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Viruses induce pathogenic symptoms on plants but the molecular basis is poorly understood. Here, we show
that transgenic Arabidopsis expressing the pathogenesis protein �C1 of Tomato yellow leaf curl China virus
(TYLCCNV), a geminivirus, can phenocopy to a large extent disease symptoms of virus-infected tobacco
plants in having upward curled leaves, radialized leaves with outgrowth tissues from abaxial surfaces, and
sterile flowers. These morphological changes are paralleled by a reduction in miR165/166 levels and an
increase in PHB and PHV transcript levels. Two factors, ASYMMETRIC LEAVES 1 (AS1) and ASYMMETRIC
LEAVES 2 (AS2), are known to regulate leaf development as AS1/AS2 complex. Strikingly, �C1 plants
phenocopy plants overexpressing AS2 at the morphological and molecular level and �C1 is able to partially
complement as2 mutation. �C1 binds directly to AS1, elicits morphological and gene expression changes
dependent on AS1 but not AS2, and attenuates expression of selective jasmonic acid (JA)-responsive gene. Our
results show that �C1 forms a complex with AS1 to execute its pathogenic functions and to suppress a subset
of JA responses.
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Host–virus interactions often involve defense mecha-
nisms implemented by the host and counterdefense
strategies developed by the successful, offending patho-
gen. To combat against virus infection, hosts have
evolved signaling pathways to sense invading viruses
and trigger appropriate defense responses. However, as
virulent pathogens, viruses have developed counterde-
fense strategies that can suppress host defense system
and usurp host cellular resources leading to disease
symptoms. In mammals, for example, viruses can avoid
host immune surveillance by triggering the down-regu-
lation MHC class I molecules through the ubiquitin–
proteasome system (Gao and Luo 2006). In other cases,
viruses use molecular mimicry to manipulate host sig-
naling pathway—e.g., the Notch and Wnt pathways—to

up-regulate their own gene expression and weaken host
cell defense responses (Hayward et al. 2006). The identi-
fication and elucidation of these host–virus interactions
provide clues about the molecular basis of viral suscep-
tibility and disease symptoms and also shed light on the
regulation of host signaling pathways.

Following viral infections plants usually display dis-
ease symptoms such as developmental defects, chlorosis,
and even necrosis (Hull 2001). The development of these
disease symptoms require specific interactions between
viral and plant components to disrupt physiological and
developmental processes (Culver and Padmanabhan
2007). Although a number of virus–plant interactions
have been characterized, few plant receptors for viral
components have yet been identified and the molecular
basis of disease symptom development remains largely
unknown.

Recent studies indicate that viral RNA silencing sup-
pressors, which were previously known to play impor-
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tant roles in viral infection and pathogenesis, appear to
be responsible for a significant proportion of morphologi-
cal and developmental alterations of host plants seen
after virus infection (Li and Ding 2006). In plants, post-
transcriptional gene silencing (PTGS) is an important an-
tiviral response that suppresses viral gene expression
through siRNA-mediated viral RNA degradation. To
counteract the host PTGS response, viruses encode vari-
ous suppressors of RNA silencing targeting different key
steps of the host defense pathway. Because of the bio-
chemical similarities between PTGS and the endog-
enous miRNA pathway, which regulates plant develop-
ment, viral suppressors also interfere with the latter,
thereby causing alterations in plant development (Kass-
chau et al. 2003).

Most characterized plant viral suppressors are derived
from RNA viruses, although plant DNA viruses also en-
code suppressors and some of them have been character-
ized (Bisaro 2006). An example is �C1, an RNA silencing
suppressor, encoded by the �nly ORF located on DNA�
of the Tomato yellow leaf curl China virus (TYLCCNV)
(Cui et al. 2005). In addition to blocking PTGS, this viral
suppressor can enhance DNA-A accumulation and in-
duce disease symptoms on host plants including leaf
curling, enations, shoot bending, vein thickening, and
stunting (Cui et al. 2004). As the plant receptor for �C1
has not yet been identified, the mechanism by which
this key pathogenesis protein elicits developmental ab-
normalities on host plants remains obscure.

The majority of plant viruses are vectored by insects
and the tripartite relationship between virus, insect vec-
tor, and host plant is a subject of intense investigations
(Stout et al. 2006). Several groups have reported in-
creased aggregation of insect vectors on virus-infected
plants (Maris et al. 2004; Belliure et al. 2005). In the case
of insect vector for begomoviruses, Jiu et al. (2007)
showed that type B whiteflies have developed mutu-
alistic relationships with satellite DNA�-associated
TYLCCNV and TbCSV to improve its performance on
virus-infected plants. This mutualism has apparently ac-
celerated an increase in type B whitefly population,
which promoted virus spreading and the occurrence of
DNA�-associated disease complex. Other studies have
implicated jasmonic acid (JA) pathways in mediating
plant defenses against insects (de Vos 2007; Howe and
Jander 2008). However, it is not known whether attrac-
tion of insect vectors to virus-infected plants entails any
attenuation in host JA responses, and if it does, which
viral protein(s) are involved in causing such changes.

Here, we show that the TYLCCNV pathogenesis fac-
tor �C1 interacts with ASYMMETRIC LEAVES 1 (AS1)
to cause alterations in leaf development resulting in the
manifestation of disease symptoms. AS1 is needed for
�C1 function as changes in leaf morphology elicited by
this viral factor is largely attenuated in as1 mutant.
Amazingly, �C1 is able to partially complement as2 mu-
tation suggesting that �C1 is a molecular mimic of
ASYMMETRIC LEAVES 2 (AS2). Finally, we showed
that �C1 can suppress expression of several JA-respon-
sive genes that are implicated in plant defenses against

insects. These results advance our understanding of the
molecular basis of disease symptoms elicited by viruses
and provide fresh insights into the tripartite relation-
ships between virus, insect, and host plant.

Results

Developmental defects induced by �C1

Nicotiana benthamiana plants coinfected with TYLCCNV
and DNA� displayed severe symptoms including curled
leaves, bending shoots, and enations from abaxial leaf
surfaces (Fig. 1A–D). Previous work has shown that these
phenotypes are elicited by the viral pathogenesis factor,
�C1 (Cui et al. 2004). Because Arabidopsis cannot be
infected with TYLCCNV, we transferred the entire
DNA� that encodes only the �C1 protein into Arabidop-
sis. Transgenic plants expressing DNA� displayed curled
leaves and outgrowth tissues from abaxial leaves similar
to the disease symptoms of tobacco plants infected with
TYLCCNV and DNA� (Fig. 1E; Supplemental Fig. S1A).
These morphological alterations were also recapitulated
in transgenic Arabidopsis plants expressing �C1 either
from its native promoter (Supplemental Fig. S1B,C) or a
35S promoter (Fig. 1H). Together, these results indicate
that the morphological alterations seen in Arabidopsis
phenocopy to a large extent disease symptoms of tobacco
coinfected with TYLCCNV and DNA�, and can be at-
tributed to �C1 expression. Moreover, compared with
the flattened cotyledons in wild-type Arabidopsis
(Supplemental Fig. S1G), C1p:�C1 as well as 35S:�C1
plants produced narrow and upward-curled cotyledons
with outgrowth tissues from hypocotyls (Supplemental
Fig. S1E,F). These results indicate that Arabidopsis can
be used as a model system to investigate the mechanism
of action of �C1.

We generated 35S:HA-�C1 plants in which �C1 was
expressed as a HA fusion protein. Based on the severity
of the leaf phenotype on seedlings (Fig. 1G), we divided
the transgenic lines into two classes. Class I seedlings
showed severe phenotypes with radial leaves and out-
growth tissues from the abaxial leaf surfaces (Fig. 1F;
Supplemental Fig. S1D). These seedlings were stunted
and leaves were usually narrow and failed to expand. At
a later growth stage, some plants did not produce inflo-
rescence, whereas others only produced short inflores-
cences bearing sterile flowers. Class II seedlings showed
mild phenotypes with narrow, upward-curled leaves and
long petioles (Fig. 1I; Supplemental Fig. S1H). These
plants produced inflorescences with bent nodes (Fig. 1L)
and carrying downward-oriented flowers with shorter
pedicles (Fig. 1J) and downward-oriented siliques (Fig.
1K).

We analyzed the phenotypes by scanning electron mi-
croscopy (SEM). The small leaf-like enations were ob-
served in the abaxial side of both virus-infected tobacco
leaves (Supplemental Fig. S1J) and 35S:HA-�C1 trans-
genic Arabidopsis leaves (Supplemental Fig. S1K). In se-
vere 35S:HA-�C1 plants, small abaxial protrusions ap-
peared to be more common (Supplemental Fig. S1K). To
further examine the morphological abnormalities in-
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duced by �C1 in Arabidopsis, transverse sections of ro-
sette leaves were performed. Disorganized vascular
bundles associated with abnormal cell division were ob-
served in XVE:HA-�C1 transgenic plants (Supplemental
Fig. S1M). By contrast, normal vascular bundles were
found in wild type (Supplemental Fig. S1L). In wild-type
leaves, xylem elements were located on the adaxial side,
whereas phloem on the abaxial (Supplemental Fig. S1N).
In XVE:HA-�C1 transgenic plants, the vascular polarity
was disrupted, with xylem elements forming on both
sides of the leaf (Supplemental Fig. S1O,P). Abnormal
cell division associated with vascular bundles was also
observed in virus-infected tobacco (Saunders et al. 2004).

�C1 transgenic plants phenocopy AS2-overexpressing
plants

We noted phenotypic similarities between �C1-overex-
pressing plants described here and those of AS2-overex-

pressing plants reported earlier (Iwakawa et al. 2002; Lin
et al. 2003; Xu et al. 2003). We confirmed that plants
overexpressing AS2 displayed upward-curled leaves and
downward-oriented flowers and siliques (Fig. 1O). For
further investigations, we generated transgenic plants
carrying an inducible XVE:AS2-Myc transgene. Upon
treatment with inducer, plants displayed mild pheno-
types with upward-curled leaves (Fig. 1N), and severe
phenotypes with radial leaves, outgrowth tissues from
abaxial leaf surfaces and sterile (Fig. 1M) as compared
with wild-type plants (Fig. 1P). The perturbed vascular
polarity with xylem on adaxial and abaxial side of leaves
in XVE:HA-�C1 transgenic plants (Supplemental Fig.
S1O,P) was also observed in 35S:AS2 transgenic plants
(Lin et al. 2003). We also generated transgenic plants car-
rying 35S:HA-�C1 and 35S:AS2 transgenes in N. ben-
thamiana. Both 35S:HA-�C1 and 35S:AS2 transgenic
plants displayed upward-curled leaves (Supplemental
Fig. S1I). The phenotypic similarities between �C1- and

Figure 1. Symptoms of N. benthamiana
plants infected with TYLCCNV and phe-
notypes of �C1 and AS2 transgenic plants.
(A–D) Symptoms of N. benthamiana
plants infected with TYLCCNV plus
DNA�. (A) Uninfected control N. ben-
thamiana plant. (B) N. benthamiana
plants infected with TYLCCNV plus
DNA�. Arrowhead shows the bending
shoot. (C) Adaxial side of upward-curled
leaves. (D) Abaxial side of upward-curled
leaves. Arrowhead indicates enation tis-
sues on the abaxial leaf surface. (E–L) Phe-
notypes of �C1 transgenic plants ex-
pressed from various promoters. (E) Severe
phenotypes of 21-d-old pBINplus-2� trans-
genic plants with radial leaves and out-
growth tissues on the abaxial surface of
leaves. Arrowhead indicates outgrowth
tissues from abaxial leaf surfaces. (F)
Twenty-eight-day-old class I 35S:HA-�C1
transgenic plants. Arrowhead indicates
outgrowth tissues. (G) Phenotypic vari-
ability in leaves of different 35S:HA-�C1
lines. (H) Phenotypes of 28-d-old 35S:�C1
transgenic plant with radial leaves and
outgrowth tissues on the abaxial surface of
leaves. Arrowhead indicates outgrowth
tissues from abaxial leaf surface. (I–L)
Class II 35S:HA-�C1 transgenic plants.
Note the altered inflorescence archi-
tecture with downward-pointed flowers
(J), downward-pointed siliques (K). and
bending nodes (L). (M–O) Phenotypes of
AS2 transgenic plants expressed from vari-
ous promoters. (M) Twenty-one-day-old
XVE:AS2-myc transgenic plants with se-
vere phenotypes. Plants were treated
with inducer. Arrowhead indicates out-
growth tissues. (N) Twenty-eight-day-old XVE:AS2-myc transgenic plants with mild phenotype. Plants were treated with inducer. (O)
35S:AS2-myc transgenic plants with mild phenotypes having downward-pointed flowers and siliques. (P) Twenty-one-day-old wild-
type Col-0 plants. Bars: A,B, 15 mm; C,D,I,N,O, 10 mm; E–H,M,P, 5 mm; J–L 2.5 mm.
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AS2-overexpressing plants suggest that �C1 may have
some functions similar to those of AS2.

�C1 represses the accumulation of miR165/166

The presence of upward-curled leaves or even radial
leaves in �C1 plants suggested that this viral pathogen-
esis protein may disrupt the formation of adaxial–abaxial
polarity in leaves. Leaf polarity is known to be regulated
by Class III HD-ZIP genes (McConnell et al. 2001; Emery
et al. 2003). HD-ZIP III transcripts, in turn, are regulated
at the post-transcriptional level by miRNA 165/166,
which mediate cleavage of HD-ZIP III transcripts (Mal-
lory et al. 2004). To investigate the effects of �C1 on the
accumulation of miR165/166, we examined miRNA lev-
els in XVE:HA-�C1 and XVE:�C1 plants in which �C1
expression was dependent on the �-estradiol inducer
(Zuo et al. 2000). XVE:�C1-myc plants were used as
negative control, as no phenotypic changes were ob-
served in these plants upon inducer treatment (Fig. 2A).

This was due to the fact that appending a tag at the C
terminus of �C1 inactivates its function. By contrast,
treatment of XVE:HA-�C1 or XVE:�C1 plants with
inducer resulted in the production of upward-curled
leaves (Fig. 2A). Figure 2B shows that miR165/166
levels in XVE:HA-�C1 or XVE:�C1 plants were reduced
after inducer treatment. The depressed accumulation of
miR165/166 was specific, because miR167 was unal-
tered in the same treated plants and miR173 levels were
slightly increased. We also examined PHB and PHV tran-
script levels. Compared with Actin transcripts, PHV and
PHB transcript levels were increased after inducer treat-
ment (Fig. 2C). The accumulation of PHV and PHB tran-
scripts was correlated with the decrease of miRNA 165/
166. The same phenomenon has been reported in AS2-
overexpressing plants in which the decrease in miR165/
166 levels (Ueno et al. 2007) is accompanied by a
increase in PHB transcript levels (Lin et al. 2003).

We also examined the transcript levels of ETTIN
(ETT)/ARF3, FILAMENTOUS FLOWER (FIL), and

Figure 2. �C1 reduces accumulation of
miR165/166 but increases accumulation
of PHB and PHV transcripts. (A) Pheno-
types of 18-d-old �C1 transgenic plants
treated with 25 µM �-estradiol. Treated
XVE:�C1-Myc transgenic plants were
like wild-type plants, whereas treated
XVE:HA-�C1 and XVE:�C1 transgenic
plants showed upward-curled leaves. Bars,
5 mm. (B) Expression of miR165/166,
miR167 and miR173 in �-estradiol-treated
or untreated seedlings of transgenic plants.
Stained rRNAs and tRNAs bands were
used as loading controls. (C) PHB, PHV,
and Actin transcript levels in �-estradiol-
treated or untreated seedlings of XVE:�C1-
myc, XVE:HA-�C1, and XVE:�C1 trans-
genic plants. Stained rRNAs were used as
a loading control. Expression levels of
miRNAs and mRNAs were calculated us-
ing the program of Image Gauge version
3.12 (Fuji) and the values of �-estradiol-
treated samples were normalized to un-
treated samples. (D) Levels of expression
of indicated genes in shoot apices of
XVE:�C1 plants. Data show expression
levels in XVE:�C1 relative to wild-type
levels. Levels of the ETT/ARF3, FIL, and
YAB5 transcripts in shoot apices of 15-d-
old plants were measured by real-time
RT–PCR. XVE:�C1 and wild-type plants
were grown on MS medium with 25µM
�-estradiol. Each value was normalized by
reference to the level of ACTIN2 tran-
scripts. Error bars are indicated.
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YABBY5 (YAB5), which were known to be negatively
regulated by AS1 and AS2 (Garcia et al. 2006; Iwakawa et
al. 2007). We found that �C1-overexpressing plants re-
duced levels of ETT/ARF3, FIL, and YAB5 transcripts as
was found in AS2-overexpressing plants (Fig. 2D).

�C1 directly interacts with AS1 but not AS2

Previous genetic analysis and protein interaction results
indicate that AS2 functions together with AS1 to regu-
late the development of leaf polarity (Lin et al. 2003; Xu
et al. 2003). The similar morphological and molecular
phenotypes between �C1- and AS2-overexpressing
plants prompted us to examine whether �C1 can also
directly interact with AS1. To this end, we performed in
vitro pull-down assays with purified recombinant pro-
teins. Figure 3A shows that MBP-AS1 was pulled down
by GST-�C1 as well as GST-AS2, indicating that AS1
can directly interact with �C1 as well as AS2. By con-
trast, no signal was observed when the negative control
protein GST or GST–Ub was used to pull down MBP–
AS1. Moreover, we also found that GST-�C1 specifically
interacted with MBP-AS1 but not MBP-AS2, indicating
that, like AS2, �C1 can directly associate with AS1.

To test the possibility that �C1 may compete with

AS2 for binding with AS1 we performed competitive
pull-down assays. Because full-length �C1 was insoluble
in Escherichia coli when overexpressed, we purified a
soluble �C1(�N8), in which the second ATG (codon
number 9) in the ORF was used as a start codon. Al-
though the �C1(�N8) has a deletion of eight amino acids
from the N terminus of the �C1 protein, it can still elicit
severe symptoms in N. bethamiana when coinfected
with TYLCCNV (Cui et al. 2004). This result indicates
that the N-terminal deletion has very little effect on �C1
biological activities. Figure 3B shows that the amounts
of MBP-AS1 pull downed by GST-AS2 were reduced with
increasing amounts of �C1(�N8) in the mix. By contrast,
increasing amounts of SUMO, a negative control pro-
tein, did not affect the recovery of MBP-AS1. These re-
sults provide evidence that �C1 competes with AS2 for
direct binding to AS1.

We used a tobacco transient expression system to test
whether �C1 and AS1 can interact in vivo. Tobacco
leaves were infiltrated with Agrobacterial cells carrying
XVE:HA-�C1 and 35S:Myc-AS1, and leaves extracts
were analyzed by coimmunoprecipitation. Figure 3C
shows that the immunoprecipitation of Myc-AS1 pulled
down HA-�C1. Although the recovery of HA-�C1 was
low, the interaction was clearly specific and dependent

Figure 3. �C1 Interacts with AS1 but Not AS2. (A) In vitro pull-down assays. Two micrograms of GST or GST fusion proteins were
used to pull down 2 µg of MBP or MBP fusion proteins. (B) Competitive pull-down assays. Indicated protein amounts of �C1(�N8) or
SUMO were mixed with 2 µg of MBP-AS1 and pulled down by 2 µg of GST-AS2. After being pulled down, Western blottings were
performed using anti-MBP antibody to detect the associated proteins. Membranes staining with Coomassie Brilliant Blue were used
to monitor input protein amounts. Asterisks indicate degradation products of MBP-AS1. (C) In vivo interaction of �C1 and AS1 in N.
benthamiana. Agrobacterium cultures carrying 35S:Myc-AS1 and XVE:HA-�C1 were suspended in 50 µM �-estradiol and coinfiltrated
into tobacco leaves. Transiently expressed Myc-AS1 and HA-�C1 were analyzed by coimmunoprecipitation. Crude extracts (Input)
were used for immunoprecipitation (IP) with or without polyclonal anti-myc antibody and analyzed by Western blottings. Asterisk
indicates the cross-reacting band.
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on Myc-AS1, as HA-�C1 was not detected in the absence
of polycolonal anti-myc antibody.

�C1 functions in Arabidopsis depend on endogenous
AS1 activity

Based on the protein association results, we can propose
two possibilities to account for �C1 actions in Arabidop-
sis. The first possibility is that �C1 may compete with
AS2 for interaction with AS1 in vivo. The release of AS2
from the AS1/AS2 complex, and not the �C1/AS1 com-
plex, is, in fact, responsible for the �C1 overexpression

phenotypes. To test this hypothesis, we introduced
35S:HA-�C1 into as2-1 mutant (Fig. 4A) background. We
found 35S:HA-�C1/as2-1 plants phenocopied 35:HA-
�C1/Columbia (Col-0) plants. These phenotypes in-
cluded upward-curled leaves or even radial leaves (Fig.
4A), outgrowths from abaxial leaf surfaces (Fig. 4A), and
downward-oriented flowers (data not shown). These re-
sults rule out the possibility that AS2 activity is required
for �C1 function in Arabidopsis, and therefore the phe-
notypes of 35S:HA-�C1 plants were not caused by AS2
released from the AS1/AS2 complex.

Another possibility is that �C1 may mimic the func-

Figure 4. Functions of �C1 in Arabidopsis depend on endogenous AS1 activity. (A) Morphology of mutants and transgenic plants.
35S:HA-�C1/as2-1 transgenic plant with radial leaves and outgrowth tissues on abaxial leaf surfaces. The arrowhead indicates
outgrowth tissues. 35S:HA-�C1/as1-1 transgenic plant with mild upward-curled leaves. Bars, for as2-1 and as1-1 mutants, 9 mm; for
35S:HA-�C1/as2-1 and 35S:HA-�C1/as1-1 transgenic plants, 7.5 mm. (B, C) Expression levels of mRNAs and miRNAs in XVE:HA-
�C1/Col-0 and XVE:HA-�C1/as1-1 transgenic plants treated with 25 µM �-estradiol. (B) Stained bands of rRNAs were used as a loading
control for RNA gel blots. (C) Stained bands of rRNAs and tRNAs were used as a loading control for small RNA gel blots. Expression
levels of miRNAs and mRNAs were calculated using the program of Image Gauge version 3.12 (Fuji) and the values (except �C1
transcripts) were normalized to those of the wild-type Col-0 sample. The values of �C1 transcripts were normalized to that of the
XVE:HA-�C1/Col-0, line #30 sample. (D) Expression of �C1 transcripts and proteins in tobacco and Arabidopsis. Virus-infected
tobacco samples were harvested from systemic leaves. �C1 transgenic plants were grown on MS medium containing 25 µM �-estradiol
before being treated with MG132 or harvested for RNA. Specific probes against N. benthamiana and Arabidopsis PHV transcripts were
prepared individually. Stained rRNAs bands were used as a loading control. Arabidopsis seedlings were treated with or without MG132
(50 µM) and �C1 proteins in extracts were detected with or without MG132 treatment by anti-HA antibody. Tubulin levels were used
as loading control. (E) Phenotypes of 24-d-old �C1 transgenic plants treated with 25 µM �-estradiol. Bars, 7.5 mm.
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tions of AS2 in Arabidopsis. In this case, the active com-
ponent is the �C1/AS1 complex instead of the native
AS1/AS2 complex. To test this second hypothesis, we
introduced 35S:HA-�C1 into as1-1 mutant (Fig. 4A)
background. We found that the phenotypes of 35S:HA-
�C1 were reduced in as1-1 mutant as compared with
wild type. Only mild upward-curled leaves with short
petioles were seen in 35S:HA-�C1/as1-1 plants (Fig. 4A).
Moreover, outgrowth tissues from abaxial leaf surfaces,
which were common in 35:HA-�C1/Col-0 plants, were
hardly observed in 35S:HA-�C1/as1-1 plants. These re-
sults show that the functions of �C1 in Arabidopsis de-
pend to a large extent, but not entirely on the endog-
enous AS1 activity.

To correlate the phenotypic alterations with molecu-
lar changes, we analyzed PHB, PHV, and miR165/166
levels. Because severe lines of 35:HA-�C1/Col-0 trans-
genic plants were infertile, we used �-estradiol-inducible
transgenic plants for these analyses. Figure 4B shows
that in wild type, increasing �C1 levels elicited a corre-
sponding increase in PHB and PHV transcript levels,
whereas no such increase was seen in the as1-1 mutant
background. For comparable �C1 expression levels, PHB
and PHV transcript levels were lower in XVE:HA-�C1/
as1-1 plants compared with XVE:HA-�C1/Col-0 plants.
The expression levels of miR165/166 in XVE:HA-�C1/
as1-1 plants were indistinguishable from wild-type
plants, but much higher than those in XVE:HA-�C1/
Col-0 plants (Fig. 4C).

To further correlate phenotypic alterations with �C1
protein levels, XVE:HA-�C1/Col-0 and XVE:HA-�C1/
as1-1 plants were treated with or without MG132, a 26S
proteosome inhibitor. Without MG132, �C1 protein was
hardly detected (Fig. 4D), but in its presence, �C1 protein
accumulated to levels correlating with �C1 transcript
levels in both wild-type and as1-1 mutant plants (Fig.
4D). These results show that �C1 protein is highly un-
stable and degraded by 26S proteosomes in plant cells.
Figure 4D shows that although �C1 transcript levels
in XVE:HA-�C1/Col-0 #2 and XVE:HA-�C1/as1-1 #12
plants were comparable, �C1 protein accumulated to
higher levels in as1-1 mutant (#12) than in wild type (#2).
These results suggest that the absence of AS1 may fur-
ther promote �C1 destabilization. Examination of �C1
protein expression in XVE:HA-�C1/Col-0 plants showed
that �C1 protein levels correlated with phenotypic se-
verity (Fig. 4D). Radial leaves with abaxial outgrowth
tissues were observed with high �C1 expression levels in
line #30 and mild upward-curled leaves were seen with
low �C1 expression levels in line #2 (Fig. 4E). By con-
trast, with comparable �C1 expression levels, XVE:HA-
�C1/as1-1 plants showed reduced phenotype with mild
upward-curled leaves (Fig. 4E, #30 vs. #12). These results
are consistent with the mild phenotype observed in
35S:HA-�C1/as1-1 plants.

�C1 expression levels in inducer-treated XVE:HA-
�C1/Col-0 transgenic Arabidopsis plants were compa-
rable with or two times higher than �C1 levels in virus-
infected tobacco (Fig. 4D). Note that the length of �C1
transcript in virus-infected tobacco (samples collected

from systemic leaves) was longer than those in Arabi-
dopsis �C1 transgenic plants. This could be due to the
use of a different 3� poly A addition signal in the trans-
genic plants. Consistent with the function of �C1 in el-
evating PHV transcript levels in XVE:HA-�C1/Col-0
transgenic plants, an increase in PHV transcripts were
also observed in tobacco plants infected with TYLCCNV
plus DNA� satellite, but not in plants infected with
TYLCCNV alone (Fig. 4D). These results suggest that
�C1 has similar functions in tobacco and Arabidopsis,
and �C1 is solely responsible for the observed develop-
mental symptoms during normal virus infection.

�C1 partially complements as2 mutation in leaf
development

Both �C1 and AS2 overexpression can decrease miR165/
166 levels and increase transcript levels of PHB and
PHV, which disrupts the formation of adaxial–abaxial
polarity in leaves. The morphological and molecular
similarities between �C1- and AS2-overexpressing
plants prompted us to examine whether �C1 can func-
tionally replace AS2. To test this possibility, �C1 was
placed under the control of a native AS2 promoter and
introduced into the as2-1 mutant background. More
than 30 independent lines of AS2p:�C1/as2-1 transgenic
plants were generated. Majority of the lines (80%)
showed a partial complementation phenotype with flat-
ten and rounder leaves compared with downward-curled
leaves found in as2-1 (Fig. 5A). In lines showing partial
complementation, plump and humped lamina at the leaf
base was not observed; instead, leaf lobes were still vis-
ible (Fig. 5B). The leaf lobes might be related to the ec-
topic expression of KNAT1 (Chuck et al. 1996; Ori et al.
2000). More than 50% of the partially complemented
lines showed mild upward-curled cotyledons, but no
curling was seen in rosette leaves (data not shown). Simi-
larly, ∼50% of the partially complemented lines dis-
played abnormal flowers phenotypes with partially radi-
alized floral organs (data not shown). The flatten leaves
in AS2p:�C1/as2-1 indicated that �C1 can supplant AS2
to some extent in regulating the formation of adaxial–
abaxial polarity in leaves.

A distinguishing phenotype of as2-1 is the retardation
of vein development compared with wild type (Fig.
5C,F). Cotyledons of as2-1 displayed connection defects
in primary and secondary veins; the mid-veins are less
prominent, and there are fewer lateral veins in rosette
leaves. We found the veins defects in as2-1 mutant were
restored to wild type in AS2p:�C1/as2-1 transgenic
plants (Fig. 5C,F). To facilitate a semiquantitative com-
parison, we classified the venation patterns in the coty-
ledons into three types (Fig. 5D). Type I has three to four
loops with five to seven NBPs (number of branching
points); type II has two loops with two to five NBPs; and
type III has connection defects in the primary and sec-
ondary veins. We examined 80 wild-type cotyledons.
Among them, 62% were type I, 36% type II, and 2% type
III. The same numbers of cotyledons (80) were examined
in as2-1 mutant. Among them, 2% were type I, 14% type
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II, and 84% type III. In AS2p:�C1/as2-1, four lines were
chosen and 50 cotyledons from each line were examined.
The distributions of venation pattern were 55% type I,
36% type II, and 9% type III (Fig. 5D,E). The rescue of
vein defects in AS2p:�C1/as2-1 transgenic lines provide
evidence that �C1 has similar functions as AS2 in regu-
lating the formation of veins in leaves.

AS2 has two distinct and unrelated functions: the re-
pression of KNOX gene and the regulation of adaxial–
abaxial polarity (Lin et al. 2003). The appearance of leaf
lobes in AS2p:�C1/as2-1 transgenic plants suggested
that �C1 cannot complement the functions of AS2 with
respect to KNOX gene repression. To examine the effects
of �C1 on the expression pattern of KNAT1, XVE:HA-
�C1 was introduced into KNAT1:GUS transgenic plants.

Upon inducer treatment, XVE:HA-�C1/KNAT1:GUS
transgenic plants still maintained strong GUS staining
intensity in shoot meristems, and weak GUS staining
intensity was detected in cotyledonary veins (Supple-
mental Fig. S2). These observations support the partial
complementation phenotypes in AS2p:�C1/as2-1 trans-
genic plants, and suggest that �C1 and AS2 functions
may only partially overlap in the establishment of adaxi-
al–abaxial polarity of leaves and in vein development.

JA responses of �C1 plants

Recent molecular and genetic analysis of Nurmberg et
al. (2007) provided evidence that AS1 is a negative regu-
lator of plant defense response as as1 displays elevated

Figure 5. Partial complementation of as2 by AS2p:�C1. (A, B) Phenotypes of 21-d-old wild-type Col-0, as2-1 and AS2p:�C1/as2-1
transgenic plants. (A) Leaves in AS2p:�C1/as2-1 were flatten and rounder compared with the downward-curled leaves with plump and
humped lamina at the leaf base of as2-1. (B) Morphology of cotyledons and rosette leaves. (From left to right) Two cotyledons, first two
rosette leaves, second two rosette leaves, third two rosette leaves, and fourth two rosette leaves. Arrowheads indicate leaf lobes. (C–F)
Venation patterns of 12-d-old cotyledons and 21-d-old rosette leaves in wild-type Col-0, as2-1 and AS2p:�C1/as2-1 transgenic plants.
(C) Dark-field images of venation patterns in cotyledons. Wild-type Col-0 showed 2-4 loops with connection between primary and
secondary veins. as2-1 showed 0-2 loops with connection defects in primary and secondary veins. AS2p:�C1/as2-1 transgenic plants
showed wild-type venation patterns. Arrowheads indicate connection defect. (D) Patterns of veins were classified into three types
according to the number of loops and connection defects in primary and secondary veins. In wild-type Col-0 and AS2p:�C1/as2-1, the
largest population contained three loops with five NBPs. In as2-1, the largest population contained one loop with four NBPs and had
connection defects. (E) Summary of the distribution of venation patterns in D. The percentage of each venation type in wild-type Col-0,
as2-1 and AS2p:�C1/as2-1 was shown in bars with different shades. (F) Dark-field images of venation patterns in first and third rosette
leaves. Bars: A,B, 5 mm; C, 0.25 mm; F, 1 mm.
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expression of a group of JA-responsive genes, PDF1.2,
PR3, and PR4, and is more resistant to fungal pathogens.
Our finding that AS1 is a target protein for �C1
prompted us to investigate the consequence of �C1/AS1
interaction on JA-responsive gene expression. Neither
�C1 expression (XVE:HA-�C1/Col-0 transgenic plants)
nor AS1 deficiency (as1-1 mutant) had noticeable effect
on expression of JA biosynthetic genes (LOX2 and AOS)
and genes (Arginase, JR1, JR3, and JAS1) whose expres-
sion is sensitive to endogenous JA levels (Fig. 6). These
results suggest that �C1 and AS1 are unlikely to modu-
late endogenous JA levels.

Compared with wild-type plants, expression of several
JA-responsive genes were suppressed in XVE:HA-�C1/
Col-0 transgenic plants (Fig. 6). Transcript levels of
PDF1.2, PR4, and CORI3 were reduced by �C1 in wild-
type plants but largely restored in as1-1 mutant plants
expressing �C1 (Fig. 6). In the case of VSP1 and
CYP79B2, the transcript levels were only weakly re-
pressed by �C1 in wild-type plants but slightly recovered
or no change was seen in XVE:HA-�C1/as1-1 mutant
plants (Fig. 6). These results show that �C1 can attenu-
ate the plant defense system by inhibiting expression of
several JA-responsive genes, and this repression is depen-
dent to a large extent on the endogenous AS1.

Discussion

Arabidopsis as a model system to investigate �C1
function

The �C1 protein of geminivirus is a pathogenicity factor
in host plants like tobacco, tomato, and petunia (Cui et
al. 2005). Because of the importance of this viral protein
in eliciting disease symptoms, identification of its host-
interacting proteins/receptors will advance our knowl-
edge of viral pathogenesis and help formulate strategies
to combat the rapid spread of this devastating disease in
the Old World. Using a transgenic approach, we found
that �C1 can also induce similar disease symptoms in
the model plant Arabidopsis, which is a nonhost. Several
lines of evidence support our claim that the phenotypes
found in Arabidopsis transgenic plants phenocopy to a
large extent those observed in virus-infected tobacco. (1)
Phenotypes including upward-curling leaves, bending
shoot, and enations from abaxial side of leaves elicited
by �C1 in Arabidopsis transgenic plants have been ob-
served as disease symptoms of virus-infected tobacco
(Fig. 1; Supplemental Fig. S1). (2) The abnormal cell di-
vision associated with vascular bundles was observed in
both Arabidopsis �C1 transgenic plants (Supplemental
Fig. S1M) and virus-infected tobacco (Saunders et al.
2004). (3) The capacity of �C1 to elevate PHV transcript
levels in Arabidopsis transgenic plants were also ob-
served in tobacco plants infected with TYLCCNV plus
DNA� satellite (Fig. 4D). Altered expression of PHV
transcripts is known to cause development changes in
leaf polarity (McConnell et al. 2001). These observation
justifies the use of Arabidopsis to dissect the molecular

mechanisms of disease symptom induction by �C1 and
also suggests that homologous components likely exist
in both host and nonhost plants, which can interact with
�C1. Since nuclear targeting of �C1 is required for dis-
ease symptom induction (Cui et al. 2005), some of the
�C1 interacting proteins/receptor(s) are likely to be
nuclear localized.

Figure 6. �C1 suppresses JA responses. RNA samples from
Col-0, as1-1, XVE:HA-�C1/Col-0, and XVE:HA-�C1/as1-1
treated with 100 µM MeJA were analyzed by Northern blots.
XVE:HA-�C1/Col-0 and XVE:HA-�C1/as1-1 lines were pre-
treated with 50 µM �-estradiol to induce high-level expression
of �C1. Each lane contained 15 µg of total RNA. Stained rRNAs
were used as loading controls. COI1 transcripts showed no
change with 100 µM MeJA. JA-responsive genes were grouped
into A, B, and C depending on the effects of �C1. In A, JA-
responsive transcript levels were reduced in XVE:HA-�C1/
Col-0 lines but largely restored in the XVE:HA-�C1/as1-1 line.
In B, JA-responsive transcript levels were only weakly repressed
in XVE:HA-�C1/Col-0 lines and slightly recovered or no change
were detected in the XVE:HA-�C1/as1-1 line. In C, no or little
change was seen with JA-responsive transcripts in XVE:HA-
�C1/Col-0 and XVE:HA-�C1/as1-1 lines.
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AS1 is a nuclear receptor for �C1

We provide several lines of evidence to support the no-
tion that AS1 is a receptor for �C1: (1) AS1 contains
nuclear localization signals and is localized in discrete
subnuclear bodies (Theodoris et al. 2003; Ueno et al.
2007). (2) �C1 can specifically interact with AS1 in vitro
and in vivo (Fig. 3). (3) The capacity of �C1 to induce
phenotypic changes and suppress selective JA responses
in Arabidopsis depends to a large extent on endogenous
AS1 levels. Phenotypic alterations associated with �C1
overexpression in wild-type plants—e.g., upward-curled
leaves and outgrowth tissues from abaxial leaf surfaces—
were suppressed by as1 but not as2 mutation. Moreover,
reduction of miR165/166 levels and accumulation of
PHB and PHV transcripts in �C1 overexpression plants
were also reversed by as1 mutation. However, as1 plants
overexpressing �C1 still displayed mildly curled leaves,
indicating the existence of other plant factors that can
interact with �C1 in the absence of AS1.

Many unrelated viral proteins have been identified as
RNA silencing suppressors, and several of them have
been introduced into Arabidopsis for molecular analy-
ses. Transgenic plants overexpressing individual sup-
pressor showed moderate to severe defects in leaf devel-
opment depending on the suppressor. Interesting, many
of these plants (e.g., P19, P1/HC-Pro, 2b, P15, P21, and
CP transgenic plants) produced serrated and curled
leaves (Chapman et al. 2004; Dunoyer et al. 2004). By
contrast, leaves of �C1-overexpressing plants were not
serrated. This interesting phenomenon may indicate
that the function of �C1 is different from those of other
silencing suppressors. Viral suppressors such as P19, P1/
HC-Pro, 2b, P15, P21, and CP may cause defects in
miRNA-mediated silencing pathway or miRNA biogen-
esis pathway by sequestering miRNA duplexes (Lakatos
et al. 2006), blocking slicing activity of AGO1 (Zhang et
al. 2006) or interfering with the dicing activity of DCL1
(Mlotshwa et al. 2005). �C1, on the other hand, only
selectively regulates the accumulation of specific
miRNAs. The precise mechanism by which �C1 regu-
lates miRNA levels remains to be investigated.

�C1 phenocopies AS2

We showed that �C1 manipulates leaf polarity by mim-
icking certain functions of Asymmetric Leaves2 (AS2).
Overexpression of �C1 in wild-type plants phenocopies
AS2-overexpresing plants (Iwakawa et al. 2002; Lin et al.
2003; Xu et al. 2003), and strikingly, in both cases, the
phenotypes were suppressed by as1 mutation (Lin et al.
2003; Xu et al. 2003). The perturbed vascular polarity
with xylem on adaxial and abaxial sides of leaves in
XVE:HA-�C1 transgenic plants (Supplemental Fig.
S1O,P) was also observed in 35S:AS2 transgenic plants
(Lin et al. 2003). Moreover, like AS2 overexpression,
overexpression of �C1 also resulted in a reduction of
miR165/166 and an accumulation of PHB transcripts
(Lin et al. 2003; Ueno et al. 2007). Because no amino acid
sequence similarity was detected between �C1 and AS2,

the mimicry probably occurs through a similarity in the
three-dimensional structures of the two proteins. Indeed,
our in vitro results support this view. We showed that
�C1, like AS2, can form a complex with AS1 in vitro,
indicating a direct interaction. More important, the two
proteins, �C1 and AS2, can compete for AS1 binding in
complex formation, consistent with the hypothesis that
they may bind to similar surfaces of AS1.

That �C1 can, at least in part, mimic AS2 functions in
vivo is further supported by analysis of gene expression
in �C1 plants and by complementation experiments.
AS2 is known to negatively regulate, in the adaxial do-
main, transcript levels of ETTIN/ARF3 and FILAMEN-
TOUS FLOWER, which are required for abaxial fate
(Garcia et al. 2006; Iwakawa et al. 2007). We found that
expression of �C1 in Arabidopsis reduced levels of these
transcripts as well (Fig. 2D). Using a native AS2 pro-
moter to express �C1 in the as2 mutant background, we
found that this viral protein can at least partially
complement AS2 functions. The downward curled
leaves in as2 became flatten in AS2p:�C1/as2-1 trans-
genic lines. Furthermore, vein defects seen in as2 were
rescued in these complemented lines. On the other hand,
these transgenic lines still produced leaf lobes, which
may be related to KNAT1 mis-expression. These obser-
vations suggest that the molecular mimicry of AS2 by
�C1 is not complete, and �C1 and AS2 may share only
partially overlapping functions in the establishment of
adaxial–abaxial polarity of leaves and in vein develop-
ment. Notwithstanding the partial overlapping func-
tions of these two proteins, there is no amino acid se-
quence similarity between them. Nevertheless, they
share some similar characteristics: Both �C1 (Mr 14,800)
and AS2 (Mr 21,800) are small nuclear proteins (Cui et al.
2005; Ueno et al. 2007), and both are able to bind to DNA
(Cui et al. 2005; Husbands et al. 2007).

Molecular mimicry has emerged as a common theme
in virus–host interaction for several animal viruses
(Grossman et al. 1994; Hsieh and Hayward 1995). Our
results here with �C1 show that molecular mimicry is
used by plant virus as well. Previous studies have shown
that �C1 is not only responsible for symptom induction
but also enhances the accumulation of begomovirus
DNA-A (Cui et al. 2004). As a MYB-domain protein, AS1
may also function as a transcription regulator, and it is
possible that the �C1/AS1 complex may regulate expres-
sion of begomovirus genes and modulate virus replica-
tion. Future work will be directed toward exploring this
possibility.

Selective repression of JA-responsive genes by �C1

Infections by TYLCCNV and TbCSV carrying satellite
DNA� are not only associated with disease symptoms
but also known to promote population increase of its
vector, the type B invasive whitefly (Jiu et al. 2007). Al-
though the mutualism between the two gemini viruses
and whitefly has been shown to be indirect via the host
plants, the precise mechanism remains to be elucidated.
One attractive hypothesis is that TYLCCNV/TbCSV
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may somehow attenuate plant defenses against their
vectors, leading to increased type B whitefly population,
which in turn aids the spread of these viruses.

In plants, the jasmonate signaling pathway plays a cen-
tral role in regulating defense responses to herbivores,
and specific host defense responses are implemented for
herbivores using different feeding strategies (Stout et al.
2006; de Vos 2007; Howe and Jander 2008). Usually pro-
voking extensive tissue damage, chewing insects trigger
production of plant defensive proteins, such as protein-
ase inhibitors (PIs), polyphenol oxidase (PPO), lipoxygen-
ase (LOX), threonine deaminase (TD), and arginase,
which bring about nutrient deprivation and disrupt vec-
tor digestive physiology. Unlike chewing insects,
phloem-feeding insects, such as whiteflies and aphids,
use specialized stylets to establish a feeding site in the
phloem and cause minimal damage to plants. Kempema
et al. (2007) showed that silverleaf whitefly (SLWF; Be-
misia tabaci type B), a phloem-feeding insect, can sup-
press JA responses but activate SA responses. After
SLWF feeding, JA-regulated genes PDF1.2, VSP1, and
FAD3 were repressed more than twofold, with no detect-
able changes in THI2.1 and COI1 expression. In contrast
to aphids, which are also phloem feeders but mobile,
SLWF nymphs feed continuously from the same location
on Arabidopsis leaves for more than 28 d during devel-
opment. Hence, it is reasonable to assume that the
down-regulation of these JA-responsive defense genes are
necessary for and conducive to whitefly nymphal devel-
opment on infected leaves. The same group further dem-
onstrated that SLWF development on Arabidopsis corre-
lates with the level of JA defenses but not with SA de-
fenses (Zarate et al. 2007), and that SLWF development is
delayed on Arabidopsis mutants with activated JA de-
fenses and even on npr mutant plants with compromised
SA defenses but treated with MeJA (Zarate et al. 2007).

The results of Jiu et al. (2007), Kempema et al. (2007),
and Zarate et al. (2007) suggest that the increased aggre-
gation of whitefly on TYLCCNV-infected plants may be
due to possible suppression by the virus of specific JA-
responsive plant genes that have defense function
against the vector. Our results on the ability of �C1 to
suppress expression of selective JA-responsive genes are
consistent with this hypothesis. Among the five JA-re-
sponsive genes (PDF1.2, PR4, CORI3, VSP1, and
CYP79B2) suppressed by �C1, PDF1.2, and VSP1 were
down-regulated by SLWF feeding (Kempema et al. 2007).
We suggest that �C1, along with other as yet unidenti-
fied viral proteins, are responsible for suppression of a
subset of JA-responsive genes whose encoded proteins
are needed for plant defense against whitefly, and these
viral genes may accelerate the population increase of
type B whitefly on TYLCCNV-infected plants. Although
the origin of DNA� of gemini viruses remains obscure,
following its first report in 2000, many different DNA�s
have been cloned and proven to be widespread through-
out the Old World (Mansoor et al. 2006). This biological
invasion may result from the indirect mutualism be-
tween viruses and the type B whiteflies. Our identifica-
tion of AS1 as the main target for �C1 to attenuate plant

defense response may help formulate strategies to slow
down the biological invasion of B biotype whiteflies and
curtail the spreading of begomoviruses among agricul-
tural important crops.

Concluding remarks

Figure 7 summarizes the proposed function of �C1 in
altering leaf development and our working hypothesis on
the tripartite relationship between virus–vector–host.
AS1 binds to AS2 and regulates leaf development by sup-
pressing the accumulation of miR165/166 and increasing
HD-ZIPIII transcript levels. AS1 is also a conserved regu-
lator of plant defense response, and it acts as negative
regulator to suppress a subset of JA-induced genes such
as PDF1.2, PR3, PR4, VSP1, and THI (Nurmberg et al.
2007). As a pathogenicity determinant, �C1 mimics AS2
function and competes with AS2 to form a complex with
AS1. The �C1/AS1 complex, in turn, regulates leaf po-
larity by repressing miR165/166 and increasing HD-
ZIPIII transcript levels. On the other hand, �C1 en-
hances the functions of AS1 to block selective JA re-
sponses by down-regulating the expression of PDF1.2,
PR4, CORI3, and VSP1. The suppression of this subset of
JA responses by the �C1/AS1 complex may attenuate
plant defense response against whitefly. Consequently,
satellite DNA�-associated TYLCCNV elicits disease
symptoms on infected plants and also benefits its vector
by aiding an increase in vector population density via the
host plants.

Materials and methods

Plant materials, growth conditions, and transformation

Arabidopsis thaliana as1-1 and as2-1 mutants were used (Semi-
arti et al. 2001). The as1-1 was isolated from the Col-0 ecotype.

Figure 7. A working model to explain the roles of AS1 and �C1
in virus–insect vector–plant interaction. AS1 is a conserved
regulator for leaf polarity development and plant immune re-
sponse. AS1 interacts with AS2 to down-regulate miR165/166
and up-regulate HD-ZIPIII genes, but AS1 alone acts to suppress
JA responses. �C1 is encoded by the satellite DNA�, which is
associated with the helper virus, TYLCCNV. �C1 targets AS1 to
manipulate leaf polarity by modulating miR165/166 and HD-
ZIPIII transcripts resulting in disease symptoms. This viral pro-
tein also attenuates plant immune response by suppressing ex-
pression of several JA-responsive genes. This AS1-dependent
suppression may account, in part, for the aggregation of whitefly
population on TYLCCNV-infected plants.
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The as2-1 was isolated from the Landsberg (Lan, with the wild-
type allele for ERECTA gene) ecotype and outcrossed with Col-0
three times. After 2 d at 4°C in darkness, seeds were germinated
on Murashing and Skoog (MS) medium at 22°C with 16 h light.
Plasmids were introduced into Agrobacterium tumefaciens
strain ABI or EHA105 by electrotransformation. Arabidopsis
transformations were performed using the floral-dip method
(Clough and Bent 1998).

Plant agroinfiltration

Agroinfiltration was performed with an overnight culture of A.
tumefaciens strain EHA105 carrying a tandem repeat construct
of TYLCCNV isolate Y10 and DNA� in pBINplus (Cui et al.
2004). After agroinfiltration, N. benthamiana plants were
grown in a greenhouse with 16 h light/8 h dark. For immuno-
precipitation, Agrobacterium tumefaciens strain ABI carrying
35S:Myc-AS1 and XVE:HA-�C1 were suspended in 50 µM �-
estradiol and coinfiltrated into tobacco leaves.

Constructs

Full-length cDNAs were amplified by PCR using AccuPrime
Pfx DNA polymerase (Invitrogen) and subcloned into binary
vectors pBA002-3HA and pBA002-6Myc to generate HA-tagged
and Myc-tagged constructs under the control of a 35S promoter.
For �-estradiol-inducible expression driven by the XVE pro-
moter (Zuo et al. 2000), 3HA- or 6Myc-tagged cDNAs from
pBA002 constructs were subcloned into pER8 vectors. A 955-bp
fragment upstream of the �C1 ORF was used as the �C1 native
promoter (Guan and Zhou 2006). This fragment was amplified
from TYLCCNV DNA� and subcloned into binary vector
pBA002a to generate the C1p:�C1 construct. A 3262-bp frag-
ment upstream of the AS2 open reading frame was amplified
from Arabidopsis genomic DNA and used as the AS2 promoter.

�-Estradiol treatment and RNA gel blot analysis

Transgenic seeds were germinated on MS medium with or with-
out 25 µM �-estradiol (Sigma). Total RNA was extracted from
12-d-old seedlings using Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. For RNA expression analysis,
15 µg of total RNA were fractionated on a 1.2% (w/v) agarose gel
and then transferred to a Hybond-XL membrane (GE Biosci-
ences). DNA probes were labeled with [�-32P]dCTP using the
random prime labeling system (GE Biosciences). Hybridization
was performed overnight at 65°C in hybridization buffer (0.3 M
sodium phosphate at pH 7.0, 10 mM EDTA, 5% SDS, 10%
dextran sulfate, 0.15 mg/mL salmon sperm DNA), and signals
were detected by autoradiography. For small RNA analysis, 15
µg of total RNA were fractionated on a 15% polyacrylamide gel
containing 8 M urea and then transferred to a Hybond-N+ mem-
brane (GE Biosciences). DNA oligonucleotides were end-labeled
with [�-32P]ATP using T4 polynucleotide kinase (New England
Biolabs). Hybridization was performed overnight at 42°C using
the ULTRAHyb-Oligo hybridization buffer (Ambion) and sig-
nals were detected by autoradiography.

Real-time RT–PCR

XVE:�C1 line #1 and wild-type plants were grown on MS me-
dium with 25 µM �-estradiol. Shoot apices of 15-d-old plants
were harvested and Poly(A)+ RNA was purified from 10 µg of
total RNA. Reverse transcription was performed using First-
Strand cDNA synthesis kit (GE Healthcare). Real-time RT–PCR
was performed as described by Iwakawa et al. (2007).

In vitro pull-down and competition assay

cDNAs encoding full-length �C1, AS1, and AS2 were amplified
by PCR using AccuPrime Pfx DNA polymerase (Invitrogen) and
subcloned into pGEX4T-1 or pMAL-c2 to generate GST fusion
and MBP fusion constructs. All constructs were transformed
into E. coli BL21(DE3) cells and cultured at 37°C. After the
OD600 had reached ∼0.6, isopropyl �-D-thiogalactopyranoside
was added to a final concentration of 0.2 mM and the culture
incubated overnight at 24°C. Bacterial cells were collected by
centrifugation and suspended in a lysis buffer containing pro-
teinase inhibitor cocktail (Roche). After French press treatment,
lysates were incubated with amylose resin (New England Bio-
lads) or glutathione Sepharose 4B (GE Biosciences), and recom-
binant proteins were purified according to the manufacturer’s
instructions. The eluted proteins were dialyzed against buffer
(20 mM Tris-HCl at pH 7.4, 200 mM NaCl, 10 mM �-mercap-
toethanol, 10% glycerol) and concentrated by Ultracel YM-30
(Millipore). In vitro pull-down assays were performed with 2 µg
of GST fusion proteins and 2 µg of MBP fusion proteins. Pro-
teins were incubated in a binding buffer (50 mM Tris-HCl at pH
7.5, 100 mM NaCl, 0.25% Triton X-100, 35 mM �-mercapto-
ethanol) for 2 h at 25°C, and 25 µL of glutathione sepharose 4B
(GE Biosciences) were added and the mix incubated for an ad-
ditional 1 h. After washing with binding buffer for six times,
pulled-down proteins were separated on 10% SDS–polyacryl-
amide gel and detected by Western blotting using anti-MBP an-
tibody. For competitive pull-down assay, sequence encoding a
�C1(�N8) without the first eight amino acids was amplified by
PCR and subcloned into pET29a to generate His fusion con-
struct. �C1(�N8) was purified using Ni-NTA resin (Qiagen) ac-
cording to the manufacturer’s instruction. Indicated amounts of
�C1(�N8) were mixed with 2 µg of MBP-AS1 for 1 h before
being incubated with 2 µg of GST-AS2 for pull-down assays.

Immunoprecipitation

Two days after infiltration, tobacco leaves were harvested and
ground in liquid nitrogen. Proteins were extracted in extraction
buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 2 mM MgCl2,
1 mM DTT, 20% glycerol, 0.5% nonident P-40) containing pro-
tease inhibitor cocktail (Roche) and protease inhibitor mixture
(Sigma). Cell debris was pelleted by centrifugation at 14,000g for
30 min. The supernatant was incubated with 10 µL of anti-Myc
polycolonal antibody (Santa Cruz Biotechnologies) for 2 h at
4°C, then 20 µL of protein A agarose beads (GE Healthcare) were
added. After 2 h of incubation at 4°C, the beads were centrifuged
and washed six times with washing buffer (50 mM Tris-HCl at
pH 7.5, 150 mM NaCl, 2 mM MgCl2, 1 mM DTT, 10% glycerol,
0.5% nonident P-40). Proteins were eluted by 30 µL of 2.5×
sample buffer and analyzed by Western blotting using monoclo-
nal anti-HA antibody (Santa Cruz Biotechnologies) and mono-
clonal anti-Myc antibody.

MG132 treatment

Transgenic seeds were germinated on MS medium with 25 µM
�-estradiol (Sigma). Eighteen-day-old seedlings were transferred
to liquid MS medium containing 25 µM �-estradiol and 50 µM
MG132 (Calbiochem) for 12 h before harvested. Proteins were
extracted and analyzed by Western blotting using monoclonal
anti-HA antibody (Santa Cruz Biotechnologies).

Vasculature analysis

Twelve-day-old cotyledons and 21-d-old rosette leaves were
fixed with 15% glacial acid and 85% ethanol for overnight.
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Samples were washed twice with 70% ethanol and cleared
by chloral hydrate solution (trichloroacetoaldehyde monohy-
drate:glycerol:H2O = 8:1:2). Venation patterns were observed
using a microscope under dark-field condition. The classifica-
tion of venation patterns in cotyledons was according to Semi-
arti at al. (2001) with modification.

MeJA treatment

Plants were grown on soil under long-day conditions at 22°C
and watered with 50 µM �-estradiol. Four-week-old plants were
treated with 100 µM MeJA (Sigma) using foliar sprays. After
spraying, plants were covered with a plastic cover and samples
were harvested at indicated times.
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