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Comparison of helper component-protease RNA silencing
suppression activity, subcellular localization, and aggregation
of three Korean isolates of Turnip mosaic virus
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Abstract In 2014, we performed a nationwide survey in
Korean radish fields to investigate the distribution and
variability of Turnip mosaic virus (TuMV). Brassica rapa
ssp. pekinensis sap-inoculated with three isolates of TuMV
from infected radish tissue showed different symptom
severities, whereas symptoms in Raphanus sativus were
similar for each isolate. The helper component-protease
(HC-Pro) genes of each isolate were sequenced, and phy-
logenetic analysis showed that the three Korean isolates
were clustered into the basal-BR group. The HC-Pro pro-
teins of these isolates were tested for their RNA silencing
suppressor (VSR) activity and subcellular localization in
Nicotiana benthamiana. A VSR assay by co-agroinfiltration
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of HC-Pro with soluble-modified GFP (smGFP) showed
that HC-Pro of isolate RO07 and R041 showed stronger
VSR activity than R065. The HC-Pros showed 98.25 %
amino acid identity, and weak VSR isolate (R065) has a
single variant residue in the C-terminal domain associated
with protease activity and self-interaction compared to
isolates with strong VSR activity. Formation of large sub-
cellular aggregates of GFP:HC-Pro fusion proteins in N.
benthamiana was only observed for HC-Pro from isolates
with strong VSR activity, suggesting that R065 ‘weak’ HC-
Pro may have diminished self-association; substitution of
the variant C-terminal residue largely reversed the HC-Pro
aggregation and silencing suppressor characteristics. The
lack of correlation between VSR efficiency and induction of
systemic necrosis (SN) suggests that differences in viral
accumulation due to HC-Pro are not responsible for SN.

Keywords Turnip mosaic virus - Helper component-
protease (HC-Pro) - RNA silencing suppressor efficiency -
Pathogenicity

Turnip mosaic virus (TuMV; genus Potyvirus, family Po-
tyviridae) has a c.10 kb plus-sense RNA genome and
infects over 318 plant species in 156 genera from 43
families, especially in Brassicaceae; only Cucumber
mosaic virus is more important in vegetables worldwide
[1-6]. TuMV is transmitted non-persistently by many
aphid species [6]. Potyvirus helper component-protease
(HC-Pro) functions include aphid-mediated virus trans-
mission; RNA amplification; systemic movement; sup-
pression of post-transcriptional RNA silencing; and
C-terminal self-cleaving proteinase [7, 8]. Three major
HC-Pro domains correspond approximately to the N-ter-
minal 100, central 200, and C-terminal 150 residues [9]. An
N-terminal KITC motif binds aphid stylets [10] and a
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C-terminal PTK triplet binds to DAG in the coat protein
N-terminus [11, 12]. The central domain affecting RNA
silencing suppression, genome amplification, synergism
with other viruses, and systemic movement includes con-
served FRNK, IGN (LAIGN), and CCC motifs [13—15] and
other residues associated with non-specific RNA binding
[16].

Due to its many hosts worldwide, there is interest in the
evolution of TuMV isolates with differential host ranges.
Two major groups are known; B-type isolates mainly infect
Brassica species, but not radish (Raphanus sativus), while
BR-type isolates infect both Brassica and Raphanus [17,
18]. The Asian-BR group includes many Asian isolates, but
basal-BR isolates are emerging in Asia [19, 20]. Strains are
defined in part by host resistance genes, and by viral
pathogenicity determinants [2, 3, 18, 19, 21, 22] which
remain poorly defined; HC-Pro variation has been impli-
cated in differences between horseradish strains [23].

We have shown that replication and symptom severity
of a potexvirus, Alternanthera mosaic virus, are signifi-
cantly affected by a single residue change in the Triple
Gene Block 1 protein viral suppressor of RNA silencing
(VSR) [24]. Here we examine VSR function and subcel-
lular localization of HC-Pro of TuMYV isolates from radish,
an important crop in Korea, in relation to symptom
expression to determine whether the TuMV VSR has
similar effects on disease severity.

TuMV isolates RO07, R041, and R065 were selected
from R. sativus in Korea [25] based on differential symp-
toms in R. sativus, B. rapa ssp. pekinensis (Chinese cab-
bage), and Nicotiana benthamiana. Each isolate induced
mild mosaic and mottle in R. sativus at 11-20 days post
inoculation (dpi) (Suppl. Fig. 1). However, in Chinese
cabbage isolates R041 and R065 induced systemic necrosis
(SN) by 20 dpi, with plants dead or nearly dead at 30 dpi,
while plants inoculated with R0O07 developed systemic
mottle or mosaic without SN by 20 dpi, remaining so at
30 dpi (Fig. 1a). RO41 and R065 induced SN in N. ben-
thamiana while RO07 caused only mild mosaic [25].

HC-Pro genes of each isolate were cloned and
sequenced (Macrogen; Daejeon, Korea). Sequences of each
were 1374 nucleotides (nt) (genome accession numbers
KU140240, R0O07; KU140241, R041; KU140242, R-065),
encoding 458 amino acids (aa; predicted size 50 kDa).
Pairwise R041:R065 identities were higher (99.1 % nt,
99.6 % aa) than either RO0O7:R041 or RO07:R065 (87.3 %
nt, 98.5 % aa each). Phylogenetic analysis by the Maxi-
mum-likelihood method (MEGA v.6; [26]) with 33 addi-
tional TuMV HC-Pro sequences from GenBank and Potato
virus Y (PVY) as outgroup resulted in four TuMV clusters
according to pathotype: Basal-B, World-B, Basal-BR, and
Asian-BR ([17, 18]; Suppl. Table 1; Suppl. Fig. 2). The
three Korean isolates grouped into the Basal-BR clade of
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mainly European isolates, with 91 % bootstrap support.
Apart from identities between Korean isolates, RO07 was
most closely related to Italian isolate ITA7 (86.5 % nt,
97.8 % aa); R041 and R065 were most closely related to
Japanese isolate KWB779 J (97.7 and 97.9 % nt respec-
tively, both 99.3 % aa)(Suppl. Fig. 2, and data not shown).
Eight aa residues differentiate the Korean isolates, with six
residues distinguishing R0O07 from both R041 and R065;
RO41 and RO65 each differed by one residue from the
consensus sequence (Suppl. Fig. 3).

HC-Pro genes of each isolate were cloned into vectors
pGD (for VSR assay) and pGDG (for subcellular local-
ization) [27] and transformed into Agrobacterium tumefa-
ciens EHAI105. Agrobacterium transformed  with
pGDR:Talin (actin marker), pGD:p19 [VSR of Tomato
bushy stunt virus (TBSV)], and pGD:smGFP (soluble-
modified green fluorescent protein) were also utilized [24,
28]. Equal volumes of pGDG:HC-Pro constructs and
pGDR:Talin were mixed, usually with 0.1 volume of
pGD:p19; agroinfiltrated leaves [28] of N. benthamiana
were examined at 2-3 days post-agroinfiltration (dpa)
using a Zeiss 710 confocal microscope [29, 30], with DAPI
staining as described [31]. Imaging revealed HC-Pro of all
isolates distributed throughout the cytoplasm and at the cell
periphery, together with perinuclear and microfilament-like
association; RO07 and RO041 also induced many small
punctate aggregates in the cytoplasm, presumed to result
from self-interaction (Fig. 1b, Suppl. Fig. 4). In contrast
RO65 formed punctate aggregates in few cells, and those
aggregates were smaller (Fig. 1b, Suppl. Fig. 4). Western
blotting showed similar HC-Pro expression levels for each
isolate (Fig. 1b). Omission of pGD:p19 caused no apparent
differences in HC-Pro aggregation (Suppl. Fig. 4) in con-
trast to [32].

Agroinfiltrations of pGD:smGFP alone, or mixed with
either pGD:HC-Pro, pGD:p19, or empty pGD vector, were
examined at 6 dpa under UV light; R0O65 HC-Pro yielded
minimal enhancement of smGFP expression, whereas
RO07 and R041 HC-Pro significantly enhanced expression.
These results were supported by qRT-PCR results
(Fig. 1c), indicating that RO07 and R041 HC-Pros were
more effective VSRs than R007.

Because one residue (F395 in RO07, R041; L3 in RO65;
Suppl. Fig. 3) correlated with formation of punctate HC-
Pro aggregates and VSR efficiency (Fig. 1b,c), we mutated
residue 395 Phe > Leu in R0O07 and R041 (F395L), and
Leu > Phe in R065 HC-Pro (L395F) by overlap extension
PCR [33] using primers shown in Table 1. Mutants were
cloned into pGD and pGDG for comparison to the
respective WT constructs to assay effects on HC-Pro
aggregation and VSR activity. Mutants pGD:HC-Pro
RO07g39s51, and RO41g305; had obviously reduced VSR
efficiency, but R065; 395k gained VSR efficiency relative to
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a Healthy

smGFP mRNA relative to actin

Fig. 1 a Turnip mosaic virus (TuMV) pathogenicity: Non-infected
plant (Healthy) and TuMV infected (isolates RO07, RO41 and R065)
of Brassica rapa ssp. Pekinensis: pictures taken 20 days post
inoculation (d.p.i). b Confocal images of GFP:HC-Pro localization:
pGDR:Talin and pGDG:HC-Pro of (i) R007, (ii) R041, and (iii) RO65,
plus pGD:p19 were agroinfiltrated to N. benthamiana; at 3 days after
agroinfiltration, infiltrated leaves were DAPI stained. Blue color
(DAPI) indicates nuclei, red color indicates chloroplast autofluores-
cence, green color indicates GFP:HC-Pro, and white represents
DsRed:Talin. Bars indicate 20 pm. GFP:HC-Pro protein expression
was confirmed at 77 kDa by Western blot using anti GFP monoclonal

the respective WT (Suppl. Fig. 5). Whereas WT pGDG:
HC-Pro RO007p395s produced many punctate aggregates
(Fig. 1b, Suppl. Figs. 4,5), R0O07g395;. produced few punc-
tate aggregates (Suppl. Fig. 5). WT R065 395 produced few
punctate aggregates with most signal along filaments

_ I -
|

Gl

7 41 65 pl9 smGFP

antibody (insets). ¢ VSR assay (i) and quantitative RT-PCR (qRT-
PCR) results (ii). i. VSR activity of TuMV HC-Pro in N. benthamiana
leaves; pGD:TuMV HC-Pro of R007, R0O41 and R065, empty pGD
vector, or pGD:pl9 were separately co-agroinfiltrated with
pGD:smGFP. R007, R041, and RO065. pl9 = silencing suppressor
of Tomato bushy stunt virus used as a positive control. smGFP:
smGFP co-infiltrated with empty pGD vector. ii. RNA extracts from
each smGFP expressing region were subjected to qRT-PCR with
smGFP specific primers. Relative RNA accumulation of smGFP was
normalized to actin from two biological replicates; bars indicate
standard error

(Fig. 1b, Suppl. Figs. 4,5), while mutant R065; 305 yielded
obvious punctate aggregates without clear filament associ-
ation (Suppl. Fig.5). Both WT RO041g39s and mutant
RO41g395;. produced obvious punctate aggregates scattered
throughout the cytoplasm (Fig. 1b, Suppl Figs. 4, 5).
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Table 1 Primers used in this study

Target Name Sequence (5" — 3') Expected Feature
size
HC-Pro HC-Pro R7 F AAA CTG CAG AAA TGA GCG CCG CAG GAACCAACTT 1374bp Pstl
HC-Pro R7 R AAA GGA TCC CTA TCC AAC GCG GTA GTG TTT CAA G BamHI
HC-Pro F AAA CTG CAG AAA TGA GTG CAG CAG GWG CTA ACTT Pstl
HC-Pro R AAA GGA TCC CTA WCC AAC ACG RTA GTG TTT C BamHI
Poly(A) Oligo(dT) TTT TTT TTT TTT TTT TTT TT - For cDNA synthesis
smGFP smGFP F TTC TCT TAT GGT GTT CAA TGC T 129 bp For qRT-PCR
smGFP R GTA GTT CCC GTC GTC CTT
Actin Actin F ATT GTC AGC AAC TGG GAT G 127 bp For qRT-PCR
Actin R CAC GAT TAG CCT TTG GGT TA
R007 HC-Pro HC-Pro R7 F395L F  CTT TCT GAA AGT GCT TTA CCC A* 183 bp®  For construction of
HC-Pro R7 F395L R TGG GTA AAG CAC TTT CAG AAA G* 1194 bp® RO0O07 HC-Pro F395L
R041 HC-Pro HC-Pro R41 F395L F CTT TCT GAA AGT GCT TTA CCC T* 183 bpb For construction of
HC-Pro R41 F395L R AGG GTA AAG CAC TTT CAG AAA G* 1194 bp® RO41 HC-Pro F395L
R065 HC-Pro HC-Pro R65 L395F CTT TCT GAA AGT GTIT TTA CCC TG* 183 bph For construction of
HC-Pro R65 L395R CAG GGT AAA ACA CTT TCA GAA AG* 1194 bp® RO065 HC-Pro L395F

Bold type shows the recognition site of the enzyme indicated in the “Feature” column

? Altered nucleotides for making mutant HC-Pros are underlined

® When amplified with the respective isolate-specific HC-Pro reverse primer

¢ When amplified with the respective isolate-specific HC-Pro forward primer

HC-Pro is a well-known VSR affecting viral RNA stability
and replication levels, with multiple sequence differences
between isolates (Suppl. Fig. 3). VSR activities of RO07 and
R-041 were similar, and more than twice that of R065, not
corresponding with differences in SN (Fig. la,c). R041 and
R065 HC-Pro differ by only two residues, of which only R041
Leu”” is in the central domain associated with VSR activity.
AsR065 (weak VSR) and RO07 (similar to R041) have Phe®”’,
this cannot explain relative VSR efficiency unless other
changes in R007 compensate for ‘negative’ effects of Phe?”’.
The other difference is Phe®” (R041) or Leu®*® (R065) in the
C-terminal protease domain. Two mutants in the central, and
one in the C-terminal domain, of Tobacco etch virus (TEV)
HC-Pro reduced both VSR activity and symptom severity;
other mutants throughout TEV HC-Pro either ablated VSR
activity and systemic infection or were neutral or increased
both VSR and symptom expressions [34]. A mutation of the
Zucchini yellow mosaic virus FRNK motif to FINK caused
dramatic symptom amelioration in squash and ablation of
symptoms in other cucurbits despite accumulation levels
similar to WT [35]. Although none of the differences between
R0O07,R041, and R0O65 affect any previously identified HC-Pro
motifs ([8, 10—13, 15, 36-39], Suppl. Fig. 3), R065 Leu**> may
affect HC-Pro folding, local structure, and/or self-interactions
affecting VSR activity, restored in R065; 305k (Suppl. Fig. 5).

Subcellular aggregation of GFP:HC-Pro corresponded
closely with VSR activity, suggesting a relationship
between HC-Pro self-interaction and VSR activity. Lack of

@ Springer

R0O65 HC-Pro aggregation appears related to differences in
self-interaction, but aggregation is not directly related to
SN induction. The single C-terminal variation between
RO07/R041 and R065 HC-Pro (F395L) may influence self-
interaction and inhibit aggregation (Suppl. Fig. 5), as this
domain contributes to TuMV HC-Pro self-interaction [40].
However, R041g395;. reduced VSR activity but did not
ablate aggregation, suggesting that L**” may modify the
effect of F**> on aggregation (Suppl. Fig. 5).

Differences in GFP:HC-Pro localization correlated with
differences in VSR efficiency (R007 and R041, higher VSR
activity, HC-Pro aggregation; R065, weaker VSR, few
punctate aggregates). However, these HC-Pro characters do
not correlate with symptom severity (R041, R065 induction
of SN in Chinese cabbage and N. benthamiana, RO07 mosaic
in both; this study, [25]). TuMV symptom determinants
appear to be host specific, even within the Brassicaceae.

Different potyviral proteins affect symptoms in a host-
specific manner [e.g., 41-44], and the lack of correlation
between VSR efficiency and SN induction suggests that
differences in viral accumulation due to HC-Pro are not
responsible. We will further examine differences in HC-Pro
identified here through construction of infectious clones, and
substitution of different HC-Pro sequences and single resi-
dues to form chimeras in a common TuMV backbone gen-
ome. Through such studies, we hope to further advance
research into TuMV biology and identify determinants of
pathogenicity.
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