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For several years, temperatures in the Korean penin-
sula have gradually increased due to climate change,
resulting in a changing environment for growth of
crops and vegetables. An associated consequence is that
emerging species of insect vector have caused increased
viral transmission. In Jeju Island, Korea, occurrences
of viral disease have increased. Here, we report char-
acterization of five newly collected turnip mosaic virus
(TuMYV) isolates named KBJ1, KBJ2, KBJ3, KBJ4 and
KBJS from a survey on Jeju Island in 2017. Full-length
c¢DNAs of each isolate were cloned into the pJY vector
downstream of cauliflower mosaic virus 35S and bac-
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teriophage T7 RNA polymerase promoters. Their full-
length sequences share 98.9-99.9% nucleotide sequence
identity and were most closely related to previously re-
ported Korean TuMYV isolates. All isolates belonged to
the BR group and infected both Chinese cabbage and
radish. Four isolates induced very mild symptoms in
Nicotiana benthamiana but KBJS induced a hypersen-
sitive response. Symptom differences may result from
three amino acid differences uniquely present in KBJS5;
Gly(382)Asp, 11e(891)Val, and Lys(2522)Glu in P1, P3,
and NIb, respectively.

Keywords : hypersensitive response, mild symptoms, tur-
nip mosaic virus

Handling Editor : Ju, Ho-Jong

Turnip mosaic virus (TuMV) is a member of the genus
Potyvirus within the family Potyviridae of plant viruses
(Adams et al., 2011; Fauquet et al., 2005). Potyviruses
have monopartite single-stranded positive-sense RNA
genomes of 9,500-10,000 nt that are encapsulated in long
flexuous filamentous particles of 700-750 nm in length.
Because TuMV infects and damages a wide range of
both crop and ornamental plants, including plants in the
family Brassicaceae, it is an economically important virus.
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TuMYV is distributed worldwide and has been reported
from tropical regions of Africa, Asia, Oceania and North/
South America (Provvidenti, 1996). Most TuMYV isolates
were collected from the family Brassicaceae, especially
the genera Brassica and Raphanus but also several non-
brassicaceous species (Ohshima et al., 2002).

TuMV is transmitted by a wide range of aphid species
in a non-persistent manner. Climatic conditions that favor
the build-up of aphid populations increase the spread of
the virus. Consequently, climate change is altering the
growing environment, affecting the production crops in
the region, including Chinese cabbage, radish, rice, and
soybean (Mckeown et al., 2004, Oh et al., 2015). Recently,
incidences of insect-transmitting viruses have increased in
China, Korea, and Japan (Yasaka et al., 2017). The weather
patterns in East Asia are becoming monsoon-like, with
heavy summer rainfall and severely cold winters (Ye et
al., 2017). Therefore, the production of major crops and
vegetables in these three countries are impacted by similar
viral diseases. In addition to wind-assisted movement of
insect vectors from west to east, increased agricultural
trading between these countries enhances the movement of
viral diseases (Tomimura et al., 2003).

Recent studies showed that isolates of TuMV and
soybean mosaic virus (SMV) from Korea, both of which
are insect- and seed-transmitted, were closely related to
isolates from Japan and China, respectively (Han et al.,
2016; Li et al., 2014). A previous report revealed Chinese
and Japanese TuMYV isolates originated from discrete
lineages of the same population (Tomitaka and Ohshima,
20006).

TuMYV isolates from around the world have been
classified into four major groups based on either their
biological phenotypes or phylogenetic relationships of
their full genome sequences. At the biological phenotype
level, isolates of the [B]-host type infect Brassica species
systemically, inducing mosaic symptoms, but do not
infect Raphanus (radish), while [(B)]-host type isolates
occasionally infect Brassica latently, but also do not infect
radish. Isolates of the [BR]-host type infect both Brassica
and Raphanus, inducing systemic mosaic symptoms, and
[B(R)]-host type isolates systemically infect Brassica
with systemic mosaic and occasionally infect Raphanus.
Phylogenetic analysis separates isolates into the basal-B
(Brassica), world-B, basal-BR (Brassica/Raphanus), and
Asian-BR groups. Among these groupings, the basal-B
phylogenetic group, and [B]-host type group are the most
variable, and isolates originate from diverse hosts including
the Brassicaceae and a variety of other plant families
(Ohshima et al., 2002; Tomimura et al., 2004; Tomitaka

and Ohshima, 2006; Nguyen et al., 2013a, 2013D).

TuMV was recognized as a major cause of yield loss to
radish and Chinese cabbage in the Gangwon area of South
Korea (Choi and Choi, 1992; Hahm, 1995; Hahm et al.,
1998). TuMV together with cucumber mosaic virus (CMV)
and radish mosaic virus (RaMV) were also reported from
a nationwide survey of radish fields conducted in South
Korea in 2014 (Chung et al., 2015). Recently, Gong et al.
(2019) collected new TuMV isolates from South Korea
that showed symptoms of varying severity on Chinese
cabbage, Nicotiana benthamiana and radish. Although
new TuMYV isolates were reported from Korea recently,
a detailed genetic analysis has not been conducted of
TuMV isolates from Jeju Island where 30% of Korea’s
vegetables including carrots, Chinese cabbage, and radish
are produced (Kim et al., 2012). Analysis of TuMYV isolates
from Jeju Island would provide information useful to study
the lineage and movement of TuMYV isolates among China,
Japan and mainland Korea.

In our current study we constructed full-length infectious
clones from TuMYV isolates collected from Jeju Island in
2017. Our study focused on how closely the Jeju Island
TuMV isolates are related to isolates from mainland Korea
to determine the probable origin of the Jeju Island isolates,
and their potential symptom determinants.

TuMV isolates from Jeju Island were collected in 2017
from radish fields in the Andeok region. The collected rad-
ish tissue showed mosaic and mottle symptoms. The virus
infection was confirmed by RT-PCR using TuMV-specific
primers (5'- TCT CAA TGG TTT AAT GGT CTG G-3'
and 5’- AAC CCC TTA ACG CCA AGT AAG-3'). From
collected tissues we obtained 10 TuMV full-length cDNA
constructs in the pJY binary vector as described by Han
et al. (2016) and Park et al. (2017). All constructed clones
were evaluated for pathogenesis using agroinfiltration of
N. benthamiana as described by Lim et al. (2009). N. ben-
thamiana plants were infiltrated with each of the clones and
maintained in a growth chamber at 22-24°C or held in the
lab for 24 h and then placed in the growth chamber. Seven
of the full-length clones showed symptoms when inoculat-
ed on N. benthamiana. The full-length 9,833-nt sequences
of seven infectious pJY::TuMV cDNA clones were deter-
mined by Macrogen Inc (Seoul, Korea). Sequences were
assembled using CodonCode Aligner (CodonCode Corpo-
ration). Four clones showed unique sequence differences,
and the other three clones were identical. Finally, we were
named the five TuMYV isolates as KBJ1, KBJ2. KBJ3,
KBJ4 and KBIJ5.

To evaluate the different pathogenicity of the five TuMV
isolates, N. benthamiana plants were inoculated separately
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Fig. 1. Symptoms of the five isolates (KBJ1-KBJ5) inoculated to Nicotiana benthamiana, shown at 7 days post inoculation (dpi) and
21 dpi; and to radish (Raphanus sativus) cultivars Chunghua and Iljin at 14 dpi. Representative plants inoculated with each isolate are
shown. TuMV infection of all radish plants was confirmed by RT-PCR.

with each of the full-length clones by agroinfiltration. Mild
mosaic and mottle symptoms appeared with each of the
five isolates at 5-7 days post inoculation (dpi). At 7-14 dpi,
the plants inoculated with isolates KBJ1-4 show severe leaf
curling, mosaic and growth inhibition or partial necrosis.
Plants inoculated with KBJ5 showed initial symptoms
similar to the other isolates, but in addition developed stem
necrosis. KBJS induced systemic necrosis at around 21 dpi,
while isolates KBJ1-4 produced only mild symptoms with
significant stunting (Fig. 1). Upper leaves of additional
N. benthamiana plants inoculated with each isolate were
harvested at 5 dpi and used to inoculate three 2-week-old
seedlings each of R. sativus cvs. Chunghua and Iljin. At 14

dpi, no symptoms were observed with KBJ1, while varying
degrees of mosaic were observed with the other four iso-
lates (Fig. 1); all radish plants of each cv. were infected, as
determined by RT-PCR.

For each sequence, the large open reading frame was
translated using the Translate tool (http://web.expasy.
org/translate/) to produce polyprotein sequences for each
isolate of 3,164 amino acids. Complete predicted amino
acid and nucleotide sequences were aligned separately
using ClustalW. To investigate the region responsible
for the systemic necrosis of KBJS, we first compared
the full-length sequences among these five isolates. The
KBJ4 isolate share the highest identity with KBJS, with



384

NI P
FNIDJE
N T

NID |P

NI B P

[ I I
=22 =

INMAE
ITNMAE
INMAE
INMAE
THMAE

Nla-VPg

HVELEW
HVELEWV
HVPLEV
HVELEWV
=HVPLEWV

t 1
20402043

T 1 t
20322034 2037

ROEQLA
RQEQLA
ROEQLA
ROEQLR
ROQEQLA

T
2915

W
L I R

4y}
[ #7]

Ln
L

* 1 )
998 1000 1067

:— NIa-Pro —:

ETLKE
aTLKE
aTLE
aTLK
aTLK

) )
2301

Fig. 2. Amino acid residues differing among isolates KBJ1-5. Isolate KBJ-5 is marked in red because it can induce systemic necrosis in
Nicotiana benthamiana. Differing amino acid residues are shown in red or blue, with unique KBJS5 residues 382 (HC-Pro), 891 (P3) and

2522 (NIb) marked by a red box.

99.93% nucleotide (nt) sequence and 99.84% amino acid
(aa) sequence identity. There are only five aa differences
between the two isolates, residues 47 (P1 region), 382,
394 (HC-Pro region), 891 (P3 region), and 2522 (NIb
region) (Fig. 2A). Isolates KBJ1-3 differed from KBJS
by between 14 and 23 aa residues. Among all of the
different aa residues, only three differences were shared
by isolates KBJ1-4, which all induce mild symptoms in
N. benthamiana. Interestingly, only isolate KBJ5 had Asp
at aa 382 in P1, Val at aa 891 in P3, and Glu at aa 2522
in NIb, where the four mild isolates all had Gly, Ile, and
Lys, respectively, at those positions. Potyvirus proteins,
including HC-Pro, P3, CI and CP, have been identified
as the virulence and avirulence determinants in various
hosts (Gal-On, 2000; Jenner et al., 2002, 2003; Redondo
et al., 2001; Saenz et al., 2000, 2001; Suehiro et al.,
2004). Through analysis of Jeju Island isolates we found
aa variability in HC-Pro, P3, and NIb showed different

symptom development, and could be potential candidates
to analyze host and virus gene interactions.

Additional TuMV sequences were obtained from NCBI
Genbank. Phylogenetic relationship of TuMYV isolates in
this work were analyzed together with twenty previously
reported Korean TuMV isolates (Gong et al., 2019; Han et
al., 2016) and 33 previously characterized TuMV isolates
(Nguyen et al., 2013a) from NCBI. All isolates were
compared based on aa and nt sequences. Phylogenetic
trees were constructed by MEGAG6 using the maximum-
likelihood algorithm with 1000 bootstrap replicates
(Hall, 2013). TuMV isolates were categorized into four
previously described groups (Nguyen et al., 2013a, 2013b).
The pathotypes of TuMV isolates were divided into
two types: Brassica (B: can infect Brassica spp. but not
Raphanus spp.) and Brassica-Raphanus (BR: can infect
both Brassica and Raphanus spp.) (Ohshima et al., 2002).
All of the Korean isolates examined fell within the Basal-
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Fig. 3. Phylogenetic tree constructed by the maximum-likelihood
method with 1,000 bootstrap replicates, based on the complete
genome sequences of 58 TuMV isolates including twenty other
Korean isolates (Gong et al., 2019) and the five new isolates from
Jeju (indicated by arrows to the right of the isolate/accession
number/country label).

BR group, with the Jeju isolates intermingled among the
previously characterized Korean isolates. A further minor
clade of the Basal-BR group is composed of Italian isolates
ITA1 and ITA2, with Italian isolate Call and Japanese
isolate KWB779]J falling between the other two Italian

isolates and the large group of weakly separated Korean
sequences including all five Jeju isolates (Fig. 3). There
were close relationships between individual Jeju Island
isolates and specific previously reported Korean isolates:
Jeju isolate KBJ1 was grouped with DJ1, DJS, DJ4; KBJ2
and KBJ3 were most closely related to DJ2; while KBJ4
and KJB5 grouped with isolate D6. Isolates DJ1-D6 were
originally from a radish field in Daejeon, Korea. These
results imply that Jeju Island TuMYV isolates originated
from the mainland of Korea rather than from neighboring
countries.

Here we report the complete genomic sequences of
five newly developed TuMV infectious clones from
Jeju Island, Korea. Interestingly four of the Jeju isolates
produced relatively mild symptoms in N. benthamiana,
whereas only KBJ5 induced stem necrosis and systemic
foliar necrosis in N. benthamiana, and differed by only five
amino acid residues from mild isolate KBJ4. As three of
these differential residues were also distinct from KBJ1,
KBJ2 and KBJ3, it was probable that one or more of these
three residues (D382 in HC-Pro; V891 in P3; and E2522 in
NIb) are singly or jointly determinant(s) of mild and severe
necrosis. To address this, we generated chimeric constructs
AAB and BBA between KBJ4 and KBJ5 by exchange
of a 5'-terminal Apal-Spel (2829 bp) restriction fragment
including the differential P1, HC-Pro, and P3 residues
(Fig. 4A). The change I(891)V was also made in the
KBJ4 Apal-Spel fragment by PCR substitution of a single
nucleotide change in the Spel-containing reverse primer
(5’-AAACTAGT AAAACAGCTA CATTGCTGTC
CGCTCTGACG-3’; Spel site underlined, altered nt in
bold), allowing creation of additional chimeric constructs
ABB and ABA (Fig. 4A). Each of the chimeric constructs
was then inoculated to both N. benthamiana and R. sativus
cvs. Chunghua and Iljin, as before. Chimera BBA induced
the most severe symptoms in both N. benthamiana (severe
mosaic and growth inhibition) and the two radish cvs,
(obvious mosaic), but without the systemic necrosis in N.
benthamiana induced by KBJS5; chimeras AAB, ABB, and
ABA all induced mild symptom more typical of KBJ4 in
N. benthamiana and both radish cultivars (Fig. 4B). From
these results it appears that both the KBJ5 N-terminal
region containing differential P1, HC-Pro and P3 residues
and the C-terminal portion including NIb (E2522) are
required for the necrosis induced by KBJ5. However,
comparison of BBA (severe) to ABA (mild) suggests that
the region including P1 and HC-Pro residues derived from
KBJS5 are important for symptom severity, while because
AAB and KBJ4 induce the same symptoms, NIb (E2522)
is not significant by itself; similarly, as ABA, ABB, and
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Fig. 4. (A) Structure of the chimeras constructed between mild isolate KBJ4 and severe isolate KBJS. Chimeras AAB and BBA were
generated by exchange of a 5" Apal/Spel fragment; to create chimeras ABB and ABA, mutagenic PCR was utilized to alter a single nt
resulting in 1891V in the Apal/Spel fragment. (B) Each chimeric construct was then used to infect Nicotiana benthamiana, and radish
cultivars Chunghua and Iljin. Images of representative plants were captured at 24 days post inoculation (dpi) for N. benthamiana, and 14

dpi for radish.

KBJ4 have the same symptoms, neither P3 (V891) alone,
or P3 (V891) + NIb (E2522) are sufficient to induce severe
symptoms. As HC-Pro (D382) is the only other residue
unique to KBJS, this residue is presumable required for
severe symptoms, in combination with NIb (E2522) and

possibly P3 (V891).

It is not unusual for potyvirus symptoms in different
hosts or even cultivars to depend on differential residues
in distinct gene products including P3 (Jenner et al.,
2002, 2003; Saenz et al., 2000) and other gene products
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(Salvador et al., 2008), and we have previously identified
apparent interactions between determinants in two TuMV
gene products affecting host reactions (Kim et al., 2019).
However, in the current case, symptom severity co-varied
in N. benthamiana and R. sativus, and the influence of P3
(V891) may either increase or decrease symptom severity
dependent on the context of other differential residues.

In addition to the identification of residues potentially
associated with symptom severity in N. benthamiana and
radish, the first full length sequences of TuMYV isolates in
Jeju Island reported here will contribute to understanding
the potential relationships among Eastern Asian TuMV
isolates.
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