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Abstract

In China, soil-borne viruses transmitted by the root parasite Polymyxa graminis have caused significant yield loss in
winter wheat for many years. At present, it is believed that two main soil-borne RNA viruses, namely wheat yellow
mosaic virus (WYMV) and Chinese wheat mosaic virus (CWMV) are responsible for such losses. The molecular charac-
teristics and infection processes of these two viruses have been intensively investigated and described substantially
in detail, following the complete sequencing of their respective genomes. In this review, we highlight our recent find-
ings on the distribution of WYMV and CWMYV in China, the associated crop damage, the biological functions of WYMV
and CWMV proteins as well as the viral temperature sensitivities. We also describe the characteristics of the resistance
genes and discuss the novel virus—plant arms race strategies in hope of enlarging our understanding on the theme
of virus-plant interactions. Finally, we compare current disease-management options and suggest the application of
biotechnology-based genetic resistance to develop more cost-effective countermeasures for controlling soil-borne

virus diseases in the future.
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Background

Wheat (Triticum aestivum) is one of the most impor-
tant cereal crops worldwide. However, global wheat pro-
duction is threatened by a wide range of abiotic stresses
including cold, drought, and salt, as well as biotic stresses
mainly represented by insect pests and diseases. Viral
diseases alone can cause yield reduction of up to 70% in
China (Chen 2005). Most viruses that naturally infect
wheat are spread between plants by insect vectors (Zhang
et al. 2017). However, soil-borne viruses transmitted by
the root parasite Polymyxa graminis have also caused
severe disease in winter wheat grown in China (Diao
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et al. 1999). In this review, we present an overview of the
key soil-borne viruses infecting wheat grown in China
and highlight recent progress made towards understand-
ing these viruses with the primary focus on plant—virus
interactions. Finally, we discuss new strategies for disease
control and suggest future research directions.

Soil-borne viruses and the diseases they cause

in wheat

The wheat viruses that have caused severe damage to
wheat crops in many countries include wheat streak
mosaic virus (WSMV) transmitted by the eriophyid
wheat curl mite (Singh et al. 2018), wheat dwarf virus
(WDV) transmitted by the leathopper Pasmmotet-
tix alienus (Abt et al. 2019), barley yellow dwarf viruses
(BYDV) transmitted by aphids (Aradottir and Crespo-
Herrera 2021) and soil-borne viruses transmitted by
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the zoospores of the soil-inhabiting plasmodiophora-
ceous microorganism Polymyxa graminis (Estes and
Brakke 1966). Several soil-borne viruses are agricultur-
ally important on autumn-sown wheat and are of two
taxonomically distinct types. Wheat yellow mosaic virus
(WYMYV) in Asia (Sawada 1972) and wheat spindle streak
mosaic virus (WSSMV) in Europe and North America
(Sohn et al. 1994) are both classified in the genus Bymo-
virus (family Potyviridae). Wheat-infecting members
of the genus Furovirus are Chinese wheat mosaic virus
(CWMYV) in Asia (Diao et al. 1999), soil-borne wheat
mosaic virus (SBWMYV) in the United States (McKinney
1923; Shirako et al. 2000) and soil-borne cereal mosaic
virus (SBCMV) in Europe (Kanyuka et al. 2003). Here, we
mainly focus on WYMV and CWMYV which are widely
distributed in China. Wheat yellow mosaic disease was
first found in Sichuan in the 1960s and was first thought
to be caused by WSSMV (Tao et al. 1980; Zhou et al.
1990). WYMYV and WSSMYV are easily confused because
they have similar host range, serological characteristics,
particle morphology, and vector (Li et al. 1999) but in
1999 sequence analysis showed that the virus in China
was actually WYMV (Chen 1999). WYMYV has spread
gradually into the middle and lower valleys of the Yang-
tze and Huai rivers in China (Sun et al. 2013a). Typical
symptoms of WYMYV are mosaic or yellow-striped leaves
on stunted plants, beginning as irregular patches of pale
green or yellow on leaves at the early stage of infection
and leading to stunted growth with a few abnormal till-
ers in the later stages of infection (Chen 1993). When
wheat fields are severely affected by WYMYV, all plants
turn yellow (Fig. 1a). Wheat yellow mosaic disease typi-
cally causes yield losses of 10-30%, but can be as much
as 70% in an epidemic year (Sun et al. 2013a). Results of
nearly 20 years of field monitoring by our group, show
that WYMYV is present in Anhui, Henan, Hubei, Jiangsu,
Sichuan, and Shaanxi provinces along the Yangtze River,
whereas WSSMV has never been found in these sam-
ples (Fig. 2). WYMYV also occurs in Japan where the virus
populations have been classified into three pathotypes
(I-III) based on their pathogenicity to wheat cultivars:
pathotype I causes systemic infection in plants of the
cultivars Nambukomugi and Fukuhokomugi, but not in
plants of the cultivar Hokkai 240; Pathotype II causes a
systemic infection only on Nambukomugi; Pathotype III
causes infection on all three wheat cultivars (Ohki et al.
2014; Ohki et al. 2019). In 1999, CWMYV was first isolated
from winter wheat in Yantai, Shandong Province, China
(Diao et al. 1999). It is mainly restricted to Shandong
(cities: Yantai and Rongcheng), Henan (city: Haozhou),
Hebei (city: Langfang) and Jiangsu (city: Dafeng) prov-
inces (Sun et al. 2013a) (Fig. 2). Symptoms caused by
CWMYV are light chlorotic streaking on young leaves but
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Fig. 1 Wheat plants showing lethal necrosis and mosaic. a The
overall incidence of WYMV in a field in Junnan, Shandong Province.
The small figure on the upper right shows an individual wheat plant
infected with WYMV. b The overall incidence of CWMV in a field in
Xiping, Henan Province. The small figure on the upper right shows an
individual wheat plant infected with CWMV

bright yellow chlorotic streaking or even purple chloro-
tic stripes on older leaves. At the later stages of infection,
the intermittent chlorosis on leaves can gradually develop
into chlorotic stripes and the plants become stunted, wilt
and later die (Guo et al. 2019) (Fig. 1b).

Genetics of resistance against bymovirus-induced
diseases

WYMV can be retained in soil within the dormant
spores of the parasite P graminis for many years (Chen
2005) and it is therefore difficult to control the viral dis-
ease once a field becomes infested with this viruliferous
microorganism. The most environmentally friendly and
effective measure for controlling the disease is to breed
disease-resistant wheat varieties (Chen 1993; Ohto et al.
2006; Chen et al. 2014). However, climatic and environ-
mental conditions greatly influence the severity of the
disease and this makes it difficult to screen seedlings
for resistance to WYMYV within a plant breeding pro-
gram. Nevertheless, great efforts have been devoted to
identifying and mapping resistance genes, and several
wheat varieties with high resistance to WYMYV have been
developed (Jiang et al. 2020), although the genetic and
molecular mechanisms underlying this resistance are
still poorly understood. Inherited resistance to WYMV/
WSSMV appears to be complex and is influenced by
many factors. Thus, the development and utilization of
molecular markers to accurately select WYMV-resistant
breeding materials is very important. Molecular-marker
analysis in wheat is primarily based on microsatellite or
simple-sequence repeat (SSR) markers (Conti et al. 2011).
During the past decade, with the availability of efficient
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Fig. 2 Distribution of wheat yellow mosaic virus (WYMV) and Chinese wheat mosaic virus (CWMV) in China. Shading shows the extent of WYMV
and CWMV occurrence in winter wheat. Samples with WYMV are shown as red circles, CWMV as green circles, and sites with both viruses as blue

tools such as molecular-marker techniques and sophisti-
cated software packages, the number of identified quanti-
tative trait loci (QTLs) associated with disease resistance
has considerably increased. According to earlier studies,
WYMYV resistance is quantitative and controlled by 1 to
3 major genes (Liu et al. 2004). Sustained efforts have
been made to mine genetic resources, including WYMV-
resistant germplasms, and to identify associated molecu-
lar markers. Thirteen genes or QTL, which are resistant
against wheat-infecting bymoviruses, have been identi-
fied on chromosomes 2A, 2DL, 3BS, 5AL, 6DS, 7A and
7BS (Table 1). Furthermore, an exogenetic WYMV- or
WSSMV-resistant gene WssI was found on chromosome
4VS of Haynaldia villosa, a wild relative of wheat (Zhang
et al. 2005). Wheat varieties from different countries
carry genetic resistance loci to WYMYV on chromosome

2DL (Table 1), indicating that this chromosomal region
plays an important role in WYMYV resistance. These
QTLs may be allelic, and therefore pyramiding them is
not a viable option.

Genome organization and functions of viral
proteins

The genome organization of the furovirus CWMYV and
the function of its encoded viral proteins have been
described in detail in a previous review (Guo et al. 2019)
and will not therefore be repeated. Here, we mainly
focus on the genome structure and function of WYMYV,
which has two genomic RNAs. WYMV RNA1 (~7.6 Kb)
encodes a large polyprotein (~270 kDa) that is processed
by a protease to generate eight mature proteins, namely
the third protein (P3), 7-kDa peptide (7 K), cylindrical
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Table 1 Summary of bymovirus resistance genes and QTLs in wheat
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No Resistance gene Chromosomal Resistance donor (origin) Resistance against virus References
location

1 Xbcd1095 2DL Geneva (US) WSSMV Khan et al. (2000)

2 Xcdo373 2DL Geneva (US) WSSMV Khan et al. (2000)

3 YmYF 2DL Yangfu9311 (China) WYMV Liu et al. (2005b)

4 Wss1 T4DL-4VS Haynaldia villosa (wild relative) WSSMV/WYMV Zhang et al. (2005), Zhao et al.
(2013), Dai et al. (2020)

5 YmNM 2A Ningmai9 (China) WYMV Liu et al. (2004), Liu et al. (2005a)

6 Ym1b 2DL |bis (Netherland) WYMV Nishio et al. (2010)

7 YmMD 2DL Madsen (US) WYMV Takeuchi et al. (2010)

8 QYm.njau-5A.1 5AL Xifeng wheat (Japan) WYMV Zhu et al. (2012)

9 QYm.njau-3B.1 3BS Xifeng wheat (Japan) WYMV Zhuetal. (2012)

10 QYm.njau-7B.1 7BS Xifeng wheat (Japan) WYMV Zhuetal. (2012)

11 QymT 2DL Madsen (US) Hokkaido (Japan) WYMV Suzuki et al. (2015)

12 Qym2 3BS Madsen (US) Hokkaido (Japan) WYMV Suzuki et al. (2015), Liu et al. (2016)

13 QYmym 2DL Yumechikara (Japan) WYMV Kojima et al. (2015)

14 Qym4 6DS OW104 (Japan) WYMV Yamashita et al. (2020)

inclusion protein (CI), 14-kDa peptide (14 K), viral pro-
tein genome-linked (VPg), nuclear inclusion-a protease
(NIa-Pro), nuclear inclusion “b” protein (NIb), and coat
protein (CP). Researchers have speculated that a small
open reading frame (ORF), termed PIPO, is also pre-
sent overlapping with the P3-coding region (Chung
et al. 2008; Sun et al. 2013d). WYMYV RNA2 (~3.5 Kb)
encodes a polyprotein (~ 100 kDa) that is cleaved to give
rise to two mature proteins, named P1 and P2 (Fig. 3)
(Namba et al. 1998; Sun et al. 2013d). Although very few
detailed functional studies have been performed on the
putative WYMV-encoded proteins, their functions can
be inferred from well-characterized homologs in other
members of the family. Among the proteins encoded by
RNAL, the primary function of WYMV CP is to encapsi-
date the genomic RNA to form linear virus particles. CP
regulates the assembly or disassembly of viral particles

by interacting with viral RNA and then participates in
viral replication and translation (Fig. 3 and Table 2) (Yang
et al. 2021). The CPs of two potyviruses, tobacco etch
potyvirus (TEV) and turnip mosaic virus (TuMV), are
also indispensable for viral cell-to-cell transport but not
for viral genome replication (Dolja et al. 1995; Li and Shi-
rako 2015; Dai et al. 2020). It is suggested that WYMV
CP may have similar function. The WYMV CI protein
comprises two domains that are predicted to possess hel-
icase activity (Deng et al. 2015). Moreover, this versatile
protein forms a laminate or pinwheel-shaped inclusion in
the cytoplasm of infected cells, which is typical of infec-
tion by potyvirids (Sorel et al. 2014). Indeed, substantial
genetic and cell biology data have revealed that CI is pre-
sent in the viral replication complex (VRC), where it can
contribute to viral genome replication by unfolding the
viral RNA duplexes (Rodriguez-Cerezo et al. 1997; Rojas

a S'UTR 3'UTR
.:Vngq P3 7K} Cl | 14K» VPg ‘. Nla-Pro Nib CP m— (A)n
‘ PIPO
b S'UTR 3'UTR
VPg P1 ‘ P2 ——— (A)D

Fig. 3 Schematic diagram of the gene expression strategy and genomic organization of wheat yellow mosaic virus (WYMV). a RNA 1 of WYMV.
A single large polyprotein is cleaved into the eight mature proteins shown within the smaller boxes that make up the ORF. P3N-PIPO derives
from frameshifting of the P3 protein, and (A)n represents the poly(A) tail. 7 K, 7-kDa peptide; Cl, cylindrical inclusion protein; 14 K, 14-kDa peptide;
VPg, viral protein genome-linked; Nla-Pro, nuclear inclusion a-protease; NIb, nuclear inclusion b; CP, coat protein. b RNA 2 of WYMV. A single large
polyprotein is cleaved into the two mature proteins, P1 protein and P2 protein, shown within the smaller boxes that make up the ORF
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Table 2 The potential function of the proteins encoded by CWMV and WYMV

No Viral protein name

Source of viral protein Viral protein function

References

Viral intercellular movement
Viral-replication vesicles formation

Viral replication and viral intercellular

Vijayapalani et al. (2012), Chai et al.
(2020), Yu et al. (2021)

Cuiand Wang (2016), Gonzélez et al.
(2019), Yang et al. (2021)

Wei and Wang (2008)

movement

1 Third protein (P3) WYMV RNA1
2 7-kDa peptide (7 K) WYMV RNAT1
3 Cylindrical inclusion protein (Cl) WYMV RNAT
4 14-kDa peptide (14 K) WYMV RNA1
5 VPg protein WYMV RNAT
6 Nuclear inclusion-a protease (Nla-Pro)  WYMV RNA1
7 Nuclear inclusion “b” protein (NIb) WYMV RNA1
8  Coat protein (CP) WYMV RNA1
9 PIPO WYMV RNA1
10  First protein (P1) WYMV RNA2
11 Second protein (P2) WYMV RNA2
12 153-kDa protein CWMV RNA1
13 RNA-dependent RNA polymerase CWMV RNAT
(RdRp)
14 Movement protein (MP) CWMV RNA1
15  Coat protein (CP) CWMV RNA2
16  Read-through fusion protein (CP-RT)  CWMV RNA2
17 N-terminal extension coat protein CWMV RNA2
(N-CP)
18  Cysteine-rich protein (CRP) CWMV RNA2

Endoplasmic reticulum (ER) export
and intercellular viral movement

Viral RNA translation and replication
Ployprotein cleaving and processing
Viral-replication

Viral particle assembly, viral replication
and translation

Viral intercellular movement

RNA-silencing suppressor

Viral replication

Viral replication and movement
Viral replication

Viral intercellular movement
Assembly of virus particles

Virion assembly and viral transmission
Virus replication, virion assembly and

systemic movement
RNA-silencing suppressor and patho-

Cui and Wang (2016), Gonzalez et al.
(2019), Yang et al. (2021)

Jiang and Laliberté (2011)
Riechmann et al. (1992)
Zhang et al. (2019a), Shen et al. (2020)

Dolja et al. (1995), Li and Shirako (2015),
Dai et al. (2020), Yang et al. (2021)

Vijayapalani et al. (2012), Chai et al.
(2020), Yu et al. (2021)

Tatineni et al. (2012), Valli et al. (2018)
Sun et al. (2014), Liet al. (2018)

Yang et al. (2017)

Yang et al. (2017)

Andika et al. (2013b), Guo et al. (2019)

Haeberlé et al. (1994), Cowan et al.
(1997), Torrance et al. (2009)

Yamamiya and Shirako (2000), Crutzen
etal. (2009), Yang et al. (2016)

Diao et al. (1999), Sun et al. (2013¢),
Yang et al. (2016), Guo et al. (2019)

Xu et al. (2002), Te et al. (2005)

genicity determinant

et al. 1997). Furthermore, CI can form conical structures
at plasmodesmata (PD) during viral intercellular move-
ment (Wei and Wang 2008). In a recent study, three
amino acids located in the N-terminal domain of CI were
found to be significantly associated with WYMYV patho-
genicity (Ohki et al. 2019). As in other potyviruses such
as plum pox virus (PPV), both the 7 K and 14 K proteins
of WYMYV contain a central hydrophobic transmembrane
domain. This indicated that the 7 K and 14 K proteins
may also be involved in the formation of viral-replication
vesicles, endoplasmic reticulum (ER) export and inter-
cellular viral movement (Cui and Wang 2016; Gonzalez
et al. 2019; Yang et al. 2021). Like the NIb of other pot-
yviruses, WYMV NIb also belongs to the viral RNA-
dependent RNA polymerase (RdRp) superfamily II and
contains a conserved GDD motif, which is required for
RdRp activity (Zhang et al. 2019a; Shen et al. 2020; Yang
et al. 2021). Nla contains two domains, an N-terminal
VPg domain and a C-terminal protease. Nla has serine
protease-hydrolysis activity, which primarily enables it to
cleave the virual polyproteins. VPg and Nla-Pro are pro-
duced through the partial processing of Nla (Riechmann

et al. 1992). Numerous studies have indicated that VPg
is covalently linked to the 5'-end of the genomic RNA
to mediate viral RNA translation and replication (Jiang
and Laliberté 2011). As an important regulator of gene
expression, VPg not only promotes viral RNA translation
and accumulation but can also inhibit host RNA transla-
tion (Eskelin et al. 2011). Though WYMYV VPg contains
nuclear localization and exports signal domains, CP facil-
itates the nuclear export of VPg during WYMYV infec-
tion (Sun et al. 2013d; Yang et al. 2021). P3 targets the ER
membrane to form inclusions and is transported along
actin filaments to participate in the formation of replica-
tion vesicles (Cui et al. 2017; Yang et al. 2021). WYMV
PIPO is usually expressed with a part of the P3 ORF as
P3N-PIPO, which promotes the movement of viruses
from cell to cell (Vijayapalani et al. 2012; Chai et al. 2020;
Yu et al. 2021).

In the proteins encoded by RNA2, the N-terminal
region of WYMYV P1 is highly conserved and similar to
the active region of potyvirus HC-Pro. Although this has
not been experimentally confirmed, it seems likely that
WYMYV P1 may resemble HC-Pro by functioning as an
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RNA-silencing suppressor (Fig. 3 and Table 2) (Tatineni
et al. 2012; Valli et al. 2018). WYMYV P2 is a protein
unique to bymoviruses that can recruit P1, P3, VPg, NIb,
and other viral proteins through protein interactions to
form the VRC (Sun et al. 2014). Moreover, WYMV P2
has been reported to be involved in the formation of
WYMYV genome replication-related membrane compart-
ments (Sun et al. 2014; Li et al. 2018). It has recently been
shown that P1 and P2 are also involved in the produc-
tion of membranous bodies (MBs) in the viral factory of
WYMV-infected host cells and constitute the main com-
ponents of MBs within the ER (Xie et al. 2019).

It is known that the poly(A) and 5'-cap regions of
WYMYV can interact with host factors to increase the
translation efficiency. Variable polyadenylation, including
the absence of a poly(A) at the 3/-end of WYMYV RNAs,
was found in different WYMYV isolates. The diversity of
polyadenylation leads to significant differences in the
translation level and minus-strand synthesis of WYMV
(Gallie et al. 1995; Khan and Goss 2012; Geng et al. 2019).
Variable polyadenylation may play a vital role in template
selection for WYMYV translation and replication or the
molecular transition between WYMYV translation and
replication (Geng et al. 2019). In addition, a new inter-
nal ribosome entry site (IRES) was first discovered in the
5'-untranslated region (UTR) of WYMV RNA1, and the
dynamic equilibrium state of the tertiary RNA structure
was essential for promoting IRES activity in the 5-UTR
of WYMV RNAL. These findings indicated that robust-
ness is a potential target for selection and evolutionary
optimization during evolution of WYMV RNA1 (Levis
and Astier-Manifacier 1993; Zhang et al. 2015b; Geng
et al. 2020).

Temperature sensitivity

Temperature is an important environmental factor that
affects virus infection because intracellular viral repli-
cation requires a specific temperature range and also
because virus movement, virus transmission and plant
defense systems are also affected by temperature. In
infected wheat plants, bright yellow mosaic symptoms
typically occur in early spring but disappear in new leaves
during early summer. These findings suggest that low
temperatures may be favorable for virus infection. For
SBWMYV, the optimal infection temperature was 17 °C
(Ohsato et al. 2003). Substantial work has been con-
ducted to determine the optimal infection temperatures
of CWMYV and WYMYV. Following mechanical inocula-
tion of the sap of virus-infected leaves onto wheat and
Nicotiana benthamiana (N. benthamiana), CWMYV com-
pletes its infection at 16 °C but not at 24 °C (Andika et al.
2013b). Inoculation studies of wheat and N. benthami-
ana, using a full-length complementary infectious DNA
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clone of CWMYV that was constructed using reverse
genetics showed that the optimum temperature for rep-
lication was 15-17 °C. The optimum temperature for
WYMYV multiplication and systemic infection was 8 °C,
but the optimal temperature for viral movement and
silencing is not known (Yang et al. 2016; Zhang et al.
2021a). The underlying molecular mechanisms whereby
low temperatures contribute to viral infections are not
well understood. A previous study revealed that low tem-
peratures can inhibit host antiviral defenses mediated by
RNA silencing, including virus-derived small interfering
RNAs (vsiRNAs) (Szittya et al. 2003). Recently, numer-
ous vsiRNAs derived from CWMV-infected wheat were
identified by next-generation or deep sequencing, and
these vsiRNAs exhibited a strong bias in their 5’-termi-
nal nucleotides (Yang et al. 2014). The significance of this
bias needs to be investigated and it is unclear whether
these vsiRNAs are temperature-dependent, but there is
no denying that this phenomenon may be the result of
the evolution of the virus during the long-term competi-
tion with the host.

Impacts of virus—plant interactions

Because RNA viruses only encode a few proteins, suc-
cessful viral infection depends on the complicated inter-
action network between viruses and hosts. Therefore,
virus—host interactions serve two purposes for the virus.
First, viruses need to recruit a series of host proteins to
complete all steps in the complex infection cycle, which
include viral particle disassembly, viral translation, for-
mation of the VRC, virion assembly, cell-to-cell move-
ment, and long-distance transport. To date, many host
proteins have been shown to be involved in these pro-
cesses (Nagy and Pogany 2011; Schoelz et al. 2011; Tils-
ner and Oparka 2012; Wang 2015; Yang et al. 2021).
Secondly, viruses have to incite and utilize some specific
cellular factors to assist them in suppressing and evading
the multi-layered antiviral immune responses of plants,
including hypersensitive and necrotic resistance as well
as systemic acquired resistance from R gene-mediated
responses. Indeed, emerging evidence has revealed that
viruses have evolved various effective strategies for over-
coming these antiviral pathways (Alcaide-Loridan and
Jupin 2012; Mandadi and Scholthof 2013; Csorba et al.
2015; Li and Wang 2019; Yang et al. 2020b). Once a virus
enters a plant cell, its needs first to shed the capsid com-
posed of CP subunits, after which the viral genome can
be exposed to the cellular translation machinery. The
results of studies on tobacco mosaic virus suggest that
initial virion disassembly starts when CP subunits begin
to disassemble from the 5-end of viral genomic RNA
(Culver 2002). Subsequently, ribosomes bind the exposed
5’-end of the genomic RNA to translate the replicase
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proteins (Wu and Shaw 1997). Some eukaryotic initia-
tion factors (elFs) are employed to complete this step.
Recent data revealed that TaeEF1A could be upregulated
upon CWMYV infection and that TaeEF1A can specifi-
cally bind to stem-loop structures in CWMV RNA2 to
promote CWMYV replication and translation (Chen et al.
2021). Interestingly, WYMYV and barley stripe mosaic
virus infection can also induce TaeEF1A expression, sug-
gesting that eEF1A may be a general host factor required
for different viruses (Chen et al. 2021). In addition, the
WYMV VPg protein was shown to associate with the
elF4E protein during viral replication, a phenomenon
that has also been reported for many other potyviruses,
such as TuMV and TEV (Kang et al. 2005; Jenner et al.
2010; Li and Shirako 2015). After virion disassembly, a
conducive location in plant cells is urgently required for
virus multiplication. Then, viral proteins can remodel cel-
lular membranes together with the recruited host factors
to form the VRC to promote safe replication of the viral
genome. A previous transmission electron microscopy
study showed that WYMYV infection induced ER remod-
eling, and MBs with at least two different morphologies,
including lamellar and tubular MBs, were observed (Xie
et al. 2019). The roles of heat shock proteins (HSPs) in
viral replication have been comprehensively described.
For CWMYV, the replicase protein was confirmed to
recruit HSP70 from the cytoplasm or nucleus to the
intracellular membrane system for regulating conforma-
tion or replication of VRC, and HSP70 overexpression
promoted viral genomic RNA accumulation (Yang et al.
2017). To spread in plants, viruses must undergo cell-
to-cell movement. Viruses typically encode movement
proteins (MPs) to facilitate cell-to-cell spread from the
initially infected cell(s) through PD (Maule 2008; Schoelz
et al. 2011). The 37 K MP of CWMYV (with two TMDs) is
responsible for intracellular CWMYV transport and cell-
to-cell movement. The interaction of the MP with pec-
tin methylesterase, a cell wall-associated protein, may be
important for CWMV movement (Andika et al. 2013b).
However, due to the difficulties in inoculating monocoty-
ledons (particularly wheat) and the complexities of wheat
genomes, research on the infection cycle of WYMYV and
CWMYV has been restricted.

In response to viral infection, plants depend on elab-
orate protein interaction networks to activate antivi-
ral defenses. However, viruses have evolved various
strategies to counter these apparently ubiquitous anti-
viral defenses. RNA silencing is an ancient and con-
served mechanism that depends on the siRNAs binding
to host Argonaute (AGO) proteins and directing the
RNA-induced silencing complexes (RISC) to the target
transcripts to modulate gene expression (Pumplin and
Voinnet 2013; Rosa et al. 2018). Viral infection leads to
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accumulation of vsiRNAs, which play significant roles
in antiviral RNA-silencing defenses by targeting viral
RNA for degradation in a sequence-specific manner
(Ding and Voinnet 2007; Llave 2010; Zhang et al. 2015a).
Two distinct classes of vsiRNAs have been discovered
in plants, one class results from DCL-mediated dsSRNA
cleavage and the second class requires a RdRp (Burgyan
and Havelda 2011). Research has revealed that RDR6
accumulates at high temperatures in CWMV-infected
wheat root tissues, which helps to inhibit CWMYV infec-
tion (Andika et al. 2013a). Previously, we character-
ized WYMV and CWMYV vsiRNA profiles in infected
wheat cells and found that the WYMV and CWMV
vsiRNAs were both predominantly 21-22 nucleotides
long (Yang et al. 2014; Li et al. 2018). The vsiRNAs from
both viruses share features with host siRNAs, and their
5’-terminal base is biased toward A/U (Yang et al. 2014;
Li et al. 2018); therefore, some of these siRNAs may be
loaded into diverse AGO-containing RISCs to degrade
homologous cellular transcripts involved in many bio-
logical processes (Ding and Voinnet 2007; Ruiz-Ferrer
and Voinnet 2009). In CWMV-infected plants, it has also
been shown that CWMV-derived vsiRNA-20 can tar-
get transcripts encoding vacuolar (H+)-PPases (TaVP)
to inhibit cell death, thereby promoting viral infection
(Yang et al. 2020a). To counter this antiviral RNA-silenc-
ing response, viruses have evolved efficient defensive
proteins, known as viral suppressors of RNA silencing
(VSRs) (Voinnet et al. 1999; Burgyan and Havelda 2011).
The CWMV Cys-rich protein (CRP) has been identi-
fied as a VSR protein that inhibits the spread of silenc-
ing signals (Sun et al. 2013b). According to recent studies,
CWMYV CRP protein can be phosphorylated by SAPK7
in CWMYV infection. The phosphorylated CRP interacts
with RNA-binding protein UBP1-associated protein 2C
(TaUBA2C), which inhibits CWMYV infection through
binding to the pre-mRNA of TaNPR1, TaPR1, and TaR-
BOHD to induce cell death and H,0, production,
thereby changing TaUBA2C chromatin-bound status
and attenuating the RNA- or DNA- binding activities (Li
et al. 2022). However, no VSR protein has been reported
for WYMYV. Interestingly, DCL4 transcripts were down-
regulated in WYMV-infected root tissues (Yang et al.
2014), which suggested that WYMYV may regulate DCL4
expression to affect vsiRNA biogenesis, thereby promot-
ing viral infection. We recently found that CWMYV infec-
tion upregulated the expression of the long-noncoding
RNA (IncRNA) XLOC_006393, a precursor of miR168c,
thereby promoting viral infection (Zheng et al. 2021).
miR168 is one of the most abundant and highly con-
served miRNAs in plants, and it can directly regulate
AGOL expression (Gursinsky et al. 2015). These findings
suggest that CWMYV may regulate the expression of host
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IncRNAs to inhibit antiviral RNA silencing. In addition,
NC®-methyladenosine  (m®A)-nucleotide ~modification,
another regulatory mechanism occurring at the mRNA
level, has been found to be extensively involved in virus—
host interactions (Li et al. 2018; Zhang et al. 2021c).
Increasing evidence has revealed that viral infection
can affect the overall level of m®A modification in host
cells, leading to a range of changes in transcripts related
to various biological processes (Lichinchi et al. 2016;
Zhang et al. 2021c). Research from our laboratory indi-
cated that WYMYV infection in susceptible and resistant
wheat varieties resulted in different transcriptome-wide
m®A profiles. Several transcripts enriched in plant—path-
ogen interaction pathways were modified by m°A and
exhibited differential expression patterns between virus-
infected plants of the two varieties (Zhang et al. 2021d).
These results suggest that WYMYV can disrupt the expres-
sion of immunity-related genes through m®A methylation
to inhibit host antiviral responses. In addition, another
epigenetic modification (acetylation) was associated with
CWMYV infection: the acetylation levels of chloroplast
proteins, histone 3, and some metabolic pathway-related
proteins were significantly higher in CWMV-infected
plants than in uninfected plants (Gao et al. 2021; Yuan
et al. 2021). Several other biological processes are also
involved in WYMV or CWMYV infection, including
ubiquitination and the regulation pathways by plant
hormones. Several ubiquitin-specific protease (UBP)
family genes were differentially expressed after WYMV
or CWMYV infection, and silencing TaUBP1A.1 in wheat
plants promoted CWMYV infection (Xu et al. 2021). These
results suggest that ubiquitination may act as a host anti-
viral defense that inhibits CWMYV infection. In addition,
CWMYV infection was found to suppress the abscisic
acid (ABA) pathway in N. benthamiana, and ABA pro-
duction was downregulated in CWMV-infected plants
when compared to that in mock-infected plants (He et al.
2021). Another report revealed that WYMV NIb inter-
acts with the wheat light-induced protein TaLIP to facili-
tate viral infection by interfering with the ABA signaling
pathway (Zhang et al. 2019a). The results of both these
studies indicated that both WYMV and CWMYV can dis-
turb plant hormone pathways to promote viral infection.
However, a knowledge gap remains regarding the host
factors involved in WYMV and CWMYV infection. This
topic requires urgent attention from researchers.

Microbial mechanisms for controlling the onset

of wheat soil-borne virus diseases

A better establishment of microbes and their interactions
in the plant—soil system to prevent soil-borne diseases
and enhance plant disease resistance can be achieved
through multiple mechanisms, such as stimulating the
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production of plant growth hormones (Liu et al. 2021),
competition with pathogens for nutrients (Gu et al. 2020;
Tao et al. 2020), production of certain compounds (e.g.,
antibiotics) that are inhibitory against pathogens (Syed-
Ab-Rahman et al. 2019), and induction of systemic resist-
ance in plants (Pieterse et al. 2014). Our recent studies
have demonstrated that when wheat plants had increas-
ing levels of WYMYV infection, alternations were found
in the microbial communities across the soil-plant con-
tinuum (bulk soil, rhizosphere soil, roots, and leaves),
showing a significant enrichment in the plant-beneficial
bacteria of specific genera, like Streptomyces, Steno-
trophomonas, Bradyrhizobium, Sphingomonasand and
Bacillus (which are notable antibiotic producers) as well
as growth-promoting microbes. The scale, connectivity,
and complexity of the rhizosphere and root endosphere
co-occurrence networks was also increased under these
disease conditions (Wu et al. 2021a). Moreover, relatively
high microbial diversity and stable community structures
were detected in the soil of WYMV-tolerant cultivars
compared to WYMV-sensitive ones. WYMYV-tolerant
cultivars greatly recruited many known beneficial bacte-
rial and fungal taxa into their rhizosphere soil, includ-
ing Xanthomonadales, Actinomycetales, Sphingomonas,
Rhizobium, Bacillaceae, Bacillus, Streptomycetaceae,
Streptomyces, Nocardioides, Pseudonocardia, Bradyrhizo-
bium, Pseudonocardiaceae, and Solibacteraceae. In con-
trast, there were more potential pathogens (Fusarium)
associated with WYMV-sensitive cultivars than with
WYMV-tolerant ones. WYMYV-tolerant cultivars had
much more complex belowground microbial networks,
with larger numbers of mutually beneficial and keystone
bacterial taxa, and such microbial association networks
may have been responsible for maintaining the stabil-
ity and ecological balance of the microbial communi-
ties (Wu et al. 2021b). Data indicates that wheat plants,
particularly disease-tolerant cultivars, may be capable
of recruiting beneficial microbial microorganism and
preventing the collapse of belowground microbial net-
works after infection with a disease. To evaluate whether
the structure of microbial communities associated with
wheat soil-borne virus diseases can be directly shaped,
the underlying mechanisms controlling the assembly
of microbial communities as well as the biotic and abi-
otic drivers under different WYMYV levels have been
explored. With increasing levels of WYMYV infection, the
deterministic processes were greatly enhanced during the
assembly of bacterial communities, the contribution of
deterministic processes to the assembly of bacterial com-
munities increased, and the habitat niche breadth of the
bacterial communities decreased. Intensified competi-
tion between bacteria and fungi and increased soil total-
nitrogen and soil-organic carbon contents under the
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diseased conditions were primarily responsible for this
phenomenon (Zhang et al. 2021b). These findings pro-
vide an important insight into the associations between
the onset of wheat soil-borne virus diseases and alterna-
tions in the microbial communities and warrant future
research on the application of specific microbial taxa to
inhibit wheat soil-borne virus diseases. Although pro-
gress has been made in understanding the relationships
between microbial communities and wheat soil-borne
virus diseases, utilizing microbiomes to suppress dis-
eases is still in the initial stages. Further studies guided
by community-based “omics” approaches will require the
translation of functional potential to functional activity.
The integration of sequencing technology, microfluid-
ics, synthetic community analysis and modeling, robot-
ics and machine learning, and functional joint analysis
should provide novel ways to capitalize on microbiomes
and increase disease resistance in soil and plants (Toju
et al. 2018; Du et al. 2021). The potentially beneficial
microbes recruited by wheat plants can be isolated and
cultured to assess the functions that influence biocontrol
efficacy, including rhizosphere competence, niche and/
or substrate competition, and induced systemic resist-
ance (Dignam et al. 2016). Synthetic microbial commu-
nities (SynComs) containing these potential beneficial
microbes can be designed, and reductionist experiments
can be performed to investigate whether the SynCom
added to sterile plants has the expected biological func-
tions (Bai et al. 2022). Simultaneously, we can deliber-
ately shape a microbiome community through nutritional
restriction or genetic modification and then apply it to
control viral diseases in the field. Therefore, more knowl-
edge about the nutritional needs of various microbiomes,
including pathogens and their correlation networks is
essential to design and produce such plant-beneficial
microbiomes or adopt new tailored disease-prevention
strategies (Du et al. 2021).

Disease management

As plant viruses are obligate intracellular parasites, pro-
phylactic measures play a crucial role in restricting virus
dispersion to mitigate economic losses caused by viruses
(Nicaise 2014). Integrated pest management (IPM) is a
general eco-friendly management strategy for disease
control. The specific measures of IPM mainly include
the use of resistant varieties, crop rotation, control of
vectors, elimination of reservoirs etc. (Jones and Naidu
2019). Prevention of viruses spread is also an important
step for virus disease management. During the plant
growing season, the vector of soil borne viruses should be
closely monitored and managed. However, it will be dif-
ficult to eliminate the vector of wheat soil-borne viruses
from the soil by chemical control or conventional crop

Page 9 of 14

management. Since the dormant spores of the vector
can be retained in soil for many years, it is unlikely that
crop rotation and fallowing will control the viral disease.
Care needs to be taken not to transport soil containing
WYMV and CWMV between fields, regions or coun-
tries. Accordingly, the most effective approach to control
wheat soil-borne viruses is the use of resistant cultivars.
Indeed, a large number of resistant varieties have been
developed through traditional breeding methods. To
obtain more resistant cultivars, modern biotechnology
methods must be used to deploy the increasing numbers
of resistance genes and/or QTLs that are being identified
on wheat chromosomes (as described above). For exam-
ple, two major antiviral strategies, RNA silencing and
genome editing, have been successfully used in antiviral
breeding (Zhao et al. 2020). Previous studies showed that
transgenic wheat plants expressing an antisense NIb8
gene (the NIb encoding the replicase of WYMV) had
high and broad-spectrum resistance to WYMYV isolates
from different sites in China. The grain yield of trans-
genic wheat was approximately 10% greater than that of
the susceptible wild-type control in field nurseries (Chen
et al. 2014). In addition, transgenic expression of con-
structs capable of driving dsRNA expression resulted in
a higher yield of high-level virus-resistant plants than
did expressing constructs that produced either sense or
antisense RNA alone (Chen et al. 2014). In a recent study,
vsiRNAL1 derived from the WYMV NIb gene was shown
to target the wheat gene TaAAEDI to degrade its tran-
script leading to inhibited ROS scavenging. Transgenic
wheat lines expressing vsiRNA1 had broad-spectrum dis-
ease resistance to viruses and non-viral pathogens with
significantly improved agronomic traits in the endemic
presence of pathogens (Liu et al. 2021). These results
indicated that “novel RNA-based agricultural technolo-
gies” can potentially protect crops against viral diseases
(Leonetti and Pantaleo 2021).

The CRISPR/Cas (clustered regularly interspaced
short palindromic repeats/ CRISPR-associated) sys-
tem, a genome editing technology, has been applied
for the genetic improvement of plant viruses resistance
and has accelerated resistance breeding (Zhang et al.
2019b). In cucumbers, knocking out the elF4E gene
using the CRISPR/Cas9 system resulted in broad-spec-
trum resistance to members of the Potyviridae family,
including cucumber vein yellowing virus, papaya rings-
pot virus, and zucchini yellow mosaic virus (Chan-
drasekaran et al. 2016). In wheat, TaelF(iso)4e-mutant
lines were obtained using CRISPR-Cas9 genome-edit-
ing technology, which revealed that the corresponding
mutations can potentially confer WSSMV and WYMV
resistance (Hahn et al. 2021). Recently, the wheat
orthologs of the barley susceptibility factor disulfide
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isomerase like 5—-1 (HvPDIL5-1) were edited in the
wheat genome, conferring WYMYV resistance in wheat
(Kan et al. 2022). Several CRISPR/Cas systems from
some bacterial strains (e.g., Leptotrichia wadei and
Francisella novicida) have been reported to target the
genome of RNA viruses, which suggests new strategies
against RNA viruses (Sampson et al. 2013; Abudayyeh
et al. 2017). For example, the Casl3a system from Lep-
totrichia shahii (LshCasl3a) was engineered to degrade
the genomic RNA of southern rice black-streaked dwarf
virus and rice stripe mosaic virus in rice plants (Zhang
et al. 2019b). However, there are no reports of wheat
varieties generated using CRISPR/Cas9 systems to tar-
get the genomes of WYMYV or CWMYV. Owing to their
simplicity, high efficiency, and affordability, CRISPR/
Cas systems offer great prospects for restricting dam-
age to wheat production caused by soil-borne viruses.

Conclusions and future prospects

In recent decades, significant progress has been made
to reveal the mechanisms underlying the interaction
mechanisms between wheat and soil-borne viruses in
an effort to develop countermeasures against WYMV
and CWMV. We now know that the proteins encoded
by CWMYV and WYMYV recruit a large number of host
factors to establish infection and that wheat plants
have a multilayered antiviral surveillance and defense
system for limiting viral infection. In turn, CWMV
and WYMYV have multiple counteracting strategies to
suppress the antiviral response. It is critical to explore
the potential functions of the genes involved in wheat-
virus interactions to achieve durable and high levels of
resistance. With the improvement of gene cloning and
genetic techniques, some novel functional genes/QTLs
have been identified, and these genes/QTLs can be
incorporated into new wheat cultivars. These advances
will provide precious information for forecasting and
controlling WYMV and CWMYV effectively in the
future as well as offer guidance for preventing and
controlling other viral diseases in wheat. Based on the
information reviewed above, we propose tentatively the
following topics for further research: i) molecular iden-
tification of host factors that are critical for viral infec-
tion but dispensable for plant growth and development,
especially the recessive resistance mediated factors for
candidates of CRISPR-Cas gene editing; ii) mechanisms
by which the virus—host arms race has evolved and iii)
molecular mechanisms underlying the host or non-host
resistance against wheat soil-borne viruses; with the
aim to provide a theoretical basis for antiviral molecu-
lar breeding.

Page 10 of 14

Abbreviations

ABA: Abscisic Acid; BYDV: Barley yellow dwarf viruses; Cl: Cylindrical inclu-
sion protein; CP: Coat protein; CRISPR/Cas: Clustered regularly interspaced
short palindromic repeats/ CRISPR-associated; CRP: Cys-rich protein; CWMV:
Chinese wheat mosaic virus; EIFs: Eukaryotic initiation factors; ER: Endoplas-
mic reticulum; HSPs: Heat shock proteins; IPM: Integrated pest management;
IRES: Internal ribosome entry site; LncRNA: Long-non coding RNA; m°A:
NS-methyladenosine; MP: Movement protein; MBs: Membranous bodies; N.
benthamiana: Nicotiana benthamiana; Nla-Pro: Nuclear inclusion-a protease;
Nib: Nuclear inclusion “b” protein; ORF: Open reading frame; P3: Third protein;
PD: Plasmodesmata; . graminis: Polymyxa graminis; PMTV: Potato mop-top
virus; PPV: Plum pox virus; QTL: Quantitative trait loci; RdRp: RNA-dependent
RNA polymerase; RISC: RNA-induced silencing complexes; SBCMV: Soil-borne
cereal mosaic virus; SBWMV: Soil-borne wheat mosaic virus; SSR: Simple-
sequence repeat; SynComs: Synthetic microbial communities; TEV: Tobacco
etch potyvirus; TMDs: Transmembrane domains; TuMV: Turnip mosaic virus;
UBP: Ubiquitin-specific protease; UTR: Untranslated region; VPg: Viral protein
genome-linked; VRC: Viral replication complex; VsiRNAs: Virus-derived small
interfering RNAs; VSRs: Viral suppressors of RNA silencing; WDV: Wheat dwarf
virus; WYMV: Wheat yellow mosaic virus; WSMV: Wheat streak mosaic virus;
WSSMV: Wheat spindle streak mosaic virus; 7 K: 7-kDa peptide; 14 K: 14-kDa
peptide.

Acknowledgements
The authors thank Prof. M. J. Adams (Minehead, UK) for manuscript correction.

Author contributions
JY, PL, KZ, TG, LC, HH, TZ, HZ, JG, BS, and JC wrote the paper. All authors read
and approved the final manuscript.

Funding

This work was supported by: China Agriculture Research System from the
Ministry of Agriculture of the PR. China (CARS-03); Ningbo Science and Tech-
nology Innovation 2025 Major Project, China (Q21C140013); National Natural
Science Foundation of China (U20A20121) and K.C. Wong Magna Funding
Ningbo University.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'State Key Laboratory for Quality and Safety of Agro-Products, Institute

of Plant Virology, Ningbo University, Ningbo 315211, China. 2Department

of Plant Pathology, Henan Agricultural University, Zhengzhou 450002, China.

Received: 23 February 2022 Accepted: 2 July 2022
Published online: 20 July 2022

References

Abt |, Souquet M, Angot G, Mabon R, Dallot S, Thébaud G, et al. Functional
transcomplementation between wheat dwarf virus strains in wheat
and barley. Viruses. 2019. https://doi.org/10.3390/v12010034.

Abudayyeh OO, Gootenberg JS, Essletzbichler P, Han' S, Joung J, Belanto JJ,
et al. RNA targeting with CRISPR-Cas13. Nature. 2017;550:280-4. https://
doi.org/10.1038/nature24049.


https://doi.org/10.3390/v12010034
https://doi.org/10.1038/nature24049
https://doi.org/10.1038/nature24049

Yang et al. Phytopathology Research (2022) 4:27

Alcaide-Loridan C, Jupin I. Ubiquitin and plant viruses, let’s play together.
Plant Physiol. 2012;160:72-82. https://doi.org/10.1104/pp.112.
201905.

Andika IB, Sun L, Xiang R, Li J, Chen J. Root-specific role for Nicotiana
benthamiana RDR6 in the inhibition of Chinese wheat mosaic virus
accumulation at higher temperatures. Mol Plant-Microbe Interact.
2013a;26:1165-75. https://doi.org/10.1094/mpmi-05-13-0137-1.

Andika IB, Zheng S, Tan Z, Sun L, Kondo H, Zhou X, et al. Endoplasmic
reticulum export and vesicle formation of the movement protein
of Chinese wheat mosaic virus are regulated by two transmem-
brane domains and depend on the secretory pathway. Virology.
2013b;435:493-503. https://doi.org/10.1016/j.virol.2012.10.024.

Aradottir Gl, Crespo-Herrera L. Host plant resistance in wheat to barley yel-
low dwarf viruses and their aphid vectors: a review. Curr Opin Insect
Sci. 2021;45:59-68. https://doi.org/10.1016/j.c0is.2021.01.002.

Bai B, Liu W, Qiu X, Zhang J, Zhang J, Bai Y. The root microbiome: Commu-

nity assembly and its contributions to plant fitness. J Integr Plant Biol.

2022;64:230-43. https://doi.org/10.1111/jipb.13226.

Burgydan J, Havelda Z. Viral suppressors of RNA silencing. Trends Plant Sci.
2011;16:265-72. https://doi.org/10.1016/j.tplants.2011.02.010.

Chai M, Wu X, Liu J, Fang Y, Luan Y, Cui X, et al. P3N-PIPO Interacts with P3
via the shared N-terminal domain to recruit viral replication vesicles
for cell-to-cell movement. J Virol. 2020. https://doi.org/10.1128/jvi.
01898-19.

Chandrasekaran J, Brumin M, Wolf D, Leibman D, Klap C, Pearlsman M, et al.
Development of broad virus resistance in non-transgenic cucumber
using CRISPR/Cas9 technology. Mol Plant Pathol. 2016;17:1140-53.
https://doi.org/10.1111/mpp.12375.

Chen J. Occurrence of fungally transmitted wheat mosaic viruses in China.
Ann Appl Biol. 1993;123:55-61. https://doi.org/10.1111/}.1744-7348.
1993.tb04072.x.

Chen J. Molecular comparisons amongst wheat bymovirus isolates from
Asia, North America and Europe. Plant Pathol. 1999;48:642-7. https://
doi.org/10.1046/j.1365-3059.1999.00392.x.

Chen JP. Progress and prospects of studies on Polymyxa graminis and
its transmitted cereal viruses in China. Prog Nat Sci Mater Int.
2005;15(6):481-90. https://doi.org/10.1080/10020070512331342440.

Chen M, Sun L, Wu H, Chen J, MaY, Zhang X, et al. Durable field resistance
to wheat yellow mosaic virus in transgenic wheat containing the
antisense virus polymerase gene. Plant Biotechnol J. 2014;12:447-56.
https://doi.org/10.1111/pbi.12151.

Chen X, He L, Xu M, Yang J, Li J, Zhang T, et al. Binding between elongation
factor 1A and the 3'-UTR of Chinese wheat mosaic virus is crucial for
virus infection. Mol Plant Pathol. 2021;22:1383-98. https://doi.org/10.
1111/mpp.13120.

Chung BY, Miller WA, Atkins JF, Firth AE. An overlapping essential gene in
the Potyviridae. Proc Natl Acad Sci U S A. 2008;105:5897-902. https://
doi.org/10.1073/pnas.0800468105.

ContiV, Roncallo PF, Beaufort V, Cervigni GL, Miranda R, Jensen CA, et al.
Mapping of main and epistatic effect QTLs associated to grain
protein and gluten strength using a RIL population of durum
wheat. J Appl Genet. 2011;52:287-98. https://doi.org/10.1007/
$13353-011-0045-1.

Cowan GH, Torrance L, Reavy B. Detection of potato mop-top virus capsid
readthrough protein in virus particles. J Gen Virol. 1997;78(Pt 7):1779-
83. https://doi.org/10.1099/0022-1317-78-7-1779.

Crutzen F, Mehrvar M, Gilmer D, Bragard C. A full-length infectious clone of
beet soil-borne virus indicates the dispensability of the RNA-2 for virus
survival in planta and symptom expression on Chenopodium quinoa
leaves. J Gen Virol. 2009,90:3051-6. https://doi.org/10.1099/vir.0.
014548-0.

Csorba T, Kontra L, Burgyén J. Viral silencing suppressors: tools forged to
fine-tune host-pathogen coexistence. Virology. 2015;479-480:85-103.
https://doi.org/10.1016/j.virol.2015.02.028.

Cui H, Wang A. Plum pox virus 6K1 protein is required for viral replication and
targets the viral replication complex at the early stage of infection. J
Virol. 2016;90:5119-31. https://doi.org/10.1128/jvi.00024-16.

Cui X, Yaghmaiean H, Wu G, Wu X, Chen X, Thorn G, et al. The C-terminal region
of the turnip mosaic virus P3 protein is essential for viral infection via
targeting P3 to the viral replication complex. Virology. 2017,510:147-55.
https://doi.org/10.1016/j.virol.2017.07.016.

Page 11 of 14

Culver JN. Tobacco mosaic virus assembly and disassembly: determinants in
pathogenicity and resistance. Annu Rev Phytopathol. 2002;40:287-308.
https://doi.org/10.1146/annurev.phyto.40.120301.102400.

Dai Z, He R, Bernards MA, Wang A. The cis-expression of the coat protein
of turnip mosaic virus is essential for viral intercellular movement in
plants. Mol Plant Pathol. 2020;21:1194-211. https://doi.org/10.1111/
mpp.12973.

Deng P, Wu Z, Wang A. The multifunctional protein CI of potyviruses
plays interlinked and distinct roles in viral genome replication and
intercellular movement. Virol J. 2015;12:141. https://doi.org/10.1186/
$12985-015-0369-2.

Diao A, Chen J,Ye R, Zheng T, Yu S, Antoniw JF, et al. Complete sequence and
genome properties of Chinese wheat mosaic virus, a new furovirus
from China. J Gen Virol. 1999,80(Pt 5):1141-5. https://doi.org/10.1099/
0022-1317-80-5-1141.

Dignam BE, O'Callaghan M, Condron LM, Raaijmakers JM, Kowalchuk GA,
Wakelin SA. Challenges and opportunities in harnessing soil disease
suppressiveness for sustainable pasture production. Soil Biol Biochem.
2016;95:100-11. https://doi.org/10.1016/j.50ilbio.2015.12.006.

Ding SW, Voinnet O. Antiviral immunity directed by small RNAs. Cell.
2007;130:413-26. https://doi.org/10.1016/j.cell.2007.07.039.

Dolja VWV, Haldeman-Cahill R, Montgomery AE, Vandenbosch KA, Carrington JC.
Capsid protein determinants involved in cell-to-cell and long distance
movement of tobacco etch potyvirus. Virology. 1995,206:1007-16.
https://doi.org/10.1006/viro.1995.1023.

Du J, LiY, Mukhtar |, Yin Z, Dong H, Wang H, et al. Synergistically promoting
plant health by harnessing synthetic microbial communities and
prebiotics. Iscience. 2021;24:102918. https://doi.org/10.1016/j.isci.2021.
102918.

Eskelin K, Hafrén A, Rantalainen KI, Makinen K. Potyviral VPg enhances viral
RNA Translation and inhibits reporter mRNA translation in planta. J Virol.
2011;85:9210-21. https://doi.org/10.1128/jvi.00052-11.

Estes AP, Brakke MK. Correlation of Polymyxa graminis with transmission of
soil-borne wheat mosaic virus. Virology. 1966,28:772-4. https://doi.org/
10.1016/0042-6822(66)90266-2.

Gallie DR, Tanguay RL, Leathers V. The tobacco etch viral 5'leader and
poly(A) tail are functionally synergistic regulators of translation. Gene.
1995;165:233-8. https://doi.org/10.1016/0378-1119(95)00521-7.

Gao S, Li L, Han X, Liu T, Jin P, Cai L, et al. Genome-wide identification of the
histone acetyltransferase gene family in Triticum aestivum. Genomics.
2021;22:49. https://doi.org/10.1186/512864-020-07348-6.

Geng G, Yu C, Li X, Yuan X. Variable 3'polyadenylation of wheat yellow mosaic
virus and its novel effects on translation and replication. Virol J.
2019;16:23. https://doi.org/10.1186/512985-019-1130-z.

Geng G, Yu C, Li X, Yuan X. A unique internal ribosome entry site representing
a dynamic equilibrium state of RNA tertiary structure in the 5-UTR of
wheat yellow mosaic virus RNAT. Nucleic Acids Res. 2020;48:390-404.
https://doi.org/10.1093/nar/gkz1073.

Gonzélez R, Wu B, Li X, Martinez F, Elena SF. Mutagenesis scanning uncovers
evolutionary constraints on tobacco etch potyvirus membrane-associ-
ated 6K2 protein. Genome Biol Evol. 2019;11:1207-22. https://doi.org/
10.1093/gbe/evz069.

Gu S, Wei Z, Shao Z, Friman V-P, Cao K, Yang T, et al. Competition for iron drives
phytopathogen control by natural rhizosphere microbiomes. Nature
Microbiol. 2020;5:1002-10. https://doi.org/10.1038/541564-020-0719-8.

Guo L, Jing H, Jing L, Chen J, Zhang H. Chinese wheat mosaic virus: a long-
term threat to wheat in China. J Integr Agric. 2019;18:821-9. https://doi.
0rg/10.1016/52095-3119(18)62047-7.

Gursinsky T, Pirovano W, Gambino G, Friedrich S, Behrens SE, Pantaleo V. Home-
ologs of the Nicotiana benthamiana antiviral ARGONAUTET show dif-
ferent susceptibilities to microRNA168-mediated control. Plant Physiol.
2015;168:938-52. https://doi.org/10.1104/pp.15.00070.

Haeberlé A-M, Stussi-Garaud C, Schmitt C, Garaud J-C, Richards K, Guilley H,
et al. Detection by immunogold labelling of P75 readthrough protein
near an extremity of beet necrotic yellow vein virus particles. Arch Virol.
1994;134:195-203. https://doi.org/10.1007/BF01379118.

Hahn F, Sanjurjo Loures L, Sparks CA, Kanyuka K, Nekrasov V. Efficient CRISPR/
Cas-mediated targeted mutagenesis in spring and winter wheat varie-
ties. Plants. 2021;10:1481. https://doi.org/10.3390/plants10071481.

He L, Jin P, Chen X, Zhang TY, Zhong KL, Liu P, et al. Comparative proteomic
analysis of Nicotiana benthamiana plants under Chinese wheat


https://doi.org/10.1104/pp.112.201905
https://doi.org/10.1104/pp.112.201905
https://doi.org/10.1094/mpmi-05-13-0137-r
https://doi.org/10.1016/j.virol.2012.10.024
https://doi.org/10.1016/j.cois.2021.01.002
https://doi.org/10.1111/jipb.13226
https://doi.org/10.1016/j.tplants.2011.02.010
https://doi.org/10.1128/jvi.01898-19
https://doi.org/10.1128/jvi.01898-19
https://doi.org/10.1111/mpp.12375
https://doi.org/10.1111/j.1744-7348.1993.tb04072.x
https://doi.org/10.1111/j.1744-7348.1993.tb04072.x
https://doi.org/10.1046/j.1365-3059.1999.00392.x
https://doi.org/10.1046/j.1365-3059.1999.00392.x
https://doi.org/10.1080/10020070512331342440
https://doi.org/10.1111/pbi.12151
https://doi.org/10.1111/mpp.13120
https://doi.org/10.1111/mpp.13120
https://doi.org/10.1073/pnas.0800468105
https://doi.org/10.1073/pnas.0800468105
https://doi.org/10.1007/s13353-011-0045-1
https://doi.org/10.1007/s13353-011-0045-1
https://doi.org/10.1099/0022-1317-78-7-1779
https://doi.org/10.1099/vir.0.014548-0
https://doi.org/10.1099/vir.0.014548-0
https://doi.org/10.1016/j.virol.2015.02.028
https://doi.org/10.1128/jvi.00024-16
https://doi.org/10.1016/j.virol.2017.07.016
https://doi.org/10.1146/annurev.phyto.40.120301.102400
https://doi.org/10.1111/mpp.12973
https://doi.org/10.1111/mpp.12973
https://doi.org/10.1186/s12985-015-0369-2
https://doi.org/10.1186/s12985-015-0369-2
https://doi.org/10.1099/0022-1317-80-5-1141
https://doi.org/10.1099/0022-1317-80-5-1141
https://doi.org/10.1016/j.soilbio.2015.12.006
https://doi.org/10.1016/j.cell.2007.07.039
https://doi.org/10.1006/viro.1995.1023
https://doi.org/10.1016/j.isci.2021.102918
https://doi.org/10.1016/j.isci.2021.102918
https://doi.org/10.1128/jvi.00052-11
https://doi.org/10.1016/0042-6822(66)90266-2
https://doi.org/10.1016/0042-6822(66)90266-2
https://doi.org/10.1016/0378-1119(95)00521-7
https://doi.org/10.1186/s12864-020-07348-6
https://doi.org/10.1186/s12985-019-1130-z
https://doi.org/10.1093/nar/gkz1073
https://doi.org/10.1093/gbe/evz069
https://doi.org/10.1093/gbe/evz069
https://doi.org/10.1038/s41564-020-0719-8
https://doi.org/10.1016/s2095-3119(18)62047-7
https://doi.org/10.1016/s2095-3119(18)62047-7
https://doi.org/10.1104/pp.15.00070
https://doi.org/10.1007/BF01379118
https://doi.org/10.3390/plants10071481

Yang et al. Phytopathology Research (2022) 4:27

mosaic virus infection. Plant Biol. 2021;21:51. https://doi.org/10.1186/
$12870-021-02826-9.

Jenner CE, Nellist CF, Barker GC, Walsh JA. Turnip mosaic virus (TuMV) is able to
use alleles of both elF4E and elF(is0)4E from multiple loci of the diploid
Brassica rapa. Mol Plant-Microbe Interact. 2010;23:1498-505. https://doi.
0rg/10.1094/mpmi-05-10-0104.

Jiang C, Kan J, Ordon F, Perovic D, Yang P. Bymovirus-induced yellow mosaic
diseases in barley and wheat: viruses, genetic resistances and functional
aspects. Theor Appl Genet. 2020;133:1623-40. https://doi.org/10.1007/
s00122-020-03555-7.

Jiang J, Laliberté JF. The genome-linked protein VPg of plant viruses-a protein
with many partners. Curr Opin Virol. 2011;1:347-54. https://doi.org/10.
1016/j.coviro.2011.09.010.

Jones RA, Naidu RA. Global dimensions of plant virus diseases: Current status
and future perspectives. Annu Rev Virol. 2019;6:387-409. https://doi.
org/10.1146/annurev-virology-092818-015606.

Kan J, Cai Y, Cheng C, Jiang C, Jin Y, Yang P. Simultaneous editing of host factor
gene TaPDIL5-1 homoeoalleles confers wheat yellow mosaic virus
resistance in hexaploid wheat. New Phytol. 2022,234:340-4. https://doi.
0rg/10.1111/nph.18002.

Kang BC, Yeam |, Frantz JD, Murphy JF, Jahn MM. The pvr1 locus in Capsicum
encodes a translation initiation factor elF4E that interacts with tobacco
etch virus VPg. Plant J. 2005;42:392-405. https://doi.org/10.1111/j.1365-
313X.2005.02381.x.

Kanyuka K, Ward E, Adams MJ. Polymyxa graminis and the cereal viruses it
transmits: a research challenge. Mol Plant Pathol. 2003;4:393-406.
https://doi.org/10.1046/j.1364-3703.2003.00177 x.

Khan AA, Bergstrom G, Nelson J, Sorrells M. Identification of RFLP markers for
resistance to wheat spindle streak mosaic bymovirus (WSSMV) disease.
Genome. 2000;43:477-82. https.//doi.org/10.1139/gen-43-3-477.

Khan MA, Goss DJ. Poly(A)-binding protein increases the binding affinity and
kinetic rates of interaction of viral protein linked to genome with trans-
lation initiation factors elFiso4F and elFiso4F-4B complex. Biochemistry.
2012;51:1388-95. https://doi.org/10.1021/bi201929h.

Kojima H, Nishio Z, Kobayashi F, Saito M, Sasaya T, Kiribuchi-Otobe C, et al.
Identification and validation of a quantitative trait locus associated with
wheat yellow mosaic virus pathotype | resistance in a Japanese wheat
variety. Plant Breed. 2015;134:373-8. https://doi.org/10.1111/pbr.12279.

Leonetti P, Pantaleo V. Plant virus—derived siRNAs “turn on” broad-spectrum
plantimmunity in wheat. Mol Plant. 2021;14:1038-40. https://doi.org/
10.1016/j.molp.2021.05.013.

Levis C, Astier-Manifacier S. The 5'untranslated region of PVY RNA, even
located in an internal position, enables initiation of translation. Virus
Genes. 1993;7:367-79. https://doi.org/10.1007/bf01703392.

LiD,Yan L, SuN,Han C, Hou Z, Yu J, et al. The nucleotide sequence of a
Chinese isolate of wheat yellow mosaic virus and its comparison with a
Japanese isolate. Arch Virol. 1999;144:2201-6. https://doi.org/10.1007/
s007050050633.

Li F, Wang A. RNA-targeted antiviral immunity: More than just RNA silencing.
Trends Microbiol. 2019;27:792-805. https://doi.org/10.1016/j.tim.2019.
05.007.

Li H, Shirako Y. Association of VPg and elF4E in the host tropism at the cellular
level of barley yellow mosaic virus and wheat yellow mosaic virus in the
genus Bymovirus. Virology. 2015;476:159-67. https://doi.org/10.1016/j.
virol.2014.12.010.

LiJ, Feng H, Liu S, Liu P, Chen X, Yang J, et al. Phosphorylated viral protein
evades plant immunity through interfering the function of RNA-bind-
ing protein. PLoS Pathog. 2022;18:1010412. https://doi.org/10.1371/
journal.ppat.1010412.

Li L, Andika IB, Xu'Y, Zhang Y, Xin X, Hu L, et al. Corrigendum: Differential
characteristics of viral siRNAs between leaves and roots of wheat plants
naturally infected with wheat yellow mosaic virus, a soil-borne virus.
Front Microbiol. 2018;9:1000. https://doi.org/10.3389/fmicb.2018.01477.

Lichinchi G, Zhao BS,Wu Y, Lu Z, Qin'Y, He C, et al. Dynamics of human and
viral RNA methylation during zika virus infection. Cell Host Microbe.
2016;20:666-73. https://doi.org/10.1016/j.chom.2016.10.002.

Liu C, Suzuki T, Mishina K, Habekuss A, Ziegler A, Li C, et al. Wheat yellow
mosaic virus resistance in wheat cultivar Madsen acts in roots but not
in leaves. J Gen Plant Pathol. 2016;82:261-7. https://doi.org/10.1007/
$10327-016-0674-7.

Page 12 of 14

Liu P, Zhang X, Zhang F, Xu M, Ye Z, Wang K, et al. A virus-derived siRNA
activates plant immunity by interfering with ROS scavenging. Mol Plant.
2021;14:1088-103. https://doi.org/10.1016/j.molp.2021.03.022.

Liu W, He Z, Geng B, Hou M, Zhang M, Nie H, et al. Identification of resistance
to yellow mosaic disease of wheat and analysis for its inheritance of
some varieties. Acta Phytopathol Sin. 2004;34(6):542-7. https://doi.org/
10.13926/j.cnki.apps.2004.06.011 (in Chinese).

Liu W, Nie H, Wang S, Li X, He Z, Han C, et al. Mapping a resistance gene in
wheat cultivar Yangfu 9311 to yellow mosaic virus, using microsatellite
markers. Theor Appl Genet. 2005a;111:651-7. https://doi.org/10.1007/
500122-005-2012-x.

Liu WH, Nie H, He ZT, Chen XL, Han YP, Wang JR, et al. Mapping of a wheat
resistance gene to yellow mosaic disease by amplified fragment length
polymorphism and simple sequence repeat markers. J Inter Plant Biol.
2005b;47:1133-9. https://doi.org/10.1111/j.1744-7909.2005.00139..

Llave C.Virus-derived small interfering RNAs at the core of plant-virus interac-
tions. Trends Plant Sci. 2010;15:701-7. https://doi.org/10.1016/].tplants.
2010.09.001.

Mandadi KK, Scholthof KB. Plant immune responses against viruses: how does
a virus cause disease? Plant Cell. 2013;25:1489-505. https://doi.org/10.
1105/tpc.113.111658.

Maule AJ. Plasmodesmata: structure, function and biogenesis. Curr Opin Plant
Biol. 2008;11:680-6. https://doi.org/10.1016/).pbi.2008.08.002.

McKinney HH. Investigations on the rosette disease of wheat and its control. J
Agric Res. 1923;23:771-800.

Nagy PD, Pogany J. The dependence of viral RNA replication on co-opted host
factors. Nat Rev Microbiol. 2011;10:137-49. https://doi.org/10.1038/
nrmicro2692.

Namba S, Kashiwazaki S, Lu X, Tamura M, Tsuchizaki T. Complete nucleotide
sequence of wheat yellow mosaic bymovirus genomic RNAs. Arch Virol.
1998;143:631-43. https://doi.org/10.1007/5007050050319.

Nicaise V. Crop immunity against viruses: outcomes and future challenges.
Front Plant Sci. 2014;5:660. https://doi.org/10.3389/fpls.2014.00660.

Nishio Z, Kojima H, Hayata A, Iriki N, Tabiki T, Ito M, et al. Mapping a gene
conferring resistance to wheat yellow mosaic virus in European winter
wheat cultivar 'Ibis'(Triticum aestivum L.). Euphytica. 2010;176:223-9.
https://doi.org/10.1007/510681-010-0229-5.

Ohki T, Netsu O, Kojima H, Sakai J, Onuki M, Maoka T, et al. Biological
and genetic diversity of wheat yellow mosaic virus (genus Bymo-
virus). Phytopathology. 2014;104:313-9. https://doi.org/10.1094/
PHYTO-06-13-0150-R.

OhkiT, Sasaya T, Maoka T. Cylindrical inclusion protein of wheat yellow mosaic
virus is involved in differential infection of wheat cultivars. Phytopathol-
0gy. 2019;109:1475-80. https//doi.org/10.1094/phyto-11-18-0438-.

Ohsato S, Miyanishi M, Shirako Y. The optimal temperature for RNA replication
in cells infected by Soil-borne wheat mosaic virus is 17 degrees C. J Gen
Virol. 2003;84:995-1000. https://doi.org/10.1099/vir.0.19021-0.

Ohto Y, Hatta K, Ishiguro K. Differential wheat cultivars to discriminate patho-
genicity of Japanese wheat yellow mosaic virus (WYMV) isolates. J
Phytopathol (japan). 2006. https://doi.org/10.3186/jjphytopath.72.93.

Pieterse CM, Zamioudis C, Berendsen RL, Weller DM, Van Wees SC, Bak-
ker PA. Induced systemic resistance by beneficial microbes. Annu
Rev Phytopathol. 2014;52:347-75. https://doi.org/10.1146/annur
ev-phyto-082712-102340.

Pumplin N, Voinnet O. RNA silencing suppression by plant pathogens:
defence, counter-defence and counter-counter-defence. Nat Rev
Microbiol. 2013;11:745-60. https://doi.org/10.1038/nrmicro3120.

Riechmann JL, Lain S, Garcfa JA. Highlights and prospects of potyvirus molecu-
lar biology. J Gen Virol. 1992;73(Pt 1):1-16. https://doi.org/10.1099/
0022-1317-73-1-1.

Rodriguez-Cerezo E, Findlay K, Shaw JG, Lomonossoff GP, Qiu SG, Linstead P,
et al. The coat and cylindrical inclusion proteins of a potyvirus are asso-
ciated with connections between plant cells. Virology. 1997;236:296—
306. https://doi.org/10.1006/vir0.1997.8736.

Rojas MR, Zerbini FM, Allison RF, Gilbertson RL, Lucas WJ. Capsid protein and
helper component-proteinase function as potyvirus cell-to-cell move-
ment proteins. Virology. 1997;237:283-95. https://doi.org/10.1006/viro.
1997.8777.

Rosa C, Kuo YW, Wuriyanghan H, Falk BW. RNA interference mechanisms and
applications in plant pathology. Annu Rev Phytopathol. 2018;56:581—
610. https://doi.org/10.1146/annurev-phyto-080417-050044.


https://doi.org/10.1186/s12870-021-02826-9
https://doi.org/10.1186/s12870-021-02826-9
https://doi.org/10.1094/mpmi-05-10-0104
https://doi.org/10.1094/mpmi-05-10-0104
https://doi.org/10.1007/s00122-020-03555-7
https://doi.org/10.1007/s00122-020-03555-7
https://doi.org/10.1016/j.coviro.2011.09.010
https://doi.org/10.1016/j.coviro.2011.09.010
https://doi.org/10.1146/annurev-virology-092818-015606
https://doi.org/10.1146/annurev-virology-092818-015606
https://doi.org/10.1111/nph.18002
https://doi.org/10.1111/nph.18002
https://doi.org/10.1111/j.1365-313X.2005.02381.x
https://doi.org/10.1111/j.1365-313X.2005.02381.x
https://doi.org/10.1046/j.1364-3703.2003.00177.x
https://doi.org/10.1139/gen-43-3-477
https://doi.org/10.1021/bi201929h
https://doi.org/10.1111/pbr.12279
https://doi.org/10.1016/j.molp.2021.05.013
https://doi.org/10.1016/j.molp.2021.05.013
https://doi.org/10.1007/bf01703392
https://doi.org/10.1007/s007050050633
https://doi.org/10.1007/s007050050633
https://doi.org/10.1016/j.tim.2019.05.007
https://doi.org/10.1016/j.tim.2019.05.007
https://doi.org/10.1016/j.virol.2014.12.010
https://doi.org/10.1016/j.virol.2014.12.010
https://doi.org/10.1371/journal.ppat.1010412
https://doi.org/10.1371/journal.ppat.1010412
https://doi.org/10.3389/fmicb.2018.01477
https://doi.org/10.1016/j.chom.2016.10.002
https://doi.org/10.1007/s10327-016-0674-7
https://doi.org/10.1007/s10327-016-0674-7
https://doi.org/10.1016/j.molp.2021.03.022
https://doi.org/10.13926/j.cnki.apps.2004.06.011
https://doi.org/10.13926/j.cnki.apps.2004.06.011
https://doi.org/10.1007/s00122-005-2012-x
https://doi.org/10.1007/s00122-005-2012-x
https://doi.org/10.1111/j.1744-7909.2005.00139.x
https://doi.org/10.1016/j.tplants.2010.09.001
https://doi.org/10.1016/j.tplants.2010.09.001
https://doi.org/10.1105/tpc.113.111658
https://doi.org/10.1105/tpc.113.111658
https://doi.org/10.1016/j.pbi.2008.08.002
https://doi.org/10.1038/nrmicro2692
https://doi.org/10.1038/nrmicro2692
https://doi.org/10.1007/s007050050319
https://doi.org/10.3389/fpls.2014.00660
https://doi.org/10.1007/s10681-010-0229-5
https://doi.org/10.1094/PHYTO-06-13-0150-R
https://doi.org/10.1094/PHYTO-06-13-0150-R
https://doi.org/10.1094/phyto-11-18-0438-r
https://doi.org/10.1099/vir.0.19021-0
https://doi.org/10.3186/jjphytopath.72.93
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1038/nrmicro3120
https://doi.org/10.1099/0022-1317-73-1-1
https://doi.org/10.1099/0022-1317-73-1-1
https://doi.org/10.1006/viro.1997.8736
https://doi.org/10.1006/viro.1997.8777
https://doi.org/10.1006/viro.1997.8777
https://doi.org/10.1146/annurev-phyto-080417-050044

Yang et al. Phytopathology Research (2022) 4:27

Ruiz-Ferrer V, Voinnet O. Roles of plant small RNAs in biotic stress responses.
Annu Rev Plant Biol. 2009;60:485-510. https://doi.org/10.1146/annurev.
arplant.043008.092111.

Sampson TR, Saroj SD, Llewellyn AC, Tzeng Y-L, Weiss DS. A CRISPR/Cas system
mediates bacterial innate immune evasion and virulence. Nature.
2013,497:254-7. https://doi.org/10.1038/nature12048.

Sawada E. Control of wheat yellow mosaic virus. J Plant Prot. 1972;14:444.

Schoelz JE, Harries PA, Nelson RS. Intracellular transport of plant viruses: find-
ing the door out of the cell. Mol Plant. 2011;4:813-31. https://doi.org/
10.1093/mp/ssr070.

Shen W, ShiY, Dai Z, Wang A. The RNA-Dependent RNA Polymerase Nib of
potyviruses plays multifunctional, contrasting roles during viral infec-
tion. Viruses. 2020. https://doi.org/10.3390/v12010077.

Shirako Y, Suzuki N, French RC. Similarity and divergence among viruses in the
genus Furovirus. Virology. 2000;270:201-7. https://doi.org/10.1006/viro.
2000.0251.

Singh K, Wegulo SN, Skoracka A, Kundu JK. Wheat streak mosaic virus: a
century old virus with rising importance worldwide. Mol Plant Pathol.
2018;19:2193-206. https://doi.org/10.1111/mpp.12683.

Sohn A, Schenk P, Signoret PA, Schmitz G, Schell J, Steinbiss HH. Sequence
analysis of the 3'-terminal half of RNA 1 of wheat spindle streak mosaic
virus. Arch Virol. 1994;135:279-92. https://doi.org/10.1007/bf01310014.

Sorel M, Garcia JA, German-Retana S. The Potyviridae cylindrical inclusion heli-
case: a key multipartner and multifunctional protein. Mol Plant-Microbe
Interact. 2014;27:215-26. https://doi.org/10.1094/MPMI-11-13-0333-CR.

Sun BJ, Sun LY, Tugume AK, Adams MJ, Yang J, Xie LH, et al. Selection pressure
and founder effects constrain genetic variation in differentiated popu-
lations of soilborne bymovirus wheat yellow mosaic virus (Potyviridae)
in China. Phytopathology. 2013a;103:949-59. https://doi.org/10.1094/
PHYTO-01-13-0013-R.

Sun L, Andika IB, Kondo H, Chen J. Identification of the amino acid residues
and domains in the cysteine-rich protein of Chinese wheat mosaic
virus that are important for RNA silencing suppression and subcellular
localization. Mol Plant Pathol. 2013b;14:265-78. https://doi.org/10.
1111/mpp.12002.

Sun L, Andika IB, Shen J, Yang D, Chen J. The P2 of wheat yellow mosaic
virus rearranges the endoplasmic reticulum and recruits other viral
proteins into replication-associated inclusion bodies. Mol Plant Pathol.
2014;15:466-78. https://doi.org/10.1111/mpp.12109.

Sun L, Andika IB, Shen J, Yang D, Ratti C, Chen J. The CUG-initiated larger form
coat protein of Chinese wheat mosaic virus binds to the cysteine-rich
RNA silencing suppressor. Virus Res. 2013¢;177:66-74. https://doi.org/
10.1016/j.virusres.2013.07.013.

SunL, Jing B, Andika IB, Hu Y, Sun B, Xiang R, et al. Nucleo-cytoplasmic shut-
tling of VPg encoded by wheat yellow mosaic virus requires association
with the coat protein. J Gen Virol. 2013d;94:2790-802. https://doi.org/
10.1099/vir.0.055830-0.

Suzuki T, Murai M-N, Hayashi T, Nasuda S, Yoshimura Y, Komatsuda T. Resistance
to wheat yellow mosaic virus in Madsen wheat is controlled by two
major complementary QTLs. Theor Appl Genet. 2015;128:1569-78.
https://doi.org/10.1007/500122-015-2532-y.

Syed-Ab-Rahman SF, Carvalhais LC, Chua ET, Chung FY, Moyle PM, Eltanahy EG,
et al. Soil bacterial diffusible and volatile organic compounds inhibit
Phytophthora capsici and promote plant growth. Sci Total Environ.
2019;692:267-80. https://doi.org/10.1016/j.scitotenv.2019.07.061.

Szittya G, Silhavy D, Molnr A, Havelda Z, Lovas A, Lakatos L, et al. Low tem-
perature inhibits RNA silencing-mediated defence by the control of
SIRNA generation. EMBO J. 2003,;22:633-40. https://doi.org/10.1093/
emboj/cdg74.

Takeuchi T, Munekata S, Suzuki T, Senda K, Horita H, Araki K, et al. Breeding
wheat lines resistant to wheat yellow mosaic virus and localization
of the resistance gene (YmMD) derived from wheat cultivar'Madsen’
Breed Res. 2010;12:1-8. https://doi.org/10.1270/jsbbr.12.1.

Tao C, Li R, Xiong W, Shen Z, Liu S, Wang B, et al. Bio-organic fertilizers
stimulate indigenous soil Pseudomonas populations to enhance plant
disease suppression. Microbiome. 2020;8:1-14. https://doi.org/10.1186/
s40168-020-00892-z.

Tao J,Qin J, Xiao J, Shen Y, Zhao F, Li T, et al. Studies on the soil-borne yellow
mosaic virus of wheat in Sichuan. Acta Phytopathol Sin. 1980;10(1):15-
27. https://doi.org/10.13926/j.cnki.apps.1990.02.010 (in Chinese).

Page 13 of 14

Tatineni S, Qu F, Li R, Morris TJ, French R. Triticum mosaic poacevirus enlists P1
rather than HC-Pro to suppress RNA silencing-mediated host defense.
Virology. 2012;433:104-15. https://doi.org/10.1016/j.virol.2012.07.016.

Te J, Melcher U, Howard A, Verchot-Lubicz J. Soilborne wheat mosaic virus
(SBWMV) 19K protein belongs to a class of cysteine rich proteins that
suppress RNA silencing. Virol J. 2005;2:18. https://doi.org/10.1186/
1743-422x-2-18.

Tilsner J, Oparka KJ. Missing links? The connection between replication and
movement of plant RNA viruses. Curr Opin Virol. 2012;2:705-11. https.//
doi.org/10.1016/j.coviro.2012.09.007.

Toju H, Peay KG, Yamamichi M, Narisawa K, Hiruma K, Naito K, et al. Core micro-
biomes for sustainable agroecosystems. Nat Plants. 2018;4:247-57.
https://doi.org/10.1038/541477-018-0139-4.

Torrance L, Lukhovitskaya NI, Schepetilnikov MV, Cowan GH, Ziegler A, Saven-
kov El. Unusual long-distance movement strategies of Potato mop-top
virus RNAs in Nicotiana benthamiana. Mol Plant-Microbe Interact.
2009;22:381-90. https://doi.org/10.1094/MPMI-22-4-0381.

Valli AA, Gallo A, Rodamilans B, Lopez-Moya JJ, Garcia JA. The HCPro from
the Potyviridae family: an enviable multitasking helper component
that every virus would like to have. Mol Plant Pathol. 2018;19:744-63.
https://doi.org/10.1111/mpp.12553.

Vijayapalani P, Maeshima M, Nagasaki-Takekuchi N, Miller WA. Interaction of
the trans-frame potyvirus protein P3N-PIPO with host protein PCaP1
facilitates potyvirus movement. PLoS Pathog. 2012;8:21002639. https://
doi.org/10.1371/journal.ppat.1002639.

Voinnet O, Pinto YM, Baulcombe DC. Suppression of gene silencing: a general
strategy used by diverse DNA and RNA viruses of plants. Proc Natl Acad
Sci U S A.1999,96:14147-52. https://doi.org/10.1073/pnas.96.24.14147.

Wang A. Dissecting the molecular network of virus-plant interactions: the
complex roles of host factors. Annu Rev Phytopathol. 2015;53:45-66.
https://doi.org/10.1146/annurev-phyto-080614-120001.

Wei T, Wang A. Biogenesis of cytoplasmic membranous vesicles for plant
potyvirus replication occurs at endoplasmic reticulum exit sites in a
COPI- and COPIl-dependent manner. J Virol. 2008;82:12252-64. https.//
doi.org/10.1128/jvi.01329-08.

Wu C,Wang F, Ge A, Zhang H, Chen G, Deng Y, et al. Enrichment of microbial
taxa after the onset of wheat yellow mosaic disease. Agric Ecosyst Envi-
ron. 2021a;322:107651. https:.//doi.org/10.1016/j.agee.2021.107651.

Wu C,Wang F, Zhang H, Chen G, Deng Y, Chen J, et al. Enrichment of beneficial
rhizosphere microbes in Chinese wheat yellow mosaic virus-resistant
cultivars. Appl Microbiol Biotech. 2021b;105:9371-83. https://doi.org/
10.1007/500253-021-11666-4.

Wu X, Shaw JG. Evidence that a viral replicase protein is involved in the
disassembly of tobacco mosaic virus particles in vivo. Virology.
1997;239:426-34. https://doi.org/10.1006/viro.1997.8870.

Xie L, Song XJ, Liao ZF, Wu B, Yang J, Zhang H, et al. Endoplasmic reticulum
remodeling induced by wheat yellow mosaic virus infection studied by
transmission electron microscopy. Micron. 2019;120:80-90. https://doi.
org/10.1016/j.micron.2019.01.007.

Xu L, Chen J,Ye R, Zhao X, Yu S. Cloning and expression of the Chinese wheat
mosaic virus RNA2 coat protein readthrough and 19 ku cysteinerich
domains and localization of these proteins. Chin Sci Bull. 2002;47:1019—
23. https://doi.org/10.1007/BF02907574.

Xu M, Jin P LiuT,Gao S, Zhang T, Zhang F, et al. Genome-wide identification
and characterization of UBP gene family in wheat (Triticum aestivum L.).
Peer). 2021;9:e11594. https://doi.org/10.7717/peer}.11594.

Yamamiya A, Shirako Y. Construction of full-length cDNA clones to soil-borne
wheat mosaic virus RNAT and RNA2, from which infectious RNAs are
transcribed in vitro: virion formation and systemic infection without
expression of the N-terminal and C-terminal extensions to the capsid
protein. Virology. 2000;,277:66-75. https://doi.org/10.1006/viro.2000.
0587.

Yamashita Y, Souma C, Ogura R, Suzuki T. A single QTL on chromosome 6DS
derived from a winter wheat cultivar "OW104" confers resistance to
Wheat yellow mosaic virus. Breed Sci. 2020;70:373-8. https://doi.org/10.
1270/jsbbs.19167.

Yang J, Zhang F, Cai NJ, Wu N, Chen X, Li J, et al. A furoviral replicase
recruits host HSP70 to membranes for viral RNA replication. Sci Rep.
2017;7:45590. https://doi.org/10.1038/srep45590.

Yang J, Zhang F, Xie L, Song X-J, Li J, Chen J-P, et al. Functional identification
of two minor capsid proteins from Chinese wheat mosaic virus using


https://doi.org/10.1146/annurev.arplant.043008.092111
https://doi.org/10.1146/annurev.arplant.043008.092111
https://doi.org/10.1038/nature12048
https://doi.org/10.1093/mp/ssr070
https://doi.org/10.1093/mp/ssr070
https://doi.org/10.3390/v12010077
https://doi.org/10.1006/viro.2000.0251
https://doi.org/10.1006/viro.2000.0251
https://doi.org/10.1111/mpp.12683
https://doi.org/10.1007/bf01310014
https://doi.org/10.1094/MPMI-11-13-0333-CR
https://doi.org/10.1094/PHYTO-01-13-0013-R
https://doi.org/10.1094/PHYTO-01-13-0013-R
https://doi.org/10.1111/mpp.12002
https://doi.org/10.1111/mpp.12002
https://doi.org/10.1111/mpp.12109
https://doi.org/10.1016/j.virusres.2013.07.013
https://doi.org/10.1016/j.virusres.2013.07.013
https://doi.org/10.1099/vir.0.055830-0
https://doi.org/10.1099/vir.0.055830-0
https://doi.org/10.1007/s00122-015-2532-y
https://doi.org/10.1016/j.scitotenv.2019.07.061
https://doi.org/10.1093/emboj/cdg74
https://doi.org/10.1093/emboj/cdg74
https://doi.org/10.1270/jsbbr.12.1
https://doi.org/10.1186/s40168-020-00892-z
https://doi.org/10.1186/s40168-020-00892-z
https://doi.org/10.13926/j.cnki.apps.1990.02.010
https://doi.org/10.1016/j.virol.2012.07.016
https://doi.org/10.1186/1743-422x-2-18
https://doi.org/10.1186/1743-422x-2-18
https://doi.org/10.1016/j.coviro.2012.09.007
https://doi.org/10.1016/j.coviro.2012.09.007
https://doi.org/10.1038/s41477-018-0139-4
https://doi.org/10.1094/MPMI-22-4-0381
https://doi.org/10.1111/mpp.12553
https://doi.org/10.1371/journal.ppat.1002639
https://doi.org/10.1371/journal.ppat.1002639
https://doi.org/10.1073/pnas.96.24.14147
https://doi.org/10.1146/annurev-phyto-080614-120001
https://doi.org/10.1128/jvi.01329-08
https://doi.org/10.1128/jvi.01329-08
https://doi.org/10.1016/j.agee.2021.107651
https://doi.org/10.1007/s00253-021-11666-4
https://doi.org/10.1007/s00253-021-11666-4
https://doi.org/10.1006/viro.1997.8870
https://doi.org/10.1016/j.micron.2019.01.007
https://doi.org/10.1016/j.micron.2019.01.007
https://doi.org/10.1007/BF02907574
https://doi.org/10.7717/peerj.11594
https://doi.org/10.1006/viro.2000.0587
https://doi.org/10.1006/viro.2000.0587
https://doi.org/10.1270/jsbbs.19167
https://doi.org/10.1270/jsbbs.19167
https://doi.org/10.1038/srep45590

Yang et al. Phytopathology Research (2022) 4:27

its infectious full-length cDNA clones. J Gen Virol. 2016;97:2441-50.
https://doi.org/10.1099/jgv.0.000532.

Yang J, Zhang T, Li J, Wu N, Wu G, Yang J, et al. Chinese wheat mosaic virus-
derived vsiRNA-20 can regulate virus infection in wheat through
inhibition of vacuolar-(H*)-PPase induced cell death. New Phytol.
2020a;226:205-20. https://doi.org/10.1111/nph.16358.

Yang J, Zheng S-L, Zhang H-M, Liu X-Y, Li J, Li J-M, et al. Analysis of small RNAs
derived from Chinese wheat mosaic virus. Arch of Virol. 2014;159:3077-
82. https://doi.org/10.1007/500705-014-2155-7.

Yang M, Ismayil A, Liu Y. Autophagy in plant-virus interactions. Annu
Rev Virol. 2020b;7:403-19. https://doi.org/10.1146/annurev-virol
0gy-010220-054709.

Yang X, Li Y, Wang A. Research advances in potyviruses: From the laboratory
bench to the field. Annu Rev Phytopathol. 2021;59:1-29. https://doi.
org/10.1146/annurev-phyto-020620-114550.

Yu C, Miao R, Ye Z, MacFarlane S, Lu Y, Li J, et al. Integrated proteomics and
transcriptomics analyses reveal the transcriptional slippage of a bymovi-
rus P3N-PIPO gene expressed from a PVX vector in Nicotiana benthami-
ana.Viruses. 2021;13:1247. https://doi.org/10.3390/v13071247.

Yuan B, LiuT, Cheng Y, Gao S, Li L, Cai L, et al. Comprehensive proteomic
analysis of lysine acetylation in Nicotiana benthamiana after sensing
CWMV Infection. Front Microbiol. 2021;12:672559. https://doi.org/10.
3389/fmich.2021.672559.

Zhang C, Wu Z, LiY, Wu J. Biogenesis, function, and applications of virus-
derived small RNAs in plants. Front Microbiol. 2015a;6:1237. https://doi.
0rg/10.3389/fmicb.2015.01237.

Zhang F, Liu S, Zhang T, Ye Z, Han X, Zhong K, et al. Construction and biological
characterization of an infectious full-length cDNA clone of a Chinese
isolate of wheat yellow mosaic virus. Virology. 2021a;556:101-9. https://
doi.org/10.1016/j.virol.2021.01.018.

Zhang H,Wu C, Wang F, Wang H, Chen G, Cheng Y, et al. Wheat yellow mosaic
enhances bacterial deterministic processes in a plant-soil system. Sci
Total Environ. 2021b. https://doi.org/10.1016/j.scitotenv.2021.151430.

Zhang J, Roberts R, Rakotondrafara AM. The role of the 5’ untranslated regions
of Potyviridae in translation. Virus Res. 2015b;206:74-81. https://doi.org/
10.1016/j.virusres.2015.02.005.

Zhang K, Zhuang X, Dong Z, Xu K, Chen X, Liu F, et al. The dynamics of
NS-methyladenine RNA modification in interactions between rice and
plant viruses. Genome Biol. 2021¢;22:189. https://doi.org/10.1186/
$13059-021-02410-2.

Zhang P, LiuY, Liu W, Cao M, Massart S, Wang X. Identification, Characterization
and full-Length sequence analysis of a novel polerovirus associated
with wheat leaf yellowing disease. Front Microbiol. 2017;8:1689. https://
doi.org/10.3389/fmich.2017.01689.

Zhang Q, Li Q, Wang X, Wang H, Lang S, Wang Y, et al. Development and
characterization of a Triticum aestivum-Haynaldia villosa transloca-
tion line T4VS- 4DL conferring resistance to wheat spindle streak
mosaic virus. Euphytica. 2005;145:317-20. https://doi.org/10.1007/
$10681-005-1743-8.

Zhang T, Liu P, Zhong K, Zhang F, Xu M, He L, et al. Wheat yellow mosaic virus
NIb interacting with host light induced protein (LIP) facilitates its infec-
tion through perturbing the abscisic acid pathway in wheat. Biology.
20192;8:80. https://doi.org/10.3390/biology8040080.

Zhang T, ZhaoY, Ye J, Cao X, Xu C, Chen B, et al. Establishing CRISPR/Cas13a
immune system conferring RNA virus resistance in both dicot and
monocot plants. Plant Biotechnol J. 2019b;17:1185. https://doi.org/10.
1111/pbi.13095.

Zhang TY, Wang ZQ, Hu HC, Chen ZQ, Liu P, Gao SQ, et al. Transcriptome-wide
NS-methyladenosine (m°A) profiling of susceptible and resistant wheat
varieties reveals the involvement of variety-specific m®A modifica-
tion involved in virus-host interaction pathways. Front Microbiol.
2021d;12:656302. https://doi.org/10.3389/fmicb.2021.656302.

Zhao R, Wang H, Xiao J, Bie T, Cheng S, Jia Q, et al. Induction of 4VS chromo-
some recombinants using the CS ph7b mutant and mapping of the
wheat yellow mosaic virus resistance gene from Haynaldia villosa.
Theor Appl Genet. 2013;126:2921-30. https://doi.org/10.1007/
s00122-013-2181-y.

Zhao'Y,Yang X, Zhou G, Zhang T. Engineering plant virus resistance: from RNA
silencing to genome editing strategies. Plant Biotechnol J. 2020;18:328-
36. https://doi.org/10.1111/pbi.13278.

Page 14 of 14

Zheng W, Hu H, Lu Q Jin P, Cai L, Hu C, et al. Genome-wide identification and
characterization of long noncoding rnas involved in chinese wheat
mosaic virus infection of Nicotiana benthamiana. Biology. 2021;10:232.
https://doi.org/10.3390/biology10030232.

Zhou G, Chen J, Chen S. Comparative identification of wheat spindle streak
mosaic virus from different places in China. Acta Phytopathol Sin.
1990;20(2):107-9. https://doi.org/10.13926/j.cnki.apps.1990.02.010 (in
Chinese).

Zhu X, Wang H, Guo J, Wu Z, Cao A, BieT, et al. Mapping and validation of
quantitative trait loci associated with wheat yellow mosaic bymovirus
resistance in bread wheat. Theor Appl Genet. 2012;124:177-88. https://
doi.org/10.1007/500122-011-1696-3.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1099/jgv.0.000532
https://doi.org/10.1111/nph.16358
https://doi.org/10.1007/s00705-014-2155-7
https://doi.org/10.1146/annurev-virology-010220-054709
https://doi.org/10.1146/annurev-virology-010220-054709
https://doi.org/10.1146/annurev-phyto-020620-114550
https://doi.org/10.1146/annurev-phyto-020620-114550
https://doi.org/10.3390/v13071247
https://doi.org/10.3389/fmicb.2021.672559
https://doi.org/10.3389/fmicb.2021.672559
https://doi.org/10.3389/fmicb.2015.01237
https://doi.org/10.3389/fmicb.2015.01237
https://doi.org/10.1016/j.virol.2021.01.018
https://doi.org/10.1016/j.virol.2021.01.018
https://doi.org/10.1016/j.scitotenv.2021.151430
https://doi.org/10.1016/j.virusres.2015.02.005
https://doi.org/10.1016/j.virusres.2015.02.005
https://doi.org/10.1186/s13059-021-02410-2
https://doi.org/10.1186/s13059-021-02410-2
https://doi.org/10.3389/fmicb.2017.01689
https://doi.org/10.3389/fmicb.2017.01689
https://doi.org/10.1007/s10681-005-1743-8
https://doi.org/10.1007/s10681-005-1743-8
https://doi.org/10.3390/biology8040080
https://doi.org/10.1111/pbi.13095
https://doi.org/10.1111/pbi.13095
https://doi.org/10.3389/fmicb.2021.656302
https://doi.org/10.1007/s00122-013-2181-y
https://doi.org/10.1007/s00122-013-2181-y
https://doi.org/10.1111/pbi.13278
https://doi.org/10.3390/biology10030232
https://doi.org/10.13926/j.cnki.apps.1990.02.010
https://doi.org/10.1007/s00122-011-1696-3
https://doi.org/10.1007/s00122-011-1696-3

	Advances in understanding the soil-borne viruses of wheat: from the laboratory bench to strategies for disease control in the field
	Abstract 
	Background
	Soil-borne viruses and the diseases they cause in wheat
	Genetics of resistance against bymovirus-induced diseases
	Genome organization and functions of viral proteins
	Temperature sensitivity
	Impacts of virus–plant interactions
	Microbial mechanisms for controlling the onset of wheat soil-borne virus diseases
	Disease management
	Conclusions and future prospects
	Acknowledgements
	References


