Sample Prep Kits
(Ilumina, San Diego, USA). In brief, T4 RNA ligase was
used to ligate the small RNAs with 3" and 5" adapters fol-
lowed by reverse transcription into cDNAs. The cDNAs
were amplified by PCR and the products were purified
by polyacrylamide gels. The small RNA sequencing was
performed on the Illumina Hiseq 2500 platform (LC Bio,
Hangzhou, China).

For circRNA, IncRNA, and mRNA sequencing, ribo-
somal RNA was depleted from each RNA sample using
an Epicentre Ribo-Zero Gold Kit (Illumina, San Diego,
USA). After purification, RNA fractions were fragmented
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into small pieces using divalent cations under a high tem-
perature. Then, the cleaved RNA fragments were reverse
transcribed according to the protocol of mRNA sequenc-
ing sample preparation kit (Illumina, San Diego, USA) to
generate the final cDNA library. The average insert size
of the final cDNA library was 300 bp (+50 bp). Finally,
the paired-end sequencing was performed on an Illumina
NovasequM 6000 (LC Bio, Hangzhou, China).

The original data of RNA sequencing (BioProject:
GSE233952) and small RNA sequencing (BioProject:
PRJNA978581) have been uploaded to National Center
for Biotechnology Information (NCBI) database.

Read mapping and transcriptome assembly

The raw data of whole-transcriptome RNA sequenc-
ing were processed using SOAPnuke v1.5.2 (Chen et al.
2018), and sequence quality was verified with FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). For small RNA sequencing data, clean reads
from each sample were screened in a range of length (18—
36 nt). Next, these small RNA sequences were mapped to
SCMYV genome (Accession number: AY042184), and only
those sequences that were identical or complementary to
the viral genome sequences within two mismatches were
identified as vsiRNAs. For RNA sequencing data, clean
reads were mapped to B73 reference genome (ftp://ftp.
ensemblgenomes.org/pub/release-45/plants/fasta/zea_
mays/dna/, B73_RefGen_v4) using HISAT2 software
(http://ccb.jhu.edu/software/hisat2/index.shtml). String-
Tie v1.3.0 was used to assemble the mapped reads of each
sample (Pertea et al. 2015).

Degradome library construction and sequencing analysis
Total RNA from both treatment and control groups was
pooled together to prepare the degradome library. The
process of library construction was as follows: (a) mRNA
fragments with poly (A) sequences were specifically cap-
tured with poly (T) magnetic beads; (b) 5° RNA adapt-
ers were ligated to RNAs containing 5° monophosphates;
(c) The ligated products were purified and reverse-tran-
scribed into cDNAs using biotinylated random primers;
(d) The cDNAs were amplified by PCR to construct the
degradome libraries; (e) Single-end (36 bp) sequenc-
ing was then performed on an Illumina Hiseq 2500 (LC
Bio, Hangzhou, China). The original data of degradome
sequencing (BioProject: GSE234274) have been uploaded
to NCBI database.

The raw reads were processed using ACGT101-DEG
(LC Sciences, Houston, Texas, USA) and potential
siRNA editing sites were identified using the small RNA
sequencing data by CleaveLand4 software (Addo-Quaye
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et al. 2009). Thereafter, based on the characteristics and
abundance of maize RNA sequencing data, T-plots were
established for high efficiency analysis of potential sSiRNA
targets.

GO and KEGG pathway analysis

The predicted target genes of vsiRNAs were aligned
based on BLAST (http://blast.ncbi.nlm.nih.gov/). GO
analysis was performed to construct annotations of
vsiRNA targets using AgriGO v2.0 (Tian et al. 2017).
KEGG pathway analysis was implemented to understand
the function among targets of vsiRNA by KOBAS 2.0
(Xie et al. 2011). The threshold of significant GO terms
and KEGG pathways was set to p <0.05.

Target gene prediction and visualization of ceRNA
regulatory network

To understand the potential molecular functions of the
candidate vsiRNAs, according to the ceRNA theory, the
interaction of ncRNA-vsiRNA and vsiRNA-mRNA pairs
were predicted simultaneously by psRNATarget (Dai and
Zhao 2011). The ceRNAs networks regulatory network
was visualized using Cytoscape v3.7.2 software (Shannon
et al. 2003) to display the potential relationships between
circRNAs, IncRNAs, vsiRNAs, and mRNAs.

gRT-PCR analysis

Total RNA was extracted from samples by TRIzol Rea-
gent (Vazyme, Nanjing, China) according to the manu-
facturer’s instructions. About 2 ug of total RNA was
reverse-transcribed into ¢cDNA with PrimeScript RT
Reagent (TaKaRa, Dalian, China). The qRT-PCR reac-
tions were performed on StepOne plus real time PCR
platform (Applied Biosystems, Foster City, USA) using
SYBR Green PCR Master Mix (Vazyme, Nanjing, China)
as instructed. ZmUBI (XM_008647047) gene was used as
an internal control, and relative gene expression levels in
different samples were calculated by the 274¢T method
(Schefe et al. 2006). All primers were listed in Additional
file 1: Table S19.

Abbreviations

AGO Argonaute

CBB Coomassie brilliant blue

ceRNA Competing endogenous RNA

circRNA  Circular RNA

CcpP Coat protein

DCL Dicer-like

DE Differentially expressed

INcRNA Long non-coding RNA

MC Chang7-2 inoculated with phosphate buffer

MM Mo17 inoculated with phosphate buffer

gRT-PCR  Quantitative real time reverse transcription-polymerase chain
reaction

RISC RNA-induced silencing complex
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RT-PCR Reverse transcription-polymerase chain reaction
SA Salicylic acid

SC Chang7-2 inoculated with SCMV

SCMV Sugarcane mosaic virus

SM Mo17 inoculated with SCMV

VSiIRNA Virus-derived small interfering RNA
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