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The 2b proteins of Cucumber mosaic virus
generally have the potential to differentially

induce necrosis on Arabidopsis
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Plant viral symptoms are rarely explained by direct molecular interaction between a viral protein and a host factor, but
rather understood as a consequence of arms race between host RNA silencing and viral silencing suppressors. However,
we have recently demonstrated that the 2b protein (2b) of Cucumber mosaic virus (CMV) HL strain could bind to
Arabidopsis catalase that is important in scavenging cellular hydrogen peroxide, leading to the induction of distinct
necrosis on Arabidopsis. Because we previously used virulent strains of subgroup I CMV in the study, we here further
analyzed mild strains of subgroup II CMV, which share 70 to 80% sequence homology with subgroup I, to understand
whether the necrosis induction is a general phenomenon to compromise host defense system mediated by catalase in
the pathosystem of any CMV strains and Arabidopsis. Based on the results, we concluded that 2bs of subgroup II could
also bind to catalase, resulting in decrease in catalase activity and weak necrosis on Arabidopsis. Because the 2b-catalase
interaction did not prevent CMVs from spreading, it may eventually operate in favor of CMV.

The molecular mechanism for viral pathogenicity can be
explained mainly by host RNA silencing (RS) and viral RS
suppressors (RSSs). The major viral symptom is mosaics of light
and dark green areas on the infected leaves. In the dark green
areas, cells are resistant to subsequent viral infection due to host
RS. Viral systemic symptoms are produced by a balance between
RS and suppression of RS by viral RSSs. It is likely that the
perturbation of the miRNA pathway, which controls plant
differentiation, causes some symptom expression. Differences in
symptoms between viral strains are attributed to differences in
the interaction between viral RSSs and the miRNA pathway.1,2

On the other hand, there are rarely some cases where a viral
protein interferes directly with the intrinsic function of a specific
host protein, leading to some symptom production. In one such
example, Zhu et al. (2005)3 previously demonstrated that the
P2 protein of Rice dwarf virus (RDV) directly interacted with
rice ent-kaurene oxidases, which play a role in the biosynthesis
of gibberellin, and that this interaction led to a decrease in the
hormones and stunting of the infected rice. Recently we also
provided evidence that the 2b protein of CMV can bind to
Catalase3 (CAT3) that is important in scavenging cellular
hydrogen peroxide, resulting in the induction of a specific
necrosis in the leaves of Arabidopsis.4,5 2b is known to be a
RSS1,6,7 and also involved in viral movement and symptom
induction (reviewed in ref. 8).

CMV contains three genomic RNAs (RNAs 1 to 3) and pro-
duces two subgenomic RNAs, RNA 4 for the coat protein and
RNA 4A for 2b.8 Based on the sequence homology, CMVs are
classified into three subgroups, IA, IB and II.9 Subgroup I CMVs
are found to be more virulent than subgroup II strains, and the
2b gene is the major determinant of viral virulence.10 The 2b
protein of a subgroup I strain tends to show stronger RSS activity
than that of a subgroup II strain.11 We recently showed that 2b of
a lily strain of CMV (CMV-HL), which belongs to subgroup I,
could induce distinct necrotic spots on infected Arabidopsis
leaves, and that 2bs of other subgroup I strains such as CMV-Y
could also induce similar spots but they were not as distinct as
those induced by 2b of CMV-HL (HL2b).12 This raises the
question of whether milder CMV strains of subgroup II can still
induce necrosis on Arabidopsis, and thus whether any CMVs
can, in general, induce necrosis on Arabidopsis. Here we investi-
gated the ability of two 2b proteins (Q2b and M2b) belonging
to subgroup II CMVs to cause necrosis on Arabidopsis leaves
and compared them with HL2b.

2b of Subgroup II CMVs can also Induce Necrosis
in Arabidopsis

To answer the above questions, we first conducted inoculation
experiments. Because the 2b protein has been found to be the
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determinant for the necrosis on Arabidopsis,12 we cloned two 2b
genes of CMV-Q13 and CMV-m2,14 which belong to subgroup
II and then inserted the clones into the CMV RNA2-based
vector H1 that lacks the entire 2b gene15 to create H1-Q2b and
H1-M2b, respectively. We can thus avoid the possible involve-
ment of other viral genes in the necrosis and compare the necrosis-
inducing ability of 2b in the same viral backbone. To produce
infectious CMV RNAs, we used in vitro transcribed viral RNAs
1 to 3 from the plasmids containing the viral full-length cDNAs16;
the transcript from H1-Q2 (or H1-M2) was synthesized, and
mixed with the transcripts of CMV-Y RNAs 1 (Y1) and 3 (Y3) for
inoculation. The vector H1 itself did not induce necrosis on
Arabidopsis (Fig. 1A). When Arabidopsis (Col-0) plants were
inoculated with Y1H1-Q2bY3 or Y1H1-M2bY3, as shown in
Figure 1B, the infected plants actually developed weak necrosis
on the upper leaves, which was as distinct as those induced by
CMV-Y (subgroup I). This observation suggests that 2bs of even
subgroup II CMVs, which normally cause much milder sym-
ptoms on their hosts, have the potential to induce necrosis in
Arabidopsis. We next tested the ability of Q2b and M2b to
interact with CAT3 in the yeast two-hybrid assay as demon-
strated for subgroup I CMV strains by Inaba et al.12 Figure 2
showed that both Q2b and M2b could indeed bind to CAT3
although the binding was weaker than that between CAT3 and
HL2b (subgroup I) in the assay. To analyze the effect of 2b’s
binding to CAT3 on catalase activity, we then measured catalase
activity in virus-infected leaves. As expected, catalase activity was
decreased at 13 dpi in the plants infected both with Y1H1-
Q2bY3 and with Y1H1-M2bY3 (Fig. 3). When compared with
the mock- or H1-infected control plants,12 decrease levels of
catalase activity were similar to that in CMV-Y-infected plants but
not comparable with CMV-HL because in CMV-HL-infected
plants, the catalase level was decreased down to less than 50%
of the control. These results suggest that 2bs of subgroup II
CMVs can decrease host catalase activities at least as efficiently as
2b of CMV-Y (Y2b, subgroup I).

Is such Necrosis as a Consequence of the CAT3–2b
Interaction in Favor of Virus or Host?

We started this study when we observed very distinct necrotic
spots on Col-0 plants infected with CMV-HL.12 In our previous
inoculation experiments, all three Arabidopsis ecotypes (Col-0,
C24 and Ler) used in the study were found to develop such
necrosis; in Ler, the necrosis was most severe. Although we found
that in addition to HL2b, Y2b could also induce necrosis on

Figure 1. Necrotic symptoms on Arabidopsis Col-0 plants infected with
mock, H1, H1-Q2b and H1-M2b at 13 d post-inoculation (dpi). (A) The
CMV vector H1 did not induce necrosis at 13 dpi. (B) H1-Q2 and H1-M2b
are H1 containing CMV-Q2b and CMV-M2b, respectively.

Figure 2. Interaction between CMV 2b and CAT3 in the yeast two-hybrid
assay. Each plasmid (pGBKT7-HL2b, pGBKT7-Q2b, and pGBKT7-M2b) was
co-transferred with pGADT7 (control) or pGADT7-CAT3 into yeast strain
AH109. The transformed AH109 cells were plated on the growth medium
without leucine, tryptophan, histidine and adenine (-LWHA, right panel).
+ and – indicate that yeast growth was positive and negative,
respectively. For the 2b’s interactions with pGADT7-CAT3, yeast colonies
on each medium were indicated at right.

Figure 3. Catalase activity in the Col-0 plants infected with the
recombinant CMVs that produce the 2b proteins of subgroup II CMVs.
Catalase activity was determined in mock-, H1-M2b-, and H1-Q2b-
inocualted plants by measuring the decrease in absorbance at 240 nm
13 dpi and expressed as mmol?21min?21mg protein. Three replicates
were done. Error bars represent standard errors of the means. H1-Q2b
and H1-M2b were inoculated together with Y1 and Y3. The catalase
activities in mock-, H1- and H1-HL2b-inoculated plants have been
previously compared (Fig. 4A in ref. 12). There was little difference in
catalase activity between mock- and H1-inoculated plants, but the level
of catalase activity was almost half in H1-HL2b-inoculated plants
compared with the control.
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Col-0 but to a lesser extent, there was still the possibility that the
necrosis was rather a specific reaction only to some particular
CMV strains. Here we demonstrated that such necrosis was
also induced by subgroup II CMVs, and thus this phenomenon
was rather general in the pathosystem of CMV and Arabidopsis.
We believe that this phenomenon is a consequence after a long
arms race between CMV and Arabidopsis in their evolutionary
histories.

Although the necrosis seems to be associated with host defense
response because mRNA levels of some pathogenesis-related (PR)

proteins were elevated,12 the observed cell death is not effective
against CMV at all, suggesting that 2b’s binding to catalase may
be working mainly for sequestering catalase in cells in favor of
viral infection. However, there is also the possibility that the
induced resistance may function for other pathogens including
bacteria and fungi; in this case, necrosis may operate in favor of
host.
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