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1  |  INTRODUC TION

Maize (Zea mays) is an essential food source for humans and an-
imals and a classic model for genetics research. However, a va-
riety of diseases seriously affect the yield and quality of maize 

(Liu, Deng, et  al.,  2020; Mahuku et  al.,  2015). Among them, 
maize dwarf mosaic disease (MDMD) is a destructive viral dis-
ease that is widespread worldwide; the major causal agent in 
China is sugarcane mosaic virus (SCMV) (Fan et al., 2003; Li, Liu, 
et al., 2013; Shi et al., 2005). Sugarcane mosaic virus, a potyvirus, 
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Abstract
MicroRNAs (miRNAs) are widely involved in various biological processes of plants and 
contribute to plant resistance against various pathogens. In this study, upon sugar-
cane mosaic virus (SCMV) infection, the accumulation of maize (Zea mays) miR398b 
(ZmmiR398b) was significantly reduced in resistant inbred line Chang7-2, while it 
was increased in susceptible inbred line Mo17. Degradome sequencing analysis cou-
pled with transient co-expression assays revealed that ZmmiR398b can target Cu/
Zn-superoxidase dismutase2 (ZmCSD2), ZmCSD4, and ZmCSD9 in  vivo, of which the 
expression levels were all upregulated by SCMV infection in Chang7-2 and Mo17. 
Moreover, overexpressing ZmmiR398b (OE398b) exhibited increased susceptibility to 
SCMV infection, probably by increasing reactive oxygen species (ROS) accumulation, 
which were consistent with ZmCSD2/4/9-silenced maize plants. By contrast, silencing 
ZmmiR398b (STTM398b) through short tandem target mimic (STTM) technology en-
hanced maize resistance to SCMV infection and decreased ROS levels. Interestingly, 
copper (Cu)-gradient hydroponic experiments demonstrated that Cu deficiency pro-
moted SCMV infection while Cu sufficiency inhibited SCMV infection by regulat-
ing accumulations of ZmmiR398b and ZmCSD2/4/9 in maize. These results revealed 
that manipulating the ZmmiR398b-ZmCSD2/4/9-ROS module provides a prospective 
strategy for developing SCMV-tolerant maize varieties.
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is an important and devastating viral pathogen infecting maize, 
sorghum (Sorghum vulgare), sugarcane (Saccharum sinensis), and 
many other Gramineae crops (Shukla et  al.,  1989). Maize plants 
infected by SCMV exhibit typical leaf mosaic and plant dwarfing 
symptoms (Jiang & Zhou, 2002), and when coinfected with maize 
chlorotic mottle virus (MCMV), it can cause maize lethal necro-
sis (MLN), resulting in serious losses to maize production (Jiao 
et al., 2022; Mahuku et al., 2015). Therefore, it is urgent to study 
the interaction between SCMV and maize plants for uncovering 
the underlying molecular mechanisms and breeding resistant 
maize varieties.

Plant miRNAs are a class of 20–24 nucleotide noncoding 
RNAs that function by inhibiting the expression of messen-
ger RNAs (mRNAs) via degradation or translational repression 
(Padmanabhan et al., 2009; Wang et al., 2019). A growing body of 
research suggests that miRNAs could regulate plant development 
(Dong et al., 2022). For instance, miR172 participates in the flo-
ral development and flowering time in maize, Arabidopsis thaliana, 
soybean, rice, and barley (Chen, 2004; Tang & Chu, 2017). In ad-
dition, miR164 and its target gene NAC1 can regulate the forma-
tion of lateral roots in maize and Arabidopsis (Guo et al., 2005; Li 
et al., 2012). Many miRNAs have been shown to play central roles 
in plant adaptation to various stresses (Chaudhary et  al.,  2021). 
The overexpression of miR160a modulates plant defence against 
Magnaporthe oryzae accompanied by a decrease in the expression 
of three auxin response factors (Li et al., 2014). Upon rice stripe 
virus (RSV) infection, the upregulated AGO18 preferentially binds 
to miR528, resulting in elevated activity of its target l-ascorbate 
oxidase (AO), higher basal reactive oxygen species (ROS) accu-
mulation, and enhanced antiviral defence (Wu et al., 2017). It has 
been reported that the development of rice disease symptoms 
caused by rice ragged stunt virus (RRSV) infection is related to 
the induction of miR319 to inhibit the jasmonic acid (JA)-mediated 
host defence (Zhang et al., 2016).

miR398 is evolutionarily well conserved in many plants and 
can suppress the expression of superoxidase dismutase (SOD) 
family members to play vital roles in response to biotic and abi-
otic stresses (Guan et al., 2013; Xin et al., 2010; Yu et al., 2012). 
Winter wheat miR398 downregulates its target gene Cu/Zn-SOD1 
(CSD1) to regulate low-temperature tolerance, and a lncRNA indi-
rectly regulates the expression of CSD1 by competitively binding 
miR398, thereby affecting the cold resistance (Lu et  al.,  2020). 
Tomato miR398a is involved in response to drought stress (Candar-
Cakir et al., 2016). miR398 and CSDs can also regulate plant dis-
ease resistance against pathogens. In barley, miR398 represses 
the expression of target gene SOD1, affecting the defence against 
powdery mildew (Xu et  al.,  2014). Previous research has shown 
that rice miR398b overexpression lines (OX398b) have enhanced 
resistance against M. oryzae, which is associated with decreased 
expression levels of CSD1, CSD2, SODX, and CCSD (Li et al., 2014). 
In addition, lethal systemic necrosis in potato spindle tuber viroid-
infected DCL2/4-knockdown transgenic Solanum lycopersicum is 

accompanied by miR398 upregulation and ROS overproduction 
(Suzuki et al., 2019).

Superoxide radicals (O2
−) and hydrogen peroxide (H2O2), 

as two species of ROS, play indispensable roles in plant devel-
opment and stress responses (Jajic et  al.,  2015; Mhamdi & Van 
Breusegem, 2018). The synthesis and homeostasis of intracellular 
ROS are strictly regulated by the NADPH oxidase, SOD, catalase 
(CAT), and ascorbate peroxidase (APX) in plants. Researchers suc-
cessively found three kinds of SODs with different metal cofac-
tors, including CSD, manganese SOD (SOD-Mn), and iron SOD 
(SOD-Fe) (Mittler, 2002). Acting as synthetases, SODs can convert 
O2

− into H2O2 (Asada, 2006). It has been reported that miR398 
regulates oxidative stress response by inhibiting the expression 
of CSD1 and CSD2 in Arabidopsis (Sunkar et al., 2006). Previous 
studies have shown that H2O2 could regulate plant tolerance 
against various stresses (Saxena et al., 2016). Overexpression of 
AO increased H2O2 content, thereby enhancing rice resistance to 
RSV infection (Wu et  al.,  2017). In plants, ROS-mediated stress 
resistance is regulated by enzyme systems related to ROS ho-
meostasis, which seems to be tuned by certain miRNAs (Baldrich 
& San Segundo,  2016). For instance, in Nicotiana benthamiana, 
miR398 and its target NbCSD2 regulate resistance against bam-
boo mosaic virus (BaMV) infection by mediating ROS content (Lin 
et al., 2022).

Previous studies have demonstrated the role of miR398 and 
its targets in copper (Cu) homeostasis (Pilon,  2017). In grapevine, 
miR398 mediates responses to Cu stress by regulating the expres-
sion of its target genes VvCSD1 and VvCSD2 (Leng et  al.,  2017). 
Cca-miR398 increases copper sulphate stress sensitivity via the 
regulation of CSD mRNA transcription levels in transgenic A. thali-
ana (Sun et al., 2020). miR398 was reported to target CSD1 and CSD2 
that use copper as cofactors and regulate tolerance to Cu stress in 
A. thaliana (Yamasaki et al., 2007). Elevating Cu content in vitro or 
in  vivo could promote rice antiviral defence by regulating SPL9-
miR528-AO-mediated ROS signalling (Yao et  al.,  2022). However, 
the molecular mechanisms underlying how Cu coordination with the 
ZmmiR398b-ZmCSD2/4/9-ROS module regulates maize antiviral de-
fence responses are unclear.

In the present study, the expression of ZmmiR398b was down-
regulated in resistant maize inbred line Chang7-2 while it was 
upregulated in susceptible maize inbred line Mo17 at 10 days post-
inoculation (dpi) with SCMV infection. To further analyse the antivi-
ral function of ZmmiR398b, we obtained overexpressing (OE398b) 
and silenced ZmmiR398b (STTM398b) transgenic maize lines. In 
addition, the virus-induced gene silencing (VIGS) technique was 
used to silence three target genes, ZmCSD2, ZmCSD4, and ZmCSD9, 
of ZmmiR398b simultaneously. Through determining the content 
of ROS, we found that ZmmiR398b negatively regulated maize re-
sistance to SCMV infection by targeting ZmCSD2/4/9 and probably 
modulating ROS accumulation. Moreover, hydroponic experiments 
were carried out to study the effect of Cu deficiency or sufficiency 
on SCMV infection in maize. Our results demonstrated that the 
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ZmmiR398b-ZmCSD2/4/9-ROS module participated in maize resis-
tance to SCMV infection.

2  |  RESULTS

2.1  |  The expression levels of ZmmiR398b and its 
target genes were affected by SCMV infection

To identify SCMV-responsive miRNAs, small RNA sequencing was 
performed using SCMV-infected resistant (Chang7-2) and suscep-
tible (Mo17) maize inbred lines in our previous report, and the 
relative expression levels of ZmmiR398b in different resistant and 
susceptible maize inbred lines are shown in Table S2. The results 
indicated that upon SCMV infection, ZmmiR398b showed opposite 
expression trends in different maize inbred lines (Gao et al., 2023). 
Here, the expression pattern of ZmmiR398b was further verified in 
Chang7-2 and Mo17 by reverse transcription-quantitative PCR (RT-
qPCR). As revealed by small RNA sequencing data, the expression 
of ZmmiR398b was significantly suppressed by SCMV infection in 
Chang7-2 (Figure 1a), while it was significantly upregulated in Mo17 
at 10 dpi (Figure 1a). ZmmiR398b accumulated at a lower level in 
Mo17 than in Chang7-2 without SCMV infection (Figure  1a). It is 
interesting that upon SCMV infection, ZmmiR398b accumulated at 
a higher level in Mo17 compared with that in Chang7-2 (Figure 1a), 
indicating that ZmmiR398b may be involved in maize resistance 
to SCMV infection in different maize lines. In our previous study, 
a degradome library was constructed and sequenced to identify 
targets of maize miRNAs (Gao et  al.,  2023). The results revealed 
that ZmmiR398b could potentially cleave Zm00001d022505_
T003 (ZmCSD2), Zm00001d029170_T003 (ZmCSD4), and 
Zm00001d047479_T003 (ZmCSD9) (Figure  S1). Interestingly, com-
pared with mock treatment, the expression levels of ZmCSD2, 

ZmCSD4, and ZmCSD9 were all significantly upregulated in SCMV-
infected Chang7-2 and Mo17 (Figure 1b,c).

2.2  |  ZmmiR398b can target ZmCSD2, 
ZmCSD4, and ZmCSD9 in N. benthamiana through 
transient co-expression analysis

Although CSDs have been shown to be targeted by miR398 in many 
plants (Leng et al., 2017; Sunkar et al., 2006), whether miR398 targets 
CSDs in maize remains to be determined. To test the targeting action of 
ZmmiR398b on ZmCSD2, ZmCSD4, and ZmCSD9, transient co-expression 
analyses in N. benthamiana leaves were performed. The sequence align-
ments of ZmmiR398b with ZmCSD2, ZmCSD4, and ZmCSD9 target 
sites and mutated target sites are shown in Figure S2. The transient co-
expression results showed that the green fluorescence intensity from 
pGD-CSD2ts-green fluorescent protein (GFP), pGD-CSD4ts-GFP, and 
pGD-CSD9ts-GFP was gradually reduced with the increased concentra-
tion of pGD-miR398b (Figure 2a,c,e). However, the green fluorescence 
intensity was not changed when pGD-CSD2ts-GFP, pGD-CSD4ts-GFP, 
or pGD-CSD9ts-GFP was co-infiltrated with pGD-miR159a, or pGD-
CSD2mts-GFP, pGD-CSD4mts-GFP, or pGD-CSD9mts-GFP was co-
infiltrated with different concentrations of pGD-miR398b (Figure 2a,c,e). 
The GFP RNA (Figure  S3a–c) and protein levels (Figure  2b,d,f) were 
consistent with the fluorescence intensity. These results indicated that 
ZmCSD2, ZmCSD4, and ZmCSD9 could be targeted by ZmmiR398b.

2.3  |  ZmmiR398b negatively regulated maize 
resistance to SCMV infection

To further explore the roles of ZmmiR398b in maize resistance to 
SCMV infection, we generated stably overexpressing (OE398b) and 

F I G U R E  1 The expression levels of ZmmiR398b and its target genes. (a) The expression level of ZmmiR398b in Chang7-2 and Mo17. (b) 
The expression levels of ZmCSD2, ZmCSD4, and ZmCSD9 in Chang7-2. (c) The expression levels of ZmCSD2, ZmCSD4, and ZmCSD9 in Mo17. 
All data are expressed as the means ± SD of three independent experiments. MC and SC represent Chang7-2 inoculated with phosphate 
buffer and sugarcane mosaic virus (SCMV), respectively; MM and SM represent Mo17 inoculated with phosphate buffer and SCMV, 
respectively. *p < 0.05, **p < 0.01, ***p < 0.001.
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silenced (STTM398b) ZmmiR398b transgenic maize lines. The PCR 
was used to amplify the bialaphos resistance gene (bar) to verify 
the transgenic lines (Figure  S4), and three lines of OE398b and 
STTM398b were selected for further analyses. Compared with that 
in wild-type (WT) plants, the expression level of ZmmiR398b was 

increased by 3.5–3.9-fold in OE398b-5, OE398b-10, and OE398b-14 
lines (Figure 3a), whereas it was decreased by approximately 60% in 
STTM398b-1, STTM398b-2, and STTM398b-6 lines (Figure 3a). The 
expression levels of ZmmiR398b target genes ZmCSD2, ZmCSD4, 
and ZmCSD9 were significantly decreased by approximately 55% 
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in OE398b plants (Figure  3b), whereas they were significantly in-
creased by approximately 2.4-fold in STTM398b plants (Figure 3b). 
Compared with WT plants, SCMV infection caused more severe mo-
saic symptoms on OE398b plants, whereas it only produced very 
mild mosaic symptoms on STTM398b plants at 6 dpi (Figure  3c). 
Moreover, in OE398b-5, OE398b-10, and OE398b-14 lines, the ac-
cumulation of SCMV genomic RNA and coat protein (CP) at 6 dpi 
was increased by 4.9–5.3-fold and 1.7–1.9-fold of that in WT plants, 
respectively (Figure 3d,e). By contrast, the accumulation of SCMV 
genomic RNA and CP at 6 dpi in the STTM398b-1, STTM398b-2, 
and STTM398b-6 lines was decreased by approximately 50% and 
70% of that in WT plants, respectively (Figure 3d,e). To determine 
whether the ROS regulated by ZmCSDs were involved in resistance 
to SCMV infection, the content of O2

− and H2O2 in SCMV-infected 
OE398b, STTM398b, and WT maize plants was measured by ni-
troblue tetrazolium (NBT) and 3,3′-diaminobenzidine (DAB) stain-
ing assays, respectively. The results revealed that the accumulation 
of both O2

− and H2O2 in OE398b lines was greater, while it was 
less in STTM398b lines, than that in WT plants (Figure 3f,g). These 
results demonstrated that ZmmiR398b negatively regulated maize 
resistance against SCMV infection probably by modulating ROS 
accumulation.

2.4  |  Knockdown of ZmCSD2, ZmCSD4, and 
ZmCSD9 promoted SCMV infection in maize

To investigate the function of ZmCSD2, ZmCSD4, and ZmCSD9 
against SCMV infection, we simultaneously silenced them using 
cucumber mosaic virus (CMV)-based virus-induced gene si-
lencing (VIGS) assays. Upon SCMV infection, the symptoms on 
ZmCSD2/4/9-knockdown plants (CMV-ZmCSD2/4/9) were more 
severe than that on control plants (CMV-GFP254) (Figure  4a). At 
7 dpi, the second systemically infected leaves were harvested to 
determine the ZmCSD2/4/9 silencing efficiency, the accumulation 
of SCMV, and the content of O2

− and H2O2. The RT-qPCR results 
revealed that compared with CMV-GFP254 plants, the expression 
levels of ZmCSD2, ZmCSD4, and ZmCSD9 were decreased by 44%, 
35%, and 52% in CMV-ZmCSD2/4/9 plants, respectively (Figure 4b). 
In CMV-ZmCSD2/4/9 plants, the accumulation of SCMV genomic 
RNA and CP was increased by 3.1-fold and 1.6-fold, respectively, 
compared to that in CMV-GFP254 plants (Figure 4c,d). Moreover, 
more O2

− and H2O2 accumulated in CMV-ZmCSD2/4/9 plants than 
in CMV-GFP254 plants (Figure 4e). These results indicated that si-
lencing the target genes of ZmmiR398b, ZmCSD2, ZmCSD4, and 

ZmCSD9, promoted SCMV infection in maize, probably by regulat-
ing ROS content.

2.5  |  Cu sufficiency inhibited SCMV infection 
in maize

miR398 is known to be involved in the regulation of Cu homeosta-
sis (Pilon, 2017). To explore the roles of Cu in resistance to SCMV 
infection, maize seedlings were cultivated in Cu-gradient nutrient 
solution. The results indicated that upon SCMV infection, the first 
systemically infected leaves of 50 μg/L CuSO4.5H2O (sufficiency, 
Cu2)-treated maize plants showed weaker mosaic symptoms than 
that of 25 μg/L CuSO4.5H2O (normal, Cu1)-treated maize plants at 7 
dpi. Compared with the Cu2 and Cu1 treatments, the first systemi-
cally infected leaves of 0 μg/L CuSO4.5H2O (deficiency, Cu0)-treated 
maize plants exhibited more severe mosaic symptoms at 7 dpi 
(Figure 5a). Compared with the plants treated by Cu1, Cu0 treatment 
significantly upregulated the expression of ZmmiR398b (Figure 5b), 
whereas it reduced the expression of ZmCSD2, ZmCSD4, and ZmCSD9 
at different stages of SCMV infection (Figure  5c–e). In contrast, 
Cu2 treatment significantly reduced the expression of ZmmiR398b 
(Figure  5b), whereas it upregulated the expression of ZmCSD2, 
ZmCSD4, and ZmCSD9 (Figure  5c–e). Moreover, we assessed the 
accumulation of SCMV genomic RNA and CP using RT-qPCR and 
western blotting at 3, 5, 7, and 9 dpi, respectively. The results indi-
cated that Cu0 increased the accumulation of SCMV genomic RNA 
and CP, while Cu2 decreased viral accumulation at different periods 
of SCMV infection (Figure 5f,g). These results demonstrated that Cu 
sufficiency could inhibit SCMV infection and significantly relieve the 
mosaic symptoms on maize plants, probably by modulating the ex-
pression of the ZmmiR398b regulatory pathway.

3  |  DISCUSSION

Cultivating virus-resistant varieties is the most reliable method 
for controlling plant virus disease (Redinbaugh & Stewart,  2018). 
miRNA-mediated gene silencing plays an important role in plant an-
tiviral responses (Liu et al., 2022; Xia et al., 2018). miR398 has been 
identified to regulate plant resistance by suppressing the expression 
of CSD genes (Lin et al., 2022; Wang et al., 2019). Different patho-
gens can manipulate expression levels of miR398, thereby creating a 
better environment for their infection. For example, BaMV infection 
elevates the expression of miR398, and the accumulation of BaMV 

F I G U R E  2 ZmmiR398b targeted ZmCSD2, ZmCSD4, and ZmCSD9 in Nicotiana benthamiana. (a) Samples of agrobacteria harbouring the 
constructs expressing pGD-CSD2ts-GFP with pGD-miR398b; pGD-CSD2ts-GFP with pGD-miR159a; or pGD-CSD2mts-GFP with pGD-
miR398b were mixed with a different ratio for co-expression in N. benthamiana. (c) Samples of agrobacteria harbouring the constructs 
pGD-CSD4ts-GFP with pGD-miR398b; pGD-CSD4ts-GFP with pGD-miR159a; or pGD-CSD4mts-GFP with pGD-miR398b were mixed 
with a different ratio for co-expression in N. benthamiana. (e) Samples of agrobacteria harbouring the constructs pGD-CSD9ts-GFP with 
pGD-miR398b; pGD-CSD9ts-GFP with pGD-miR159a; or pGD-CSD9mts-GFP with pGD-miR398b were mixed with a different ratio for 
co-expression in N. benthamiana. The confocal images were taken at 48 h after infiltration. (b, d, f) The protein levels of GFP in different 
treatments were detected by anti-GFP antibodies. CBB, Coomassie brilliant blue. Scale bar = 20 μm.
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is regulated positively by miR398 in N. benthamiana (Lin et al., 2022). 
In contrast, in beet necrotic yellow vein virus (BNYVV)-infected 
N. benthamiana, increased miR398 is able to activate the immune 
system and restrict BNYVV infection (Liu, Fan, et al., 2020). In this 
study, we found that ZmmiR398b expression was reduced in resist-
ant maize inbred line Chang7-2, while it was increased in susceptible 
maize inbred line Mo17 after SCMV infection (Figure 1a). Moreover, 

SCMV infection was promoted by overexpressing ZmmiR398b 
compared with that of WT plants, while it was inhibited in silenced 
ZmmiR398b maize plants (Figure 3c–e), indicating that ZmmiR398b 
plays important roles in negatively regulating maize resistance to 
SCMV infection.

To date, CSDs have been demonstrated to function as con-
served targets of miR398 in Arabidopsis, rice, and N. benthamiana 
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(Li et  al.,  2019; Lin et  al.,  2022; Sunkar & Zhu,  2004). By means 
of transient co-expression assays in N. benthamiana, we clearly 
proved that ZmmiR398b could target the ZmCSD2, ZmCSD4, and 
ZmCSD9 genes (Figure  2). SCMV infection significantly increased 
the abundance of ZmCSD2/4/9 transcripts in both Chang7-2 and 
Mo17, although the expression of ZmmiR398b was upregulated in 
SCMV-infected Mo17 plants (Figure  1b,c). Previous studies have 
shown that the accumulation of miR398 and NbCSD transcription 
was increased simultaneously in potato virus X (PVX)-, potato virus 
Y (PVY)-, or BaMV-infected N. benthamiana plants (Lin et al., 2022; 
Pacheco et al., 2012). HC-Pro, an RNA silencing suppressor encoded 
by SCMV, suppresses RNA silencing induced by sense RNA and 
dsRNA (Zhang et al., 2008). It has been reported that HC-Pro could 
interfere with miRNA to function and increase miRNA accumula-
tion (Kasschau et al., 2003), and the induction of both miRNAs and 
their targets by several potyviruses, such as SCMV or turnip mosaic 
virus, has been found (Cui et al., 2020; Xia et al., 2018). Therefore, 
amounts of HC-Pro accompanied by SCMV infection accumulated 
in maize susceptible inbred line Mo17 that interfered with miR-
NAs, resulting in upregulated expression of both ZmmiR398b and 
ZmCSD2/4/9. Moreover, the expression levels of ZmmiR398b target 
genes, ZmCSD2/4/9, were upregulated to activate the immune sys-
tem and defend against SCMV infection.

ROS play multifaceted signalling functions in mediating the 
establishment of various responses (Waszczak et al., 2018). SODs 
are a group of antioxidant enzymes responsible for ROS clearance 
(Gill & Tuteja, 2010) and catalyse the conversion of O2

− into H2O2, 
which acts as a signal molecule to trigger resistance to various 
biotic and abiotic stresses (Kaur et  al.,  2016; Quan et  al.,  2008). 
However, excessive H2O2 will lead to oxidative stress and result in 
programmed cell death (PCD), which is harmful to plant develop-
ment (Quan et al., 2008). Studies have shown that some enzymes, 
such as APX and CAT, are involved in regulating the homeostasis 
of ROS, which catalyses the reduction of H2O2 into H2O and O2 
(Racchi, 2013). It has been reported that the ROS levels were pos-
itively related to viral infections and disease symptoms. The de-
velopmental symptoms of cucumber mosaic virus (CMV)-infected 
Nicotiana tabacum  plants  were related to the levels of H2O2, su-
peroxide, and CMV-encoded coat protein  (Lei  et  al.,  2016). The 
latest research demonstrated that silencing ZmPAO1, which is in-
volved in producing H2O2, or treatment with an inhibitor of PAO 

activity, inhibited MCMV infection in maize (Liu et  al.,  2022). 
Similarly, MCMV-encoded p31 can block ZmCATs and inhibit their 
ability to clear H2O2, promoting MCMV accumulation and disease 
symptom development in maize (Jiao et al., 2021). Moreover, in N. 
benthamiana, overexpression of NbLTP1 activated pathogenesis-
related (PR) genes and reduced oxidative damage and ROS accumu-
lation, thereby increasing resistance to tobacco mosaic virus (Zhu 
et al., 2023). In uninfected cells, PrCSD2 is transported into chloro-
plasts and catalyses the conversion of O2

− into H2O2, which is cata-
lysed into water by APX; however, BaMV infection induces PrCSD2 
cytosolic retention, which cannot enter the chloroplast to function. 
Moreover, H2O2 accumulation may lead to BaMV-induced chlorotic 
symptoms (Lin et  al., 2022). In addition, the manifestation of mo-
saic symptoms in SCMV-infected maize leaves is accompanied by 
elevated levels of H2O2 (Jiang et al., 2022). A recent report showed 
that ZmCATs could enhance SCMV replication by mitigating cellu-
lar oxidative damage caused by excessive H2O2 (Tian et al., 2024). 
In the present study, OE398b transgenic lines showed decreased 
resistance to SCMV and accumulated more ROS than WT plants to 
accelerate severe mosaic symptoms, which is consistent with the 
results of knockdown of ZmmiR398b target genes ZmCSD2/4/9 
(Figures 3f,g and 4e). In contrast, STTM398b transgenic maize lines 
showed enhanced resistance to SCMV and accumulated lower 
amounts of ROS to alleviate mosaic symptoms (Figure 3f,g). It has 
been reported that the activities of SOD, CAT, GPOD, and APX in 
sly-MIR398b#OE plants were decreased compared with pBI121#OE 
control plants (Liu et al., 2023). We speculate that ZmmiR398b not 
only regulates the expression of CSD, but also affects the expression 
of APX related to H2O2 elimination, thus unifying the changes in 
O2

− and H2O2. Our research proves that the ZmmiR398b-ZmCSDs 
regulatory module can manage ROS to regulate resistance to SCMV, 
which expands our understanding of ZmmiR398b-mediated regula-
tion of ZmCSD2/4/9 on plant stress responses.

Cu is an essential micronutrient for plants and plays an import-
ant role in respiration, photosynthesis, ethylene perception, cell 
wall remodelling, and ROS metabolism (Burkhead et al., 2009). Cu 
deficiency has adverse effects on plant growth, such as decreased 
growth rate, distortion, or whitening of young leaves, as well as 
damage to the apical meristem; excessive Cu is also toxic, causing 
production of free radicals, resulting in stunted growth and re-
duced crop yields (Burkhead et al., 2009; Yamasaki et al., 2008). It 

F I G U R E  3 ZmmiR398b negatively regulated maize resistance to sugarcane mosaic virus (SCMV) infection. (a) Relative expression levels of 
ZmmiR398b were determined by reverse transcription-quantitative PCR (RT-qPCR), and the expression level of U6 was used as an internal control. 
WT, wild-type; OE, ZmmiR398b overexpressing lines; STTM, ZmmiR398b silenced lines. (b) Relative expression levels of ZmCSD2/4/9 were 
determined by RT-qPCR, and the expression level of ZmUBI was used as an internal control. (c) The symptoms on the first systemically infected leaves 
in control (WT) and ZmmiR398b transgenic maize plants at 6 days post-inoculation (dpi). Scale bars = 1 cm. (d) The accumulation of SCMV genomic 
RNA in control plants and ZmmiR398b transgenic maize plants determined by RT-qPCR. (e) The expression of SCMV coat protein (CP) in control plants 
and ZmmiR398b transgenic maize plants by western blot analyses. CBB, Coomassie brilliant blue staining of loading control. (f) Nitroblue tetrazolium 
(NBT) staining of control plant and ZmmiR398b transgenic maize plant leaves for O2

− at 6 dpi. Scale bars = 1 cm. (g) 3,3′-diaminobenzidine (DAB) 
staining of control plant and ZmmiR398b transgenic maize plant leaves for H2O2 at 6 dpi. Scale bars = 1 cm. The results are presented as the mean ± SD 
from three independent experiments. Statistical significance between two different treatments was determined using one-way analysis of variance 
followed by Duncan's multiple comparison test. Different lowercase letters indicate statistically significant differences between treatments (p < 0.05). 
The relative densities of each band detected in western blotting were analysed by the ImageJ software.
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has been reported that appropriately elevating Cu content in vitro 
or in vivo could promote rice antiviral defence by regulating SPL9-
miR528-AO-mediated ROS signalling (Yao et al., 2022). The main 
function of CSDs is to maintain the homeostasis of Cu and intracel-
lular ROS. In plants, several conserved copper-responsive miRNAs, 
such as miR398, miR397, miR408, and miR857, play crucial roles 
in regulating Cu homeostasis (Burkhead et  al.,  2009; Yamasaki 

et al., 2007). Interestingly, these miRNAs mainly target CSDs and 
several laccases, which encode copper-containing proteins. Under 
Cu deprivation, miRNAs were increased and downregulated the 
expression of target genes, suggesting that copper-responsive 
miRNAs can silence CSDs and laccases to save Cu for more essen-
tial proteins (Abdel-Ghany & Pilon, 2008; Yamasaki et al., 2008). 
miR398 has been reported to respond to Cu stress in plants by 

F I G U R E  4 Silencing ZmCSD2, ZmCSD4, and ZmCSD9 promoted sugarcane mosaic virus (SCMV) infection in maize. (a) The symptoms 
on SCMV-infected maize leaves of ZmCSD2/4/9-silenced plants and controls at 7 days post-inoculation (dpi). Scale bars = 1 cm. (b) Silencing 
efficiencies of ZmCSD2, ZmCSD4, and ZmCSD9. (c) The accumulation of SCMV genomic RNA in ZmCSD2/4/9-silenced maize plants and 
controls at 7 dpi determined by reverse transcription-quantitative PCR. (d) The expression of SCMV coat protein (CP) in ZmCSD2/4/9-
silenced maize plants and controls at 7 dpi by western blot analysis. CBB, Coomassie brilliant blue loading control. (e) Nitroblue tetrazolium 
(NBT) and 3,3′-diaminobenzidine (DAB) stainings of ZmCSD2/4/9-silenced maize plants and controls infected with SCMV at 7 dpi for O2

− and 
H2O2 detection. Scale bars = 1 cm. The results were statistically analysed using two-tailed Student's t test. All data are expressed as the 
means ± SD of three independent experiments. **p < 0.01, ***p < 0.0001.
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F I G U R E  5 Copper (Cu) sufficiency inhibited sugarcane mosaic virus (SCMV) infection in maize. (a) The symptoms of the first systemically 
infected leaves after SCMV infection in Hoagland's nutrient solution with different Cu concentrations at 7 days post-inoculation (dpi). Cu0, 
deficiency, 0 μg/L CuSO4.5H2O; Cu1, normal, 25 μg/L CuSO4.5H2O; Cu2, sufficiency, 50 μg/L CuSO4.5H2O. Scale bars = 1 cm. (b–e) The 
expression levels of ZmmiR398b, ZmCSD2, ZmCSD4, and ZmCSD9 in hydroponic maize plants with different Cu concentrations at 3, 5, 7, 
and 9 dpi, respectively. (f, g) Accumulation of SCMV RNA and coat protein (CP) in the first systemically infected leaves of hydroponic plants 
determined by reverse transcription-quantitative PCR and western blot assays at 3, 5, 7, and 9 dpi, respectively. CBB, Coomassie brilliant 
blue loading control. The results are expressed as the mean ± SD (n = 9), and one-way analysis of variance and Duncan's multiple comparison 
test were used to determine the statistical significance between the two different treatments. Different letters show statistically significant 
differences between treatments (p < 0.05).
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regulating its target genes, CSDs (Leng et  al.,  2017). Under Cu-
deficient conditions, Arabidopsis miR398 downregulated the 
expression of target genes CSD1 and CSD2 to regulate Cu homeo-
stasis (Yamasaki et al., 2007). In this study, the expression levels of 
ZmmiR398b were significantly increased, while the expression lev-
els of ZmCSD2, ZmCSD4, and ZmCSD9 were significantly decreased 
and promoted SCMV infection under Cu deficiency and vice versa 
(Figure 5). Therefore, an appropriate increase of Cu concentration 
can inhibit SCMV infection and improve the resistance of maize 
to SCMV. However, whether higher than a certain concentration 
of Cu will cause heavy metal stress to maize needs to be further 
studied.

In the present study, we characterized the ZmmiR398b-
ZmCSD2/4/9 module that confers maize resistance to SCMV in-
fection, probably by regulating ROS levels. Notably, Cu sufficiency 

inhibited SCMV infection mainly by regulating the expression level 
of ZmmiR398b-ZmCSD2/4/9 module. We summarize this maize de-
fence response to SCMV infection conferred by the ZmmiR398b-
ZmCSD2/4/9 module in Figure 6.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Plant growth and virus inoculation

N. benthamiana plants were grown in a greenhouse (24°C, 
14 h/10 h, day/night). Maize (Zea mays) inbred lines Chang7-2 and 
Mo17 and transgenic B104 lines were grown in growth chambers 
(28°C/22°C, 16 h/8 h, day/night). SCMV crude extracts were pre-
pared and inoculated on the first true leaves of 1-week-old maize 

F I G U R E  6 Working model of ZmmiR398b-ZmCSD2/4/9 module functions in maize resistance to sugarcane mosaic virus (SCMV) infection. 
In transgenic maize plants overexpressing ZmmiR398b, consistent with Cu deficiency, the expression levels of ZmCSD2/4/9 are inhibited and 
the content of reactive oxygen species (ROS) is increased, which is conducive to SCMV infection. In contrast, silencing ZmmiR398b, similar to 
Cu sufficiency, induces the accumulation of ZmCSD2/4/9 and reduces the ROS content, resulting in enhanced resistance to SCMV infection 
in maize. Arrows indicate positive regulation, and blunt-ended bars indicate inhibition.
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seedlings as described previously (Gao et al., 2021). The first sys-
temically infected leaves were harvested to determine the accu-
mulations of ZmmiR398b, ZmCSD2, ZmCSD4, ZmCSD9, and SCMV 
RNA and CP.

4.2  |  Generation of transgenic maize plants

STTM technology was used to silence ZmmiR398b according to the 
previous report (Yan et al., 2012). The fragment of STTM398b was 
obtained using the 48 nucleotides as template and STTM398b-F and 
STTM398b-R as primers. The OsMIR528 precursor was selected as 
the backbone to produce artificial polycistronic miRNA to overex-
press ZmmiR398b as described previously (Li, Chung, et al., 2013; 
Warthmann et  al.,  2008). The STTM398b and OE398b plasmids 
were confirmed by Sanger sequencing. The STTM398b and OE398b 
fragments were inserted downstream of the UBI promoter in the 
pBWA(v)BU vector. The STTM398b and OE398b recombinant vec-
tors were introduced into Agrobacterium tumefaciens  EHA105 and 
then transformed into maize inbred line B104. The bar gene was 
used for screening the genotype of transgenic plants. Details of the 
primers used for constructing vectors are listed in Table S1.

4.3  |  Agrobacteria-mediated transient 
co-expression assays

The sequences of predicted target sites in ZmCSD2, ZmCSD4, and 
ZmCSD9 were fused to the C-terminal of GFP and cloned into the 
BglII/PstI site of the binary vector pGD (Goodin et al., 2002), producing 
pGD-CSD2ts-GFP, pGD-CSD4ts-GFP, and pGD-CSD9ts-GFP vectors, 
respectively. The ZmmiR398b-insensitive versions of pGD-CSD2mts-
GFP, pGD-CSD4mts-GFP, and pGD-CSD9mts-GFP were generated by 
site-directed mutagenesis using a Fast MultiSite Mutagenesis System 
(TransGen Biotech). The polycistronic artificial miR398b (amiR398b) 
that could recognize ZmCSD2, ZmCSD4, and ZmCSD9 was amplified 
with primers miR398b-Bgl II-F and miR398b-Pst I-R, which was then 
cloned into the BglII/PstI site of the binary vector pGD, resulting in 
the vector pGD-miR398b. Polycistronic amiR159a was also cloned 
into the binary vector pGD similarly, resulting in the pGD-miR159a 
as a control. A. tumefaciens GV3101 was used for transient expres-
sion of different constructs in N. benthamiana. In brief, A. tumefaciens 
GV3101 harbouring different plasmids (pGD-CSD2ts-GFP, pGD-
CSD4ts-GFP, pGD-CSD9ts-GFP, pGD-CSD2mts-GFP, pGD-CSD4mts-
GFP, pGD-CSD9mts-GFP, pGD-miR398b, and pGD-miR159a) was 
incubated at 28°C for 14 h in liquid Luria–Bertani (LB) medium on a 
table shaking at 180 rpm. The A. tumefaciens cells were collected and 
resuspended in MMA buffer (10 mM MES, 10 mM MgCl2, and 200 μM 
acetosyringone) until the final concentration of bacteria contain-
ing pGD-CSD2ts-GFP, pGD-CSD4ts-GFP, pGD-CSD9ts-GFP, pGD-
CSD2mts-GFP, pGD-CSD4mts-GFP, and pGD-CSD9mts-GFP had an 
optical density (OD)600 of 0.1, and pGD-miR398b, pGD-miR159a was 
OD600 = 0, 0.1, 0.2, and 0.4, respectively. Subsequently, the mixture 

containing the expression constructs was infiltrated into N. bentha-
miana leaves for transient expression assays. Laser scanning confocal 
microscope (Nikon) was used for image acquisition at 48 h after infil-
tration. Meanwhile, the infiltrated leaves were sampled to determine 
the expression of GFP.

4.4  |  Silencing ZmCSD2/4/9 by VIGS technology

The CMV-based VIGS assays were conducted as described previ-
ously (Wang et al., 2016). Briefly, a 209-bp fragment that can tar-
get the conserved region of ZmCSD2, ZmCSD4, and ZmCSD9 was 
amplified using specific primers (Table S1). The obtained fragment 
was subsequently cloned into pCMV201-2bN81 vector (KpnI/XbaI), 
resulting in the pCMV201-ZmCSD2/4/9 vector. Before infiltration, 
suspensions of A. tumefaciens C58C1 cells with OD600 = 1.0 contain-
ing pCMV101, pCMV301, and pCMV201-ZmCSD2/4/9, were mixed 
in equal volumes. A. tumefaciens C58C1 containing pCMV201-
GFP254 was used as a control. The prepared A. tumefaciens suspen-
sions were infiltrated into N. benthamiana leaves that were then 
collected after 4 days as the virus source to inject seeds of maize 
inbred line B73, which were grown in growth chambers (20°C/18°C, 
16 h/8 h, day/night). The first true leaves of the gene-silenced maize 
plants were challenged by inoculation with SCMV. At 7 dpi, the ex-
pression levels of ZmCSD2/4/9 and SCMV accumulation in the first 
systemically infected leaves were examined.

4.5  |  Hydroponic treatments

For hydroponics experiments, the pretreatment and germination of 
maize inbred line Mo17 seeds were carried out according to a pre-
vious report (Sun et al., 2018). Subsequently, maize seedlings were 
cultured in half-strength Hoagland's nutrient solution for 2 days and 
full-strength Hoagland's nutrient solution with 0, 25, or 50 μg/L 
CuSO4.5H2O thereafter. The other components of the hydroponic 
solutions were the same as in a previous report (Du et al., 2018). The 
hydroponic solution was replaced every 2 days. To prevent Cu con-
tamination in the Cu-deprived experimental set, all tools used in the 
hydroponic system were plastic. In the Cu-gradient hydroponic sys-
tem, the first true leaves of Mo17 maize seedlings at the three-leaf 
stage were mechanically inoculated with SCMV. At 3, 5, 7, and 9 dpi, 
the first systemically infected leaves were harvested to measure the 
accumulations of ZmmiR398b, ZmCSD2/4/9, and SCMV.

4.6  |  H2O2 and O2
− visualization and determination

O2
− and H2O2 detection in maize leaves were performed individu-

ally using NBT and DAB staining as described previously (Jabs 
et  al.,  1996; Thordal-Christensen et  al.,  1997) with minor modifi-
cations. In brief, the maize leaves were incubated in DAB solution 
(Coolaber) and NBT (Coolaber) at 37°C in the dark for 16 h. Then, the 
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samples were washed with 95% ethanol in boiling water for 20 min 
until the green colour of chlorophyll disappeared to take pictures.

4.7  |  RT-qPCR analysis

The RT-qPCR assay was performed to determine the expression 
levels of mRNAs and miRNAs using SYBR Green PCR Master Mix 
(Vazyme) and a miRcute Plus miRNA qPCR Kit (Tiangen), respec-
tively. The relative gene expression levels were calculated by the 
2−ΔΔCt method (Schefe et al., 2006) using the mean ± SD (n = 9), and 
one-way analysis of variance and Duncan's multiple comparison test 
were used to determine the statistical significance between the two 
different treatments. The ZmUBI (XM_008647047) and U6 gene 
(Kong et al., 2014) were used as internal controls, respectively. All 
primers are listed in Table S1.

4.8  |  Western blot analysis

Total protein was extracted with a Plant Protein Extraction Kit 
(Beyotime) and quantified with a bicinchoninic acid (BCA) Protein 
Assay Kit (Beyotime). The total proteins were then separated by 
12% SDS-PAGE gel and transferred to 0.20 μm polyvinylidene flu-
oride (PVDF) membranes. Subsequently, the membranes were in-
cubated with antibodies against GFP (1/5000, ABclonal) or SCMV 
CP (1/5000 dilution, LV BAO), followed by the goat antimouse IgG 
horseradish peroxidase (HRP) secondary antibody (1/5000 dilu-
tion, ABclonal). Finally, the membranes were transferred to the 
chemiluminescent substrate CDP-Star solution (Roche), and the 
results were visualized on a Tanon 5200 chemical luminous imag-
ing system.
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