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Identification of a New Host Factor Required for Antiviral
RNAi and Amplification of Viral siRNAs1

Zhongxin Guo,a,b,2 Xian-Bing Wang,a,c,2,3 Ying Wang,a,c Wan-Xiang Li,a Amit Gal-On,d and Shou-Wei Dinga,3

aDepartment of Plant Pathology and Microbiology and Center for Plant Cell Biology, University of California,
Riverside CA 92721
bVector-borne Virus Research Center, Haixia Institute of Science and Technology, College of Plant Protection,
Fujian Agriculture and Forestry University, Fuzhou, Fujian 350002, China
cState Key Laboratory of Agro-Biotechnology, College of Biological Sciences, China Agricultural University,
Beijing 100193, PR China
dDepartment of Plant Pathology and Weed Science, Volcani Center, Bet Dagan 50250, Israel

ORCID IDs: 0000-0002-1361-1877 (A.G.-O.); 0000-0002-4697-8413 (S.-W.D.).

Small interfering RNAs (siRNAs) are processed from virus-specific dsRNA to direct antiviral RNA interference (RNAi) in
diverse eukaryotic hosts. We have recently performed a sensitized genetic screen in Arabidopsis (Arabidopsis thaliana) and
identified two related phospholipid flippases required for antiviral RNAi and the amplification of virus-derived siRNAs by
plant RNA-dependent RNA polymerase1 (RDR1) and RDR6. Here we report the identification and cloning of ANTIVIRAL
RNAI-DEFECTIVE2 (AVI2) from the same genetic screen. AVI2 encodes a multispan transmembrane protein broadly conserved
in plants and animals with two homologous human proteins known as magnesium transporters. We show that avi2 mutant
plants display no developmental defects and develop severe disease symptoms after infection with a mutant Cucumber mosaic
virus (CMV) defective in RNAi suppression. AVI2 is induced by CMV infection, particularly in veins, and is required for antiviral
RNAi and RDR6-dependent biogenesis of viral siRNAs. AVI2 is also necessary for Dicer-like2-mediated amplification of
22-nucleotide viral siRNAs induced in dcl4 mutant plants by infection, but dispensable for RDR6-dependent biogenesis of
endogenous transacting siRNAs. Further genetic studies illustrate that AVI2 plays a partially redundant role with AVI2H,
the most closely related member in the AVI2 gene family, in RDR1-dependent biogenesis of viral siRNAs and the endogenous
virus-activated siRNAs (vasi-RNAs). Interestingly, we discovered a specific genetic interaction of AVI2 with AVI1 flippase that is
critical for plant development. We propose that AVI1 and AVI2 participate in the virus-induced formation of the RDR1/RDR6-
specific, membrane-bound RNA synthesis compartment, essential for the biogenesis of highly abundant viral siRNAs and
vasi-RNAs.

Posttranscriptional gene silencing (PTGS; Napoli
et al., 1990; Lindbo et al., 1993) directs a potent antiviral
defense mechanism in plants against both RNA and
DNA viruses (Baulcombe, 2004; Ding, 2010; Zhang
et al., 2015; Wang, 2015). In Arabidopsis (Arabidopsis
thaliana), antiviral silencing against RNA viruses is

initiated after dsRNA replicative intermediates are
processed byDicer-like4 (DCL4) andDCL2 into 21- and
22-nt primary small interfering (siRNAs), respectively
(Xie et al., 2004; Bouché et al., 2006; Deleris et al., 2006;
Fusaro et al., 2006; Diaz-Pendon et al., 2007). These
virus-derived siRNAs (vsiRNAs) subsequently act as
specificity determinants to guide specific antiviral si-
lencing mainly by Argonaute1 (AGO1) and AGO2 al-
though AGO4, AGO5, AGO7, and AGO10 also display
antiviral activities in some cases (Morel et al., 2002;
Qu et al., 2008; Wang et al., 2011; Brosseau andMoffett,
2015; Carbonell and Carrington, 2015; Garcia-Ruiz
et al., 2015; Brosseau et al., 2016; Fang and Qi, 2016).
A shared feature of distinct gene silencing mechanisms
mediated by siRNAs in plants, including antiviral si-
lencing, is the production of secondary siRNAs, which
are processed from dsRNA precursors synthesized de
novo by cellular RNA-dependent RNA polymerases
(RDRs; Diaz-Pendon et al., 2007; Donaire et al., 2008;
Borges and Martienssen, 2015). In Arabidopsis, antivi-
ral silencing requires the secondary vsiRNAs amplified
by either RDR1 or RDR6, although primary vsiRNAs
produced in rdr1 rdr6 double mutant plants exhibit
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antiviral activity (Garcia-Ruiz et al., 2010; Wang et al.,
2010; Guo et al., 2013; Zhang et al., 2015).

Much is known about the antiviral function of the
genes shared among the small RNA silencing pathways
(Baulcombe, 2004; Ding, 2010; Zhang et al., 2015).
However, less is known about the factors that are es-
sential for antiviral silencing, but are dispensable for
endogenous RNA silencing critical for plant develop-
ment. Recently, we developed a sensitized genetic
screen for the identification of, to our knowledge, new
host genes in the antiviral silencing pathway in Arabi-
dopsis (Guo et al., 2017) after extensive characterization
of two Cucumber mosaic virus (CMV) mutants not
expressing the viral suppressor of RNA silencing (VSR),
the 2b protein (Diaz-Pendon et al., 2007; Wang et al.,
2010, 2011). CMV-D2b contains three nucleotide sub-
stitutions that prevent the translation of VSR-2b with-
out altering the carboxyl-terminal sequence of the viral
RNA-dependent RNA polymerase 2a protein (RdRP-
2a) encoded by the genomic RNA 2 in the 21 over-
lapping reading frame (Ding et al., 1994). In contrast,
CMV-2aTD2b contains a 295-nt deletion in the VSR-2b
coding region that also results in the carboxyl-terminal
truncation of RdRP-2a (Soards et al., 2002). Both CMV-
D2b and CMV-2aTD2b cause symptomless systemic
infection in wild-type Col-0 plants and become as vir-
ulent as the wild-type virus (Fny strain) in dcl2 dcl4
double mutants (Ziebell and Carr, 2009; Wang et al.,
2010). Both mutant viruses also cause virulent systemic
infection in rdr1 rdr6 double mutant plants; However,
although rdr6 single mutant plants are as susceptible as
rdr1 rdr6 double mutant plants to CMV-D2b, they are as
resistant as wild-type plants to CMV-2aTD2b (Wang
et al., 2010, 2011). Thus, whereas the C-terminal trunca-
tion of RdRP-2a does not cause obvious defects in virus
replication, it enhances the susceptibility of CMV-
2aTD2b to RDR1-dependent antiviral silencing, which
fails to suppress CMV-D2b infection in rdr6 single mu-
tant plants. A recent study has demonstrated that
the Tomato bushy stunt virus (TBSV) RNA replication
compartment is protective against antiviral silencing
(Kovalev et al., 2017), suggesting that the C-terminal
truncation of RdRP-2a may decrease such protection of
CMV-2aTD2b from RDR1-dependent antiviral silencing.

Several antiviral RNAi defective (avi)mutants have been
identified by screening T-DNA insertion mutants of
Arabidopsis that develop disease symptoms after CMV-
D2b infection (Guo et al., 2017). The causal mutation of
avi1 was not linked to T-DNA insertion and thus was
cloned by a mapping-by-sequencing approach (Guo
et al., 2017). AVI1 was renamed as ALA2 because it en-
codes one of the 12 Arabidopsis aminophospholipid
transporting ATPases (ALAs) with its flippase activity
previously characterized in yeast (López-Marqués et al.,
2010). Our studies have shown that ALA2 acts together
with ALA1 to enhance the amplification of vsiRNAs by
either RDR1 or RDR6 (Guo et al., 2017). However, both
ALA1 and ALA2 are dispensable for the biogenesis of
the endogenous, RDR6-dependent transacting siRNAs
(tasi-RNAs) or microRNAs (miRNAs; Guo et al., 2017).

Notably, ALA1 and ALA2 are required for the biogen-
esis of the virus-activated siRNAs (vasi-RNAs), a re-
cently described class of RDR1-dependent endogenous
siRNAs that are induced by CMV and Turnip mosaic vi-
rus (TuMV) to target diverse host genes for silencing by a
DCL4-AGO2 pathway (Cao et al., 2014). Interestingly,
ALA1 has also been identified independently by
screening for enhancers of rdr6 via infection with CMV-
2aTD2b (Zhu et al., 2017).

Here we report the identification and cloning ofAVI2
from the same sensitized genetic screen. Encoding a
multispan transmembrane protein conserved broadly
in plants and animals, AVI2 was not previously char-
acterized in plants and was disrupted by a T-DNA in-
sertion in the avi2 mutant plants. CMV-D2b infection
induced severe disease symptoms in the avi2 mutant
plants that were associated with an increased virus
accumulation compared to wild-type plants. Further
genetic characterization demonstrated that AVI2 and
its homolog AVI2H are required for RDR6- and/or
RDR1-dependent production of vsiRNAs and vasi-
RNAs in the antiviral silencing response. However,
both avi2 and avi2h mutant plants exhibited no defects
in either development or the biogenesis of miRNAs and
tasi-RNAs, indicating a specific function in antiviral si-
lencing. Interestingly, combining the avi2 allelewith either
ala1 or ala2 in double mutants revealed a genetic interac-
tion between AVI2 and ALA1 to control plant develop-
ment.We propose that plants have evolved specific genes
to enhance antiviral silencing by up-regulating the bio-
genesis of viral siRNAs and vasi-RNAs.

RESULTS

Identification and Cloning of AVI2 from Genetic Screen

Similar to avi1 mutant plants, we found that avi2
mutant plants exhibited no visible developmental de-
fects and developed severe disease symptoms after in-
fection with CMV-D2b (Fig. 1A), which is derived from
Fny-CMV, a subgroup I strain of CMV (Wang et al.,
2011). Characterization of the enhanced disease sus-
ceptibility to CMV-D2b in F2 plants from backcrosses
with wild-type Col-0 plants indicated that avi2 corre-
sponded to a single recessive mutation and that the
enhanced virus susceptibility phenotype of avi2, origi-
nally identified from Salk_042398C, cosegregated with
the T-DNA inserted into the fifth intron of an unchar-
acterized gene, AT2g21120 (Fig. 1B). Northern-blot
hybridization showed that the enhanced susceptibility
phenotype of avi2mutant plants was correlated with an
increased accumulation of CMV-D2b compared to that
in Col-0 plants (Fig. 1C).We have shown that CMV-D2b
replicates to approximately 18- and 37-fold higher
levels in rdr1 rdr6 and dcl2 dcl4 double mutant plants
than in wild-type Col-0 plants, respectively (Wang
et al., 2011). By comparison, CMV-D2b replicated in the
infected avi2 plants to levels comparable to that in rdr6
plants, but lower than that in dcl2 dcl4 mutant plants
(Fig. 1C). To confirm the T-DNA insertion as the causal
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mutation of avi2, AT2g21120 under the control of its
native promoter (np) was transformed into the homo-
zygous avi2 mutant plants and the progeny plants
from two independent lines were assayed for the sus-
ceptibility to CMV-D2b. Northern-blot hybridization
revealed that both lines of the transgenic avi2 plants
accumulated low levels of the viral genomic and sub-
genomic RNAs similar to that found in Col-0 plants
infected with CMV-D2b (Fig. 1C). Consistently, the
avi2 plants expressing wild-type AT2g21120 did not
develop disease symptoms after CMV-D2b infection
(Fig. 1A). These results together showed that the
enhanced virus susceptibility of avi2mutant plants was
caused by a loss-of-function mutation in AT2g21120,
which was named as AVI2.

AVI2 Encodes a Multispan Transmembrane Protein and Is
Induced by Virus Infection

AVI2 protein contains nine transmembrane domains
plus a domain of unknown function (DUF803; Fig. 2A).
Little is known about the expression and function of
AVI2, although genes closely related to AVI2 are

Figure 2. AVI2 encodes a multispan transmembrane protein widely
distributed in plants and animals. A, Nine transmembrane domains
(blue bar) in AVI2 protein. B, AVI2 homologs in plants and animals with
the six proteins from Arabidopsis shown in blue. C, Confocal micros-
copy of N. benthamiana leaf epidermal cells agroinfiltrated with con-
structs expressing HDEL-mCherry (an ER marker, left) and AVI2-GFP
(middle).

Figure 1. avi2 mutant plants are defective in antiviral silencing. A,
Wild-type Col-0 (left) and avi2 mutant plants (middle) were photo-
graphed three weeks after mock inoculation (top two rows) or infection
with CMV-Δ2b (under two rows). Also examined were plants from two
independent lines of avi2 mutant plants carrying a transgene for the
genomic AVI2 gene driven by its native promoter (right). B, avi2mutant
plants (Salk_042398C) contained a T-DNA insertion in the 5th intron in
the At2g21120 gene designated asAVI2. C, Northern-blotting detection
of CMV-Δ2b genomic and subgenomic RNAs in the upper systemically
infected leaves three weeks after inoculation. 25S rRNA in the same
membrane was stained to show equal loading. D, Northern-blot anal-
ysis to compare the accumulation of the negative-strand vsiRNAs in the
same set of RNA samples examined in (C). The same membrane was
probed for U6 RNA to show equal loading.
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conserved broadly in monocot and dicot plants (Fig.
2B). After coinfiltration with plasmids expressing GFP-
tagged AVI2 and an ER-targeted HDEL-mCherry
into the leaves of Nicotiana benthamiana, we detected
colocalization of GFP-AVI2 with the ER marker HDEL-
mCherry in the infiltrated leaves (Fig. 2C), suggesting
an association of AVI2 with the ER membrane.

Northern-blot hybridization showed that the accu-
mulation ofAVI2mRNAwas detectable in Col-0 plants
after CMV-D2b infection, but not after mock infection
(Fig. 3A). Low or undetectable expression of AVI2 un-
der normal growth conditions without viral infection
was consistent with the observation that avi2 plants
showed no developmental defects (Fig. 1A). The accu-
mulation of AVI2 mRNA was not detectable by
northern-blot hybridization in avi2 mutant plants
after either mock inoculation or CMV-D2b infection
(Fig. 3A), suggesting that the avi2was a null allele.AVI2
was also induced by infection with CMV-2aTD2b (Fig.
3A), which contains a 295-nt deletion in the VSR-2b
coding region that also results in the C-terminal trun-
cation of the viral RdRP-2a (Soards et al., 2002; Wang
et al., 2011). Moreover, we found that wild-type Fny-
CMV infection similarly induced the accumulation of
AVI2 mRNA (Fig. 3A), suggesting that AVI2 is also
active during the virulent infection and strong silencing
suppression by Fny-CMV.

We further generated transgenic Col-0 plants express-
ing b-glucuronidase (GUS) under the control of the AVI2
np. We found that the AVI2np-GUS transgene expressed
at low or undetectable levels in Arabidopsis plants

without virus infection (Fig. 3B). However, GUS expres-
sion was strongly induced by infection with either CMV-
D2b (Fig. 3B) or Fny-CMV (Supplemental Fig. S1) in the
upper systemically infected leaves, especially in the veins.
Our findings together suggest that AVI2 is transcription-
ally induced by CMV infection.

Functional Analysis of the AVI2 Gene Family in
Antiviral Immunity

The genome of Arabidopsis encodes five additional
genes highly homologous toAVI2with themost closely
related member (AT4g38730, designated as AVI2H)
exhibiting 74% amino acid sequence identity with AVI2
(Fig. 2B). We obtained T-DNA insertion mutants for all
of the five members of the AVI2 family, including two
independent mutants for AVI2H (Fig. 4A). We found
that avi2h-1 and avi2h-2mutants (Fig. 4B) as well as the
remaining four mutants, Salk_043567 (AT1g34470),
Salk_122824 (AT1g71900), Salk_051233C (AT3g23870),
and cs853195 (AT4g13800), exhibited no visible devel-
opmental defects and did not develop disease symptoms
after infection with either CMV-D2b or CMV-2aTD2b.
These results indicate that none of the five AVI2 homo-
logs plays an essential role in plant development or an-
tiviral response.

We next generated two double mutants by combin-
ing avi2 with either avi2h-1 (SALK_056627) or avi2h-2
(SALK_126137) and examined their susceptibility to
CMV-D2b. We found no obvious differences in either the
symptom severity (Fig. 4B) or virus accumulation levels
(Fig. 4C) among avi2h singlemutant plants and avi2 avi2h-
1 and avi2 avi2h-2 double mutants after infection with
CMV-D2b. These results suggest that AVI2H did not
contribute to the AVI2-mediated host defense against
CMV-D2b, known to be suppressed predominantly by
RDR6-dependent antiviral silencing (Wang et al., 2011).

We further compared the responses of the single and
double mutant plants to CMV-2aTD2b, known to be ef-
fectively suppressed by either RDR1- or RDR6-dependent
antiviral silencing (Wanget al., 2010, 2011;Guoet al., 2017).
We found that CMV-2aTD2b was less virulent and repli-
cated to lower levels in avi2mutant plants than CMV-D2b
did (Fig. 4, B andC). However, CMV-2aTD2b replicated to
higher levels and caused more severe dwarfing in both
avi2 avi2h-1 and avi2 avi2h-2 double mutants than in avi2
singlemutant plants (Fig. 4, B andC). By comparison, both
of the doublemutantswere as susceptible toCMV-2aTD2b
as the single avi2 mutant to CMV-D2b. These findings
showed that whereas AVI2was indispensable for the host
defense against CMV-D2b, it acted in a partially redundant
manner with AVI2H to suppress CMV-2aTD2b infection.

AVI2 and AVI2H Act to Enhance the Biogenesis of
vsiRNAs and vasiRNAs

The above results showed that avi2/avi2h single and
double mutant plants displayed differential suscepti-
bility to CMV-D2b and CMV-2aTD2b, known to trigger

Figure 3. AVI2 expression is induced by CMV infection. A, Northern-
blotting detection of AVI2 mRNA in Col-0 or avi2 plants after mock
inoculation or two weeks after infection with CMV-Δ2b, CMV-2aTΔ2b,
or wild-type Fny strain of CMV. B, Col-0 plants carrying a GUS trans-
gene driven by the promoter of AVI2 were stained to reveal GUS en-
zymatic activity after mock inoculation (left) or CMV-Δ2b infection
(right) at two weeks postinoculation.
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distinct pathways of antiviral silencing. These observations
suggest that AVI2 and AVI2H act in the antiviral silencing
response. To examine this hypothesis, we compared the
accumulation of vsiRNAs in these mutant plants after
infection with the mutant viruses by northern-blot hy-
bridization because vsiRNAs are a central component of

antiviral silencing. We used the same DNA oligomer
probes selected previously to detect the negative-strand
vsiRNAs (Guo et al., 2017; Wang et al., 2010, 2011). We
have shown previously that CMV-D2b is repressed in
Arabidopsis plants by 21- and 22-nt vsiRNAs that are
produced, respectively, byDCL4 andDCL2 and amplified

Figure 4. Susceptibility of avi2 - avi2h single and
double mutants to CMV-Δ2b and CMV-2aTΔ2b,
which are silenced by the RDR6 pathway pre-
dominantly and by both RDR1 and RDR6 path-
ways, respectively. A, The positions of T-DNA
insertion in AVI2H in avi2h-1 and avi2h-2, two
allelic mutants of AVI2H. B, Plants of the indi-
cated genotypes were photographed two weeks
after mock inoculation (top row) or infection with
CMV-2aTΔ2b (middle row) or CMV-Δ2b (bottom
row). C, Northern-blotting detection of the viral
genomic and subgenomic RNAs in the upper
systemically infected leaves two weeks after in-
oculation. 25S rRNA in the same membrane was
stained to show equal loading. D, Northern-blot
analysis of small RNAs to compare the accumu-
lation of the negative-strand vsiRNAs, the vasiR-
NAs targeting LHCB1.3 mRNA or 25S rRNA,
TasiR255, or TasiR1511. The same membrane was
further probed for U6 RNA to show equal loading.
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predominantly by RDR6 (Diaz-Pendon et al., 2007; Wang
et al., 2011). As expected, 21- and 22-nt vsiRNAs were
undetectable in dcl2 dcl4 double mutants and in the ab-
sence of RDR6-dependent amplification of vsiRNAs, ac-
cumulated to lower levels in rdr6 plants than in Col-0
plants even thoughCMV-D2b replicated to higher levels in
rdr6 plants (Fig. 1, C andD). Similar to rdr6 plants, we also
detected an inverse relationship between the accumulation
levels of the virus and its vsiRNAs in avi2 mutant plants,
which accumulated a lower level of 21- and 22-nt vsiR-
NAs, but supported a higher level of CMV-D2b replication
than Col-0 plants did (Fig. 1, C and D). Importantly, the
repression of CMV-D2b in avi2mutant plants by the wild-
type AVI2 transgene was correlated with an enhanced
accumulation of 21- and 22-nt vsiRNAs (Fig. 1, C and D).
Moreover, CMV-D2b infection induced no major differ-
ence in the accumulation of vsiRNAs in either avi2 avi2h-
1 or avi2 avi2h-2 double mutant plants compared to avi2
mutant plants (Fig. 4D). These findings indicated that
whereas AVI2H was dispensable, AVI2 played an essen-
tial role in antiviral silencing against CMV-D2b by en-
hancing RDR6-dependent amplification of vsiRNAs.

We found that the accumulation of vsiRNAswas also
markedly reduced in avi2 single mutant plants com-
pared to either Col-0 plants (Fig. 4D) or rdr1 and rdr6
single mutant plants after infection with CMV-2aTD2b.
The accumulation level of vsiRNAs remained low in
avi2 avi2h-1 and avi2 avi2h-2 double mutant plants even
through CMV-2aTD2b replicated to markedly higher
levels than in avi2 single mutant plants (Fig. 4D). These
results indicated that the amplification of vsiRNAs by
both RDR1 and RDR6 to target CMV-2aTD2b was de-
fective in these double mutant plants. Our findings
suggest that in addition to an essential role in RDR6-
dependent amplification of vsiRNAs, AVI2 also played
a partially redundant role with AVI2H in antiviral si-
lencing against CMV-2aTD2b by enhancing RDR1-
dependent biogenesis of vsiRNAs.

In addition to the amplification of vsiRNAs, RDR1
and RDR6 are also required for the biogenesis of the
endogenous vasi-RNAs and tasi-RNAs, respectively
(Cao et al., 2014; Peragine et al., 2004; Vazquez et al.,
2004). We detected no obvious changes in the accu-
mulation of two different tasi-RNAs in Col-0, and avi2,
avi2 avi2h-1, and avi2 avi2h-2 plants after the infec-
tion with either CMV-D2b or CMV-2aTD2b (Fig. 4D).
However, we found that vasi-RNAs accumulated to
lower levels in avi2 plants than in Col-0, avi2h-1, and
avi2h-2 plants after infection with CMV-2aTD2b
(Fig. 4D). Notably, both vasi-RNAs became undetect-
able in avi2 avi2h-1 and avi2 avi2h-2 double mutant
plants infected with CMV-2aTD2b (Fig. 4D). In Arabi-
dopsis, RDR1-dependent antiviral silencing and RDR1-
dependent vasi-RNAs are not induced by CMV-D2b
infection (Wang et al., 2010, 2011; Guo et al., 2017).
Consistently, we found that vasi-RNAs remained un-
detectable in avi2/avi2h single and double mutant
plants after infection with CMV-D2b (Fig. 4D). These
results suggest that although neither played a role in the
biogenesis of tasi-RNAs, AVI2 acted in a partially

redundantmannerwithAVI2H in the RDR1-dependent
biogenesis of vasi-RNAs.

Distinct Roles of AVI2 and AVI2H in the Biogenesis of
vsiRNAs and vasiRNAs by RDR6 and/or RDR1

We next conducted additional genetic studies to
verify the distinct functional roles of AVI2 and AVI2H
in RDR1- and RDR6-dependent antiviral silencing. To
this end, we generated avi2 rdr1, avi2 rdr6, and avi2 dcl4
doublemutants and compared the infectionwith CMV-
2aTD2b in these mutants with the respective single
mutants as well as the rdr1 rdr6 and dcl2 dcl4 plants
characterized previously. Consistent with previous
studies (Diaz-Pendon et al., 2007; Wang et al., 2010),
CMV-2aTD2b replicated to high levels in rdr1 rdr6
double mutant plants whereas rdr1 and rdr6 single
mutants exhibited no disease symptoms, accumulated
high levels of vsiRNAs, and supported low levels of
virus replication (Fig. 5). Similar to rdr1 rdr6 plants, avi2
rdr1 double mutant plants also developed severe dis-
ease symptoms, supported high levels of virus repli-
cation, and produced extremely low levels of vsiRNAs
after CMV-2aTD2b infection (Fig. 5, A to C). These re-
sults indicated that RDR6-dependent biogenesis of
vsiRNAs was suppressed in avi2 rdr1 plants by the avi2
allele as effectively as in rdr1 rdr6 plants by the rdr6
allele, and thus further supported an essential role of
AVI2 in RDR6-dependent antiviral silencing concluded
from the characterization of CMV-D2b infection in Col-
0, rdr6, and avi2 plants (Fig. 1).

Unlike the rdr1 allele, introducing the rdr6 allele into
avi2 mutant plants only weakly enhanced the ac-
cumulation and symptom severity of CMV-2aTD2b
compared to avi2 single mutant plants (Fig. 5, A and B).
We noted that vsiRNAs remained abundant in avi2 rdr6
plants (Fig. 5C). These findings suggested weak sup-
pression of RDR1-dependent antiviral silencing against
CMV-2aTD2b in avi2 rdr6 plants by the avi2 allele. This
result was consistent with a partially redundant role of
AVI2 with AVI2H in RDR1-dependent biogenesis of
vsiRNAs and vasi-RNAs, concluded above from the
characterization of CMV-2aTD2b infection in avi2-avi2h
single and double mutant plants (Fig. 4).

We found that CMV-2aTD2b replicated to higher
levels and was more virulent in avi2 dcl4 double mu-
tants than in avi2 and dcl4 singlemutant plants (Fig. 5, A
and B). We reported previously that RDR6-dependent
22-nt secondary vsiRNAs made by DCL2 accumulated
to very high levels in dcl4 mutant plants infected with
CMV-D2b (Wang et al., 2011). Infection with CMV-
2aTD2b also induced production of highly abundant
22-nt vsiRNAs in dcl4mutant plants, but not in dcl2 dcl4
double mutant plants (Fig. 5C). Remarkably, these
DCL2-dependent 22-nt vsiRNAs accumulated to
markedly reduced levels in avi2 dcl4 double mutant
plants than in dcl4 single mutant plants, even though
CMV-2aTD2b replicated to higher levels in the double
mutant plants (Fig. 5, B and C). These findings suggest
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that AVI2 is also necessary for the virus-induced am-
plification of DCL2-dependent 22-nt vsiRNAs in the
absence of DCL4.

As expected from the previous work (Cao et al., 2014),
all of the four vasiRNAs induced by CMV-2aTD2b be-
came undetectable in RDR1-defective single and double
mutants (Fig. 5D). We found that expression of the AVI2
transgene in avi2 mutant plants restored the accumula-
tion of the vasiRNAs induced byCMV-2aTD2b (Fig. 5D).
However, all of the four vasiRNAs remained detectable
in avi2 rdr6doublemutant plants as found in avi2mutant
plants (Fig. 5D), consistent with a redundant role of
AVI2H in the biogenesis of vasi-RNAs (Fig. 4D). Com-
pared to the vasi-RNAs targeting the protein-coding
genes, however, the 22-nt vasi-RNAs targeting 25S
rRNA were induced to extremely high levels in dcl4
mutant plants by CMV-2aTD2b and the unusually
strong inductionwas suppressed by the avi2 allele in avi2
dcl4 double mutant plants (Fig. 5D). These findings fur-
ther indicate an independent function for AVI2 in the
biogenesis of vasi-RNAs.

Genetic Interaction between AVI1 and AVI2

None of the single and double avi2/avi2h mu-
tants displayed developmental defects (Figs. 1 and 2;
Supplemental Fig. S2A). In contrast, whereas ala1 and
ala2 single mutants isolated previously from the same
genetic screen develop normally as Col-0 plants, ala1
ala2 doublemutant plants exhibit severe developmental
defects (Guo et al., 2017). Notably, we detected similar
developmental defects in avi2 ala2 double mutant
plants, but not in avi2 ala1 double mutant plants
(Fig. 6A), revealing a specific genetic interaction be-
tween AVI2 and ALA2 (AVI1) that plays a role in plant
development. After infection with CMV-D2b, however,
both avi2 ala2 and avi2 ala1 double mutant plants de-
veloped more severe disease symptoms compared to
the single mutant plants (Fig. 6B), although only avi2
ala1 plants supported higher levels of virus accumula-
tion (Supplemental Fig. S2B), suggesting that symptom
severity of the double mutants was not determined
solely by either the genetic interaction or virus accu-
mulation levels. We further compared infection of the
same panel of mutants with the wild-type Q strain of
CMV, a subgroup II strain of CMV much less virulent
than Fny-CMV in Col-0 plants (Diaz-Pendon et al.,
2007; Paulukatis and Garcia-Arenal, 2003). As found
previously with Fny-CMV infection (Guo et al., 2017),
Q-CMV did not replicate to higher levels in any of the
silencing-defective mutant plants compared with Col-0
plants due to effective silencing suppression by VSR-2b
(Supplemental Fig. S2C). Nevertheless, we observed a
similar pattern of enhanced disease susceptibility of the
single and double mutants to Q-CMV and CMV-D2b
(Fig. 6, B and C), indicating a role for the identified
genes in disease tolerance against virus infection.

DISCUSSION

The induction of antiviral silencing and active si-
lencing suppression by VSRs represent an evolutionary

Figure 5. AVI2 and AVI2H function in the biogenesis of vsiRNAs and
vasiRNAs mediated by RDR6 and/or RDR1. A, Wild-type (Col-0), sin-
gle, and double mutant plants were photographed two weeks after
mock inoculation or infection with CMV-2aTΔ2b. B, Northern-blotting
detection of the viral genomic and subgenomic RNAs in the upper
systemically infected leaves two weeks after inoculation. 25S rRNA in
the same membrane was stained to show equal loading. C and D,
Northern-blot analysis of small RNAs to compare the accumulation of
the negative-strand vsiRNAs (C) and the vasiRNAs to target four different
endogenous genes (D). The same membrane was further probed for U6
RNA to show equal loading.
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arms race between hosts and pathogens. Whereas VSR
expression is essential for virus infection in wild-type
plants and becomes dispensable in mutant plants de-
fective in antiviral silencing, strong silencing suppres-
sion by wild-type viruses often prevents detection of
the antiviral activity of the host antiviral silencing
pathway. For example, Fny-CMV and TuMV do not
replicate to higher levels in plants after the elimination
of the secondary vsiRNAs either alone or together with
the primary vsiRNAs by multiple genetic mutations
(Garcia-Ruiz et al., 2010; Guo et al., 2017). In this study,
we characterized the avi2mutant plants identified from
a genetic screen sensitized by using a mutant virus
unable to suppress antiviral silencing (Guo et al., 2017).
The systemic infection of wild-type Col-0 plants with
CMV-D2b is symptomless and is associated with low
levels of virus accumulation because of the enhanced
susceptibility to antiviral silencing directed by vsiRNAs
amplified predominantly by RDR6 pathway (Wang
et al., 2011). We found that in contrast to Col-0 plants,
avi2 plants developed severe disease symptoms after
CMV-D2b infection, which was correlated with an in-
creased level of virus accumulation. We demonstrate
that the defect of avi2 plants in antiviral defense was
caused by a T-DNA insertion in AVI2 and restored by
the expression of a wild-type AVI2 transgene.

Our detailed genetic analyses strongly indicate that
AVI2 acts in the antiviral silencing defense mechanism
by enhancing the production of secondary vsiRNAs.
We showed that the biogenesis of secondary vsiRNAs
to target CMV-D2b predominantly by RDR6-dependent
pathway was defective in avi2 mutant plants, similar to

rdr6 single mutant plants (Fig. 1). We also demonstrated
strong suppression of RDR6-dependent biogenesis of
secondary vsiRNAs by the avi2 allele in avi2 rdr1 double
mutant plants infected with CMV-2aTD2b, similar to rdr1
rdr6 double mutant plants (Fig. 5). Moreover, infection of
dcl4 mutant plants with CMV-D2b induces RDR6-
dependent amplification of 22-nt vsiRNAs made by
DCL2 (Wang et al., 2011), which may be similar to the
secondary siRNAs found in dcl4 plants to target trans-
genes undergoing RDR6-dependent PTGS (Parent et al.,
2015). We found that the amplification of these 22-nt
vsiRNAs induced in dcl4 plants by CMV-2aTD2b infec-
tionwas strongly suppressed by the avi2 allele in avi2 dcl4
double mutant plants (Fig. 5). These findings together
support an essential role for AVI2 in RDR6-dependent
biogenesis of vsiRNAs (Supplemental Fig. S2).

Functional analysis of the small AVI2 gene family in
Arabidopsis showed that AVI2 also played a partially
redundant role in RDR1-dependent biogenesis of both
vsiRNAs and vasi-RNAs with AVI2H (Supplemental
Fig. S2), which shared the highest sequence similarity
with AVI2 (Fig. 2). We found that avi2 single mutant
plants produced markedly reduced levels of vsiRNAs
and were more susceptible than Col-0, rdr1, and rdr6
plants to CMV-2aTD2b (Figs. 4 and 5), which unlike
CMV-D2b, is repressed equally efficiently by RDR1 and
RDR6 pathways (Wang et al., 2011). However, we ob-
served robust replication of CMV-2aTD2b and strong
suppression of vsiRNA production only in avi2 avih
double mutants (Fig. 4). Weak suppression of RDR1-
dependent antiviral silencing against CMV-2aTD2b by
the avi2 allele was also observed in avi2 rdr6 double
mutant plants (Fig. 5). Moreover, in response to infec-
tion with either CMV-2aTD2b or VSR-expressing
TuMV, Arabidopsis plants produce highly abundant
RDR1-dependent vasi-RNAs (Cao et al., 2014). These
vasi-RNAs target diverse endogenous genes for si-
lencing in a pathway dependent on DCL4 and AGO2,
but not RDR6, DCL2, or AGO1, which also participate
in the silencing of RNA viruses (Baulcombe, 2004; Cao
et al., 2014; Carbonell and Carrington, 2015; Ding, 2010;
Zhang et al., 2015). The presence of the avi2 allele, but
neither of the avi2h alleles, strongly suppressed the in-
duction of RDR1-dependent vasi-RNAs by CMV-
2aTD2b infection (Figs. 4 and 5). However, vasi-RNAs
became hardly detectable in avi2 avi2h double mutants
(Fig. 4). Thus, AVI2 also played a partially redundant
role with AVI2H in the biogenesis of RDR1-dependent
vasi-RNAs, similar to its role in RDR1-dependent am-
plification of vsiRNAs (Supplemental Fig. S3).

These activities of AVI2 and AVI2H exhibit shared
features with those described recently for ALA1 and
ALA2 (Supplemental Fig. S3) identified from the same
genetic screen, both of which are required for antiviral
silencing and RDR6- and/or RDR1-dependent bio-
genesis of vsiRNAs and vasi-RNAs (Guo et al., 2017).
For example, both avi2 avi2h and ala1 ala2 double mu-
tants are highly susceptible to CMV-2aTD2b and se-
verely defective in the biogenesis of both vsiRNAs and
vasi-RNAs. The expression of both ALA1 and AVI2 in

Figure 6. Genetic interaction between AVI2 and AVI1. Wild-type
(Col-0), avi2 ala2(avi1), and ala1 ala2 mutant plants were photo-
graphed approximately onemonth after germination (A), or three weeks
after the infection with Fny-CMV-Δ2b (B) or wild-type Q-CMV (C) with
avi2, ala2(avi1), ala1, and rdr1 rdr6 mutant plants as controls.
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Arabidopsis plants is induced by CMV infection and
the induction of AVI2 seems especially strong in the
veins (Fig. 3), suggesting a possible role in the host in-
hibition of virus movement observed previously in the
infection with VSR-deficient mutants of CMV (Ding
et al., 1995; Lewsey et al., 2009). Although none of the
identified AVI genes has an essential endogenous
function, construction of double mutants revealed a
unique role for the specific genetic interaction between
AVI2 and ALA1 in plant development (Fig. 6). Inter-
estingly, our analyses also indicate a role of AVI1 and
AVI2 in disease tolerance against virus infection that is
not associated with reduced virus load.
AVI2 encodes a multispan transmembrane protein

that is broadly conserved in plants and animals. AVI2 is
highly homologous to human NIPA1 and NIPA2 pro-
teins thought to function as magnesium transporters.
Mutations in NIPA1/2 are associated with a neurode-
generative disorder characterized by a slow, gradual,
progressive weakness and spasticity of the lower limbs
(Goytain et al., 2007, 2008). It is currently unknown
whether AVI2 and/or AVI2H act as magnesium
transporters in plants. We have proposed recently that
the phospholipid transporter activity of ALA1/ALA2
plays a role in the formation of a membrane-bound,
RDR1/RDR6-specific RNA synthesis compartment
similar to that assembled from viral RdRP (den Boon
et al., 2010; Guo et al., 2017). The putative magnesium
transporter activity of AVI2 and AVI2H may have an
impact on the synthesis of vsiRNA and vasi-RNA pre-
cursors by RDR1 and RDR6 because RNA synthesis by
TBSV RdRP is influenced by the cytosolic concentration
of Mn2+ and Mg2+ ions (Jaag et al., 2010). The available
data suggest that AVI2, ALA1, and ALA2 are all local-
ized to ER when they are expressed alone in N. ben-
thamiana cells (López-Marqués et al., 2010, 2012). Thus, it
is possible that AVI1 (ALA2) and AVI2 identified from
our genetic screens may facilitate the virus-induced
formation of the RDR1/RDR6-specific RNA synthesis
compartment on distinct host membrane domains, es-
sential for the synthesis of the dsRNA precursors of only
the highly abundant vsiRNAs and vasi-RNAs.

MATERIALS AND METHODS

Plant Materials, Viruses, and Infection Assays

Salk homozygous T-DNA insertion mutant pools CS27942 and CS27952, as
well as Salk_056627 (avi2h-1), Salk_126137 (avi2h-2), Salk_043567 (At1g34470),
Salk_122824 (At1g71900), Salk_051233C (At3g23870), and cs853195 (At4g13800)
were obtained from theArabidopsis Information Resource Center. Themutant lines
forArabidopsis rdr1-1, rdr6-15, dcl2-1, and dcl4-2were described inWang et al. (2011),
and ala1 and ala2-1 as well as ala1 ala2-1were described in Guo et al. (2017). Addi-
tional double and triple mutants were generated by genetic crosses and genotyped.
Plants were grown at 23°Cwith 9-h light. Plants with approximately 10 to 11 leaves
were infected with virus by the mechanic rubbing method. Three expanded leaves
of each plant were infected. Primers for mutant genotyping were listed in
Supplemental Table S1. CMV-D2b was described previously (Wang et al., 2011), in
which threeAUG codons at the first (start codon), 8th, and 18th positions of 2b ORF
encodedbywild-typeRNA2of Fny strain ofCMVweremutated toACGso that the
amino acids encoded in the21 overlapping 2aORFwere not altered. CMV-2aTD2b
contained a 295-nt deletion in the 2b coding sequence, which also results in the

C-terminal truncation of the viral RNA-dependent RNA polymerase (Wang et al.,
2011).Wild-type Fny-CMVandQ-CMVwere as described (Soards et al., 2002; Diaz-
Pendon et al., 2007). The conditions for plant growth, virus infection by mechanical
inoculation with purified virions, RNA extraction from the upper noninoculated
leaves for northern-blot hybridization, and the probes used to detect the viral ge-
nomic and subgenomicRNAs, the viral siRNAs, vasiRNAs, tasiRNAs, andmiRNAs
were as described previously (Guo et al., 2017).

Complementation Analysis of avi2 Mutant Plants

Genomic AVI2 (AT2G21120) gene from 1500 bp upstream of the ATG to the
end of the ORF was amplified from Col-0 genomic DNA with Phusion DNA
polymerase (M0530S; New England Biolabs) and cloned into pent/D-TOPO
(Invitrogen). The final plasmids np-AVI2 was obtained through the LR reac-
tions between the pENTR-AVI2 and pEARLEYGATE301 (Earley et al., 2006)
and transformed into avi2 mutant plants by the Agrobacterium-mediated
floral-dipping method. Two independent lines selected for phosphinothricin
resistance were compared to Col-0 and avi2 mutant plants for susceptibility to
CMV-D2b and CMV-2aTD2b. The primers used to amplify genomic AVI2DNA
were listed in Supplemental Table S1.

Transient AVI2 Expression in Nicotiana benthamiana
Leaves and Confocal Microscopy

AVI2 cDNA was amplified from Col-0 plants for the construction of entry
vectors pENTR/D-Topo, which were then transferred to Gateway destination
expression vector pGWB506 for N-GFP tagged fusion proteins (Nakagawa,
et al., 2007) using Gateway LR Clonase enzyme mix (Invitrogen Cat. no.
11791019). EHA105 agrobacteria expressing AVI2-GFP and HDEL-mCherry
(an ER marker) were coinfiltrated into the leaves of N. benthamiana. Two days
after infiltration, epidermal cells of the coinfiltrated leaves were examined for
GFP fusion protein expression under a TCS SP5 confocal microscope (Leica)
through a 203 water-immersion objective lens. GFP was imaged with 488-nm
excitation and a detection window of 495 nm to 535 nm whereas HDEL-
mCherry was imaged with 584-nm excitation and a detection window of
600 nm to 620 nm using the Sequential Scanning Module under the software
LAS AF (Leica).

In Vivo Expression Analysis

The promoter region ofAVI2 (from the start codon to 1500 bp upstream) was
cloned into entry vectors pENTR/D-Topo for the construction of the final
plasmid AVI2np-GUS after LR reaction between p-ENTR/D-topo-npAVI2 and
pGWB433. The primers used to amplify the np of AVI2 were listed in
Supplemental Table S1. AVI2np-GUS was transformed into Col-0 by the
Agrobacterium-mediated floral-dipping method. In vivo analysis of GUS ex-
pression in AVI2np-GUS transgenic plants was carried out according to the
published protocol (Stangeland and Salehian, 2002). AVI2np-GUS transgenic
plants were inoculated with buffer or CMV-D2b and examined for GUS ex-
pression two weeks after inoculation. The accumulation of AVI2 transcripts in
the upper noninoculated leaves of Col-0 and avi2mutant plants twoweeks after
inoculation with either buffer or CMV-D2b as well as in Col-0 plants after in-
fection with CMV-D2b, CMV-2aTD2b, or wild-type CMV (Fny-CMV) was de-
termined by northern-blot analysis using a probe specific to AVI2 mRNA. The
primers used to amplify the probe were listed in Supplemental Table S1.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers ▪▪▪.

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Primers used in this work.

Supplemental Figure S1. proAVI2-GUS was induced after the infection of
wild-type CMV.

Supplemental Figure S2. Comparing the development of the single and
double mutant plants and their susceptibility to CMV-Δ2b or Q-CMV.
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Supplemental Figure S3. A model for AVI2/AVI2H function.
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