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Phylogenetic Analyses of Pepper mild mottle virus and Cucumber
mosaic virus Isolated from Rorippa palustris
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During a field survey in 2014, a Rorippa palustris plant showing virus-like symptom was collected from
a pepper field in Dangjin in Korea. The collected sample was subjected to examine infection with
pepper-infecting viruses. Molecular diagnosis assay showed that the collected R. palustris sample
was co-infected with Pepper mild mottle virus (PMMoV) and Cucumber mosaic virus (CMV). This is the
first identification of PMMoV from R. palustris and the first report of CMV infection of R. palustris in
Korea. To examine phylogenetic positions of the identified PMMoV and CMV isolates, their complete
genome sequences of were determined and compared with those of previously reported isolates of
the cognate viruses. Phylogenetic analyses revealed the isolates of PMMoV and CMV obtained from
R. palustris are closely related to the pepper isolates of the cognate viruses. Our results suggest that R.
Received July 27,2015 palustris could act a weed reservoir of PMMoV and CMV.
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(Edwardson®} Christie, 1986). Wz}A] ZHE Al A] Blo] & A

ol

M OB

FEE A2 vhol 2 2 o Aejaty Zw e A uho] 2 &

A wiliste £8 S 7IFR EHA A A2 e
Hho|H A0 F7 7| F B dEF AR o] §-E £y ol

oY A A H Y9 gL strh(Coutts 5, 2009; Rist2} Lorbeer,
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B HAE A8l 24 A vpol Y& A Frzof gt
a7t 2 8.5t

3L ol A o a7t 2o BB, Tyl
A= 1659 viol 2| A7F Bl Eglon, I F 20| EA}o]
3u}o]| & 2(Cucumber mosaic virus, CMV), 7579 ZH}o] 2] A&
2 (Broad bean wilt virus 2, BBWV2), 130} = 1 Enjo] 2] A
(Pepper mild mottle virus, PMMoV), 13X EH}o] & 2 (Pepper
mottle virus), 73X AFEFO] ] A Y (Potato virus Y), ERFEHFA 9] %
H}-o] 2] 2~ (Tomato spotted wilt virus, TSWV)ol| 2]3t 7+ vl %=
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7} 7Vd = A YEFdTHKIm 5, 2011). 0] 5 Hfol 2| A E
2 4 D oS0 Yl AntE 22 uFA )R] FH 2
o] #he] 7} vpol g A A Wl o} I o] Qltt. o] & Hlo]
22 F CMVY] - 5559 Fx 7|57} o) m] ml=o A B
3.5 v} 91 H(Hobbs 5, 2000), = U] 9| A] = BBWV2<&] &=
7132 2 5 (Achyranthes japonica)©] X 315 131, TSWVE]
A& 2" Z(Stellaria aquatis), 2 2 (Stellaria media)©] 3=
7152 B 31E v} ) thKwon £, 2000; Lian 5, 2013). £<459]
Z(Rorippa palustris) A A2}t &-8F= 7R 7 o] & 294
22, T op A of| A AAlete x| Fo Fom o
2HA Atk =Wl 71S 9l 284 R palustrisS} R. islandica F &
o] BE &20|Z 2 B4 Rislandica= Z YA &5 0
Z}o] Zu}o] & 2(Turnip mosaic virus)2] % 7|1 F 2 R H
v} Q1 © ™ (Choi 5, 1994), R. palustris= R. indica®} & & ¢} CMV
o] zrz 7|2 X 31 H v} Q1 th(Hobbs 5, 2000). 2014 9

A9 DRA 2 W R oA A vhol 2 F4
& UERE 0] B8 AP ato] chera nagrutol e

o] g3t 7 o] F-E reverse transcription-polymerase chain
reaction (RT-PCR)S 53] A3t 2 1, PMMoVe}F CMV 2] &gt
ddol AU & dFolA= PMMove] 2 7|52
A E&o|ES AA H 22 FAYCH, SHo1 2w
1 Tl Hgoz gelstach ety $44 2w
o1 ole) 805 227t dufol dsotel A4S ot n
A}, &4: 0] Zof| A E2] ® PMMoVF CMVe] A A G71 A E
Aot o5 o] AT LAY S T

RS

Al= iH’éI 5%' Hiol2{A F3.
F"§7\]°ﬂ/\1

20149 109 9 &
PEXPO]E HA 3} 8

24 ARE FAsH] f8 HA S o= des
L€ PureLink™ RNA mini-kit (Ambion, Austin, TX, USA) & ©]-&
8l Total RNAS FE3H ¢tk T Auto] A 9] 3HQl& ¢t
RT-PCR-2 Access Quick RT-PCR system (Promega, Madison, WI,
USA)Z} 113 Hio] 2 & Xtk o] ko] m(Table 1)5 )&
sto] A AT

HO[ZA HH Az BF. Holdx AA A= 5
2 915 <DNA &2 3 geho] So] Zeto|m(PMMoV
3’ Rev, 5'-GAAAAATAATTACGTCGTTCGC-3'; CMV1&2 Rev,
TGGTCTCCTTWTGGAGRCC-3’; CMV3 Rev, 5-TGGTCTCCTTW

TRGAGRMCC-3") ¢} Superscript Il RTase (Invitrogen, Carlsbad,
CA, USA)E o]&3t R th. ZF <DNAS] PCR S&-2 Platinum
Taq DNA polymerase (Invitrogen)& ©|-&3}o] A A5} %
I, AA FAR FZo g 5w Zeto] v (PMMoV
5" Fwd, 5'-GGCTTACACACAACAAGCTACC-3; CMV1&2
Fwd, 5-GTTTATTTACAAGAGCGTACGGTTC-3'; CMV3 Fwd,
5-GTAATCTTACCACTKTGTKTG-3)2} cDNA gt of] o]-8-3F 3

o Zeto| o o] § 5tk $ 5 AA| §24H= QAuick
gel extraction kit (QIAGEN, Hilden, Germany)E ©|-&3}o &
A
B
1,000 bp—
500 bp —

Fig. 1. (A) Symptomatic leaves of Rorippa palustris co-infected
with Pepper mild mottle virus (PMMoV) and Cucumber mosaic virus
(CMV). The leaf samples were collected from Dangjin in 2014. (B)
RT-PCR detection of PMMoV and CMV from the symptomatic of R.
palustris. The sample was subjected to detect 6 pepper-infecting
viruses as indicated on the top of the image using the specific
primer pairs (Table 1). PCR amplicons were visualized under ultra-
violet light in 1% agarose gel containing 1 pg/ml ethidium bro-
mide. BBWV2, Broad bean wilt virus 2; PVY, Potato virus Y; PepMoV,
Pepper mottle virus; TSWV, Tomato spotted wilt virus; NC, nega-
tive control.
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Table 1. List of the detection primers specific for each pepper-infecting virus

Virus Primer Primer sequence (5’ — 3')
[@v\% CMV Fwd ATGGACAAATCTGAATCAACCAGTGCTGGT
CMV Rev TCAGACTGGGAGCACTCCAGATGTGGG
BBWV2 BBWV2 Fwd AAACAAACAGCTTTCGTTCCG
BBWV Rev GCCATCTCATTGGCATGGA
PepMoV PepMoV Fwd TTGAATGTGGTACATATGAAG
PepMoV Rev CATATAATAATATTTCATCCC
PMMoV PMMoV Fwd GAKTCWKCTTCGTTTTAACT
PMMoV Rev AACTTATTTWYRCCATCATGT
TSWV TSWV Fwd ATGTCTAAGGTTAAGCTCAC
TSWV Rev TCAAGCAAGTTCTGCGAGTT
PVY PVY Fwd TGGTGCATTGARAATGGAACCTC
PVY Rev GTCTCCTGATTGAAGTTTACAAG

CMV, Cucumber mosaic virus; BBWV2, Broad bean wilt virus 2; PepMoV, Pepper mottle virus; PMMoV, Pepper mild mottle virus; TSWV, Tomato

spotted wilt virus; PVY, Potato virus Y.

Table 2. List of sequencing primers for determination of complete genome sequences of PMMoV and CMV

Virus Primer Primer sequence (5’ — 3’)

PMMoV 5'Fwd GGCTTACACACAACAAGCTACC
1281-1238 Fwd CGAGGGGAAAAGGTTAGCAAG
1320-1295 Rev GTAAGTAAGCGCTTTCGACTGGTATG
2391-2411 Fwd GTGCTTTGTTGCGCTTCTCAC
2552-2531 Rev GCACTGCTTATATGGGGTTCAC
3591-3614 Fwd GAATGTCAAGGATTGTGTGTTGGA
3793-3772 Rev GAGAAGCGGTGTCTTCGATGTC
5018-5040 Fwd CGAAAGTTGACAAAGTGATTGCA
5134-5111 Rev CGGACACAACTAACCCTGCTAAAC
3'Rev GAAAAATAATTACGTCGTTCGC

cmv R18&2 Fwd GTTTATTTACAAGAGCGTACGGTTC

R1_923-946 Fwd
R1_1104-1079 Rev
R1_1946-1969 Fwd
R1_2074-2051 Rev
R1_2798-2821 Fwd
R1_3011-3032 Rev
R2_946-970 Fwd
R2_1054-1030 Rev
R2_1979-2004 Fwd
R2_2065-2088 Rev
R1&2 Rev

R3 Fwd
R3_222-244 Fwd
R3_314-291 Rev
R3_1155-1177 Fwd
R3_1280-1257 Rev
R3 Rev

ATGTCTTATGTTCATGATTGGGAG
GGGAACCAAATACAATGTCGAATGAG
GGCGGTGATGACAAAAGAAACTCC
ACCCTCGGGCACAGGACGCATCCA
ACGATGACCCAAGCTGATAAGGCC
CACCACAGTACTCGTAGCGGAA
GTGACTCGACTCTGCCCACTCATAG
GACTGTCGAAGTCTAACATGATCCA
CAACATGGAAGCTAAGGTGATGGAAC
CCTCGCGCAATGGATCTGGAACGG
TGGTCTCCTTWTGGAGRCC
GTAATCTTACCACTKTGTKTG
ATGGCTACTGAGTGTGACCTAGG
ACCGTGGGTTACTTCGGGAACGAG
TCTCATGGATGCTTCTCCGCGAG
ACTGGTTGATTCAGATTTGTCCAT
TGGTCTCCTTWTRGAGRMCC

PMMoV, Pepper mild mottle virus; CMV, Cucumber mosaic virus.
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AT} ZF PCR A& pGEM-T Easy Vector (Promega)®ll
'J gk F Bioneer (Daejeon, Korea)ol| 2] &|sto] A] A8k
913, 7t shol @] 9 RNA HElof cfa Al U4 Zafolmit
Table 20]) $20FsHgIEk. 7F vhol el 9] 2hek 47149 & 5t
3'rapid amplification cDNA ends-PCR (RACE-PCR) Bl o] 2]
3f| =45k thKwon 5, 2014). A| @A ol o8 A H 2
7] A &-& DNAstar program (DNASTAR, Madison, WI, USA) 2]
MegAlign} BioEdit sequence alignment editorE ©]-8-3}o] A
A G711 g2 ZAs8HF AL ZF 9 7] A4 E-S National Center for
Biotechnology Information (NCBI)2] GenBank®| tF2-3} 2+
accession No. (PMMoV, KR108206; CMV RNA1, KT310080; CMV
RNA2,KT310081; CMV RNA3, KT310082) = 5= 3} #th

e

M

AE M. Zfalol 2o tft f+
AoA B4 2 ALY E4S Lot 7] 913l NCBI
o PMMoV&} CMVE] £ 2] tigt 71 E AEE 4
s th 3o A £ H PMMoVe CMV 22| FE S4 2
2 Z83519 31 ZH2H9] outgroup L 2= Tobacco mosaic virus
(TMV, GenBank accession No.: X68110)2} Peanut stunt virus (PSV
RNAT1, GenBank accession No.: JN135294; PSV RNA2, GeneBank
accession No.: JN135293; PSV RNA3, GenBank accession No.:
IN135292)Z A}-8-3} 1T} Phylogenetic tree ZH4 S ] 3l A A
2979 47149 M FL ClustalW s o] 831917, A58
412 MEGA 6 program 2] neighbor-joining method 2} Kimura 2
parameter methods (1,000 bootstraps) ol 2] 3l 54 3} % T}

nE

FHEAZE

e

Hxjo] 2.9} ot A4S Hole £501&(Fig. 1A)9] Hlol
A2 A A FE 2ASH] Al 7 di &4 ]l 639 = U]
aFggutol 2 2of digt 44 Zetho|v(Table 1)E 1§
dko] RT-PCR A& A A BHA T 6F L5 FHFol 20
et zr At Zeto|w & o] -gsho] HAT At AT &

&0] & A|E7} PMMoVe CMVY] B3 ZHE = o IS &
g 4= QLU thFig. 1B). HH, &0 & Y A9 29 1L
% %719] "ol gl & WA & 3H(Table 3) AL A = CMVE}
PMMoV7} tha= A B o] &4 0] Fo] = 9] vho| 2 A 7 ¢
of gt Tt 7|F=A AEE 5 A AR A=A
I3 PMMoVet CMVE] 7t 7| F 2 A 9 £40]1 859 98-S
317 8l WA &) F o A &2 g PMMove CMVE]
AA d714 8= 45t PMMoV+= Tobamovirusoll <
3= positive sense single-stranded RNA H}o] 2 2 0], CMV
+= Cucumovirus 2] ] 3 vlo| H A2 A 371 9] positive sense
single-stranded RNAZ 4] H Hfo] g Aot} uhgkA] Z} Hfo]
H A0 Aol g5 da 3 g Zeto| | E A2t
Z}ZF O] RNAE 555t CMVE] 7 - RNATZ 2= S
7)1 A go] - fFAst] F Y Zeto]w E o] §-5to] AA| &
A} F-Z0f o] &3} H T} | F RT-PCRAHES ZHRNAS] 59
Zgto| v (Table 2)& ©]-§3t 1kb 7HE & = FHFgF Lol
H ol o3 A7 A Ee FFH o= Elst Tt 2t viol 7l &
RNAS] 57} 3t} & 7] A €-& RACE-PCRS ©]-&-5}o] A5}
Ak oA EAE AA A7AE 2, SHo]EoA &
2] 5 PMMoV (PMMoV-RP):= 6,3577112] €712 ZAE o
™, NCBI Genbank®]] =B & KR1082062 5=3}9.1L, CMV
(CMV-RPDJ)9] 7% RNA 1,2, 3= 72} 336271, 3,0247H, 2,211
el E71 2+ = o] 32 &IskaL ZF RNAY] o 3ff 4=
¥ & KT310080, KT310081 L KT3100822 S-23} 5 t}.

AA Aw Q719 245 v o2 e g
PMMoV&} CMV Y] theFet B2l 3520 Ale A ed ¢
A S B A5} 9t NCBI GenBankoll AA F71 A do] 52
H PMMoV 2] 79 tf & 150 A F- 2] H vfo] 2| & | 7] A
dol et R FE2 L2 AF(TPO-2-19, Pa18, C1421, J, Iw,
L4BV), &= A&-(CN), B 2+ A &(BR-DF01), $1 %= A& (HP1),
2| Q1A E(S, la) = H AF (K 2] & 127] PMMoVE =3 5
32, outgroup Q1 TMV e} §H7A| #5741 A A8 T PMMoV
2] phylogenetic treex= A 27§ 2] cluster2 L+ 3121 RP &

Table 3. Incidence of pepper viruses in the pepper fields near the site where the infected Rorippa palustris was collected in Dangjin area

No. samples infected with pepper viruses*

Field Examined sample
cmv BBWV2 PMMoV PVY PepMoV TSWv
Dangjin-1 12 10 12 8 3 0 0
Dangjin-2 15 13 15 10 5 0 0

CMYV, Cucumber mosaic virus; BBWV2, Broad bean wilt virus 2; PMMoV, Pepper mild mottle virus; PVY, Potato virus Y; PepMoV, Pepper mottle vi-

rus; TSWV, Tomato spotted wilt virus.
*V\lirus detection was performed by RT-PCR.



Research in Plant Disease Vol. 22 No. 1 29

1001TP0-2-19(AB113117)
Pa18 (AB113116)
C1421 (AB069853)
40| J (AB000709)
S (M81413)
| CN (AY859497)
L RP (KR108206)
BR-DF01 (AB550911)
100| L HP1 (KJ631123)
Iw (AB254821)
100 [ KT (AB126003)
75L LABV (AB276030)
la (AJ308228)
TMV (X68110)

65|

64
59
100

||
0.05

Fig. 2. Neighbor-joining tree inferred from full genome sequenc-
es of 13 Pepper mild mottle virus isolates and Tobacco mosaic virus
(TMV) as an outgroup. The numbers on the nodes represent the
percentage of 1,000 bootstrap replications. GenBank accession
numbers are given in parentheses. Full genome sequence of the
isolate RP was newly determined in this study. TPO-2-19, Pa18,
C1421, J, Iw, and L4BV isolated from pepper in Japan; S and la
from pepper in Spain; Kr from pepper in Korea; CN from pepper in
China; BR-DFO1 from pepper in Brazil; HP1 from pepper in India.

2] 3=+ subgroup 19]] 223 == A & 2 YESETHFig. 2). B 71
A E SALE B4 A3 PMMoV-RP &2 F= 127 2] PMMoV
2259 04.9% 0|4 9] HEAL e T ARAEY
C1421,) B F 9} 97% = 7MY 22 A= S B Y} B3
G40]F AAA) o 00 1304 £ 8 PMMOV (OJP1,
DJP2)] 9wtk B A o A &= 99%] F-AHEE LERA §L
THdata not shown). ©] & g+ -F-AHd -2 &4-0] & ] PMMoVe|
Shat vhol el A 577122 Hgshe] nEERO 2O vl
2 AGS NN 5 98- AR,

CMVE] A, 7] &0 Ha g 1371 CMV £ F 2}
outgroup 2.2 PSVo]| t 3] + ATAIE £4 3} chFig. 3). =]
= LA 22 EH o A G714 Dol 2 H 4571 ¢ MV
2T FollA 24 Aol A &= 1071 2] 22 F(RP2, RPS,
RP8, RP17, RP19, RP28, RP31, RP35, RP44, RP47; Kim &, 2014) S
AstE T 1 9 2 E83F 2 GIN (Choi 5, 2015)3F CMV
subgroup |, 18] o & £-2] 321 Fny<2} Q stain (Rezaian 5, 1985;
Rizzo2} Palukaitis, 1989)¢]| t 3l Al §E4 S sttt 3719
RNA©|| T &t CMV phylogenetic tree Z 3} CMV-RPDJ= Fny7}t
323+ subgroup 19]] £8F= Z © 2 Ve THFig. 3). RNATS)
A9 RPDJ B F 71 =L AEA S Hol: B3
RP28 (98.7%), RP47 (98.5%), RP2 (98.4%) $1-2- subgroup 12]
o2 2239l % 89.7%-90.9%2] -3-ALE S LEFJ TH RNA2
9] RPDJ+=RP8,RP17,RP19,RP31, RP35, RP44, GTN 2| ¢} 7+

A

RP44 (KC527813)
571 RP17 (KC527791)
RP31 (KC527804)
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Fig. 3. Phylogenetic trees inferred from full genome sequences of
14 Cucumber mosaic virus (CMV) isolates and Peanut stunt virus (PSV)
as an outgroup. The trees of CMV RNAT1 (A), RNA2 (B), and RNA3 (C)
were reconstructed by neighbor-joining method. The numbers on
the nodes represent the percentage of 1,000 bootstrap replications.
GenBank accession numbers are given in parentheses. Full genome
sequence of the isolate RPDJ was newly determined in this study.
RP2, RP5, RP8, RP17, RP19, RP28, RP31, RP35, RP44, RP47, and GTN
isolated from pepper in Korea; Fny and Q isolated from USA.
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2 clustero] &34 01 SAFE = 9939 o] AF O & LhERGT
RNA3S] 79 %= RNA2¢}H AL A 1S W ¢ =d| RP17,RP19,
RP31, RP35, RP44, GTN 2] 5=¢} clusterE 0| F 312, o] =
B2 F0b] A5 AL 99.5% o|AHSl A O & ZAE Qi) of
27, o2 1A A Ealdk cmvel 9w chul A B
A7}ol| A = PMMoV 7 -9} up k7] 2 999 o] AF2] AME A
< e 2l thdata not shown). CMV Al E-24] A 31}, RPDJ 2]
RNATE 2| S 2| 0 2 9] 4J(RP28)¥} 5}5-(RP47) T 22 H&H
A o o] B 3=} 74 AL HEE Fig. 3A), RNA29F 35 A4
(RP44), %4 F(RP17), &5+(RP35), F-2HRP19)T 22 F-A| - X
o o] 59 FALE 7 7HE =2 A 0 2 e THFig. 3B,
Q. CMVE F2 -2 A} A vl & (genetic reassortment) I} o]]
O)3f| 213} 9 thF/d = 7HA = Bho] 2| A2 A RPDJ & 2| =9
A2 A9Y T £ 7 AR A el o sh
TS Ee A2 188 &4 U

Y mFEZ Ao A PMMoVeY CMVE ©HE = 237}
o FH = 7HE wsi7t & fE: Al vpo] g Lolth £5
MVl - AR Eof gt i - S StE R &4 0] &0
i o] HAAAR ZLSF AL 2 &Z Q] vlo] A H
Aol Aol d o AUtk E3PMMoVE SAH o) 7Hs
St 2 PMMoVel 4 E | && ol &0l A A= tﬂ*—l%
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o] 215 7] &Y a7} 9l thLewandowski, 1999). 2 £ 3]
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