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Abstract Kimchi cabbage is an important crop as one of the five major vegetable crops in Korea. It is
reported that soft rot and black rot caused by Pectobacterium sp. and Xanthomonas campestris pv. campestris
known in kimchi cabbage. In 2020 and 2021, samples showing symptoms of soft rot and black rot were
collected from Taebaek, Haenam, Goesan, Wanju, and Gimje in Kimchi cabbage, and Pectobacterium sp. and
X. campestris pv. campestris were isolated 19 and 4, respectively. Isolates of Pectobacterium sp. and X.
campestris pv. campestris were screened for streptomycin resistance, with one from an field in Goesan
showing resistance at 100 pg/ml streptomycin. X. campestris pv. campestris streptomycin-resistant SmR (XccSmR)
occurs a point mutation that altered codon lysine (AAA) to arginine (AGG) of the ribosomal rpsL gene,
containing codon 88. To assess the levels of streptomycin resistance, XccSmR showed resistance to
streptomycin at levels 2,500 pg/ml. Identification of streptomycin-resistant strains is important to prevent the
emergence of resistant populations. Thus, isolation of X. campestris pv. campestris from various kimchi cabbage-
growing regions and resistance monitoring are needed to reduce the spread of streptomycin resistance strains.

Key words kimchi cabbage, Pectobacterium sp., Xanthomonas campestris pv. campestris, streptomycin resistance
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2013; Chan and Goodwin 1999; Vicente and Holub 2013).
TEgk Ao el WRke: F518E U OT|= Pectobacterium
S RS Ao 7= Pseudomonassds) 32 HE W
Aol GA AT F Al Hol F5 F4e] FHEIE

S (Williams 1980; Cook et al., 1952).
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1993, Yong et al., 2004). AAAH o2 ~EZ Enlo]AlS
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Z2E FEEZ A ¥ B/ AASE, oHE-$e
NEZ AFHEI 1% 2P FFRANEF 70% oeh2 2 FH

258 5 dasE A eSS AlFoA

Tryptic soy agar (TSA, Difco)l] &4 =23k 5 25°C
HFBIAL, TG #5S Fot +5 srae sidith =
gk Aol &83s7] 913 ERATFEAN WFFEEE P
carotovorum 275(KACC 18645, KACC 22674), P,
brasiliense 277 (KACC 22675, KACC 22678), P. odori-
Jeum 135 (KACC 22680), P versatile 1:7+F(KACC 22669),
HEM S Xanthomonas campestris pv. campestris 67
T(KACC 10377, KACC 17966, KACC 19132, KACC
19135, KACC 19136), Xanthomonas% 2% 2d5(KACC

Table 1. GPS information on the fields from which the sample was collected

No. Strain City GPS
1 MHPb01 Wanju 35.825531, 127.044364
2 MHPecto2101 Taebaek 37.324627, 128.971006
3 MHPecto2102 Taebaek 37.327345, 128.968922
4 MHPecto2103 Taebaek 37.277156, 128.991127
5 MHPecto2104 Taebaek 37.280820, 128.988684
6 MHPecto2105 Taebaek 37.268358, 128.953900
7 MHPecto2106 Gimje 35.853265, 126.903521
8 MHPecto2107 Gimje 35.853656, 126.912609
9 MHPecto2108 Gimje 35.853400, 126.904200
10 MHPecto2109 Gimje 35.853100, 126.904300
11 MHPecto2110 Haenam 34.376194, 126.614083
12 MHPecto2111 Haenam 34.377533, 126.616486
13 MHPecto2112 Haenam 34.377418, 126.618890
14 MHPecto2113 Haenam 34.377328, 126.606497
15 MHPecto2114 Haenam 34.390627, 126.607624
16 MHPecto2201 Taebaek 37.217939, 128.967567
17 MHPect02202 Taebaek 37.215344, 128.970909
18 MHPect02203 Goesan 36.8485731,127.745617
19 MHPect02204 Goesan 36.788083, 127.794183
20 MHXcc2101 Taebaek 37.217806, 128.967611
21 MHXcc2201 Goesan 36.848573, 127.745617
22 MHXcc2202 Goesan 36.788083, 127.794183
23 MHXcc2203 Goesan 36.701441, 127.724629
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Table 2. Survey information for the field where streptomycin-resistant (SmR) Pectobacterium sp. and Xanthomonas sp. was detected

No. Strain Identification Year City SmR Codon 83
of rpsL
1 KACC 18645 P, carotovorum 2014 Jeongseon - -
2 KACC 22674 P, carotovorum - Jeongseon - -
3 KACC 22675 P, brasiliense - Pyeongchang - -
4 KACC 22678 P, brasiliense - Hongcheon - -
5 KACC22680 P, odoriferum - Gangneung - -
6 KACC22669 P versatile - Gangneung - -
7 MHPb01 P, brasiliense 2021 Wanju - -
8 MHPecto2101 Pectobacterium sp. 2021 Taebaek - -
9 MHPect02102 Pectobacterium sp. 2021 Taebaek - -
10 MHPecto2103 P, carotovorum 2021 Taebaek - -
11 MHPecto2104 Pectobacterium sp. 2021 Taebaek - -
12 MHPecto2105 Pectobacterium sp. 2021 Taebaek - -
13 MHPecto2106 P, carotovorum 2021 Gimje - -
14 MHPecto2107 P, carotovorum 2021 Gimje - -
15 MHPecto2108 P, carotovorum 2021 Gimje - -
16 MHPecto2109 P, carotovorum 2021 Gimje - -
17 MHPecto2110 P, carotovorum 2021 Haenam - -
18 MHPecto2111 P, carotovorum 2021 Haenam - -
19 MHPecto2112 P, carotovorum 2021 Haenam - -
20 MHPecto2113 P, brasiliense 2021 Haenam - -
21 MHPecto2114 P, brasiliense 2021 Haenam - -
22 MHPect02201 P, carotovorum 2022 Taebaek - -
23 MHPect02202 P, carotovorum 2022 Taebaek - -
24 MHPect02203 P, brasiliense 2022 Goesan - -
25 MHPect02204 P, brasiliense 2022 Goesan - -
26 MHXcc2101 X. campestris pv. campestris 2021 Taebaek + AGG
27 MHXcc2201 X campestris pv. campestris 2022 Goesan - -
28 MHXcc2202 X campestris pv. campestris 2022 Goesan - -
29 MHXcc2203 X. campestris pv. campestris 2022 Goesan - -
30 KACC 10377 X. campestris pv. campestris - - - -
31 KACC 17966 X campestris pv. campestris - Gangneung - -
32 KACC 19132 X campestris pv. campestris 2013 Pyeongchang - -
33 KACC 19133 X. campestris pv. campestris 2013 Gangneung - -
34 KACC 19135 X. campestris pv. campestris 2013 Samcheok - -
35 KACC 19136 X campestris pv. campestris 2013 Taebaek - -
36 KACC 14864 Xanthomonas sp. - - - -
37 KACC 11139 Xanthomonas sp. 1999 Cheonan - -

* SmR : streptomycin-resistant
14864, KACC 11139y =@¥dastd sHnAE23
(KACC)oIA 4 wigket.

I:g

F=L|

=3
1S FAs7] St saeldt 23709 #FES
E] DNA 5% 7]E(Plant DNA extraction kit, Qiagen)S A}
&3to] DNAS #3ltt. F5H+#e] Agst 545 9
Ef} mutilocus sequencing analysis (MLSAYE AA5}7] $5
Aconitate hydrasel (acnA), Glyceraldehyde-3-phosphate dehy-
drogenase A (gapA), Isocitrate dehydrogenase, specific for
NADP+ (icd4), Malate dehydrogenase (mdh), Mannitol-1-
phosphate dehydrogenase (mt/D), Glucose-6-phosphate iso-

ok Mo
(o}

r.(

merase (pgi), Gamma-glutamylphosphate reductase (proA)
Az A7IMLE R T (Ma et al, 2007). 2 74
b SEE Table 39] Z2jolmE ©]8-8191aL PCR 242

Ma et al. (2007)°] 713 Wdel w2l AAsIATE 7719
AR A7IMEE SAHE 2o F 3,118 bpe] LS
oz AFTE ATt A2 16S rRNA
£ 518F (5'-CCAGCAGCCGCGGTAATACG-3"), 800R (5'-
TACCAGGGTATCTAATCC—3') Zegpolm g o]&st] PCR

S ANEL 97188 s th(Sanko et al., 2018).
HE A7MLEE o]83td MEGA version 7.0.26014 Maxi-
mum Likelihood TreeZ Bootstrap 35S 1,0005H=2-02 A
A3} Juke-Cantor model= A1 &3} 741%% 2.

Ed |:||.0|A| MatMd AH

AT 2EYErA AP HHL 9l5te] TSA vl
Al SESIERIOIL 100 gt A7151e] A1, 4
2EdEnlo]Al 100 pg/mlo] 71 vjx]o] H
3}04 A a5 ALela, Aol
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Table 3. Primers developed for MLSA of Pectobacterium sp.

fon

L 24| 55

f

Target Primer Primer sequence (5’-3°) {2 :1“8%111 ((:gg)

acnA acnA3F CMA GRG TRT TRA TGC ARGAYT TTA C 288
(Aconitate hydrasel) acnA3R GAT CAT GGT GGT RTG SGA RTC VGT
gapA gapA326F ATC TTC CTG ACC GAC GAA ACT GC 407
(Glyceraldehyde-3-phosphate dehydrogenase A)  gapA845R ACG TCA TCT TCG GTG TAA CCC AG
icdA icdA400F GGT GGT ATC CGT TCT CTG AAC G 479
(Isocitrate dehydrogenase, specific for NADP+)  icdA977R TAG TCG CCG TTC AGG TTC ATA CA 438
mdh mdh86F CCCAGCTTCCITCAGGTTCAGA
(Malate dehydrogenase) mdh628R CTG CAT TCT GAA TAC GTT TGG TCA
mtlD mtID146F GGC CGG TAA TAT CGG CCG TGG 395
(Mannitol-1-phosphate dehydrogenase) mtID650R CAT TCG CTG AAG GTT TCC ACC GT

mtIDF CTG YTG GAT GCI CTS AAC MGY CG

mitDR TCC ACR GCR GAA TCW ACR AAT CC
pgi pgi815F TGG GTC GGC GGC CGT TAC TC 495
(Glucose-6-phosphate isomerase) pgil396R TGC CTT CGA ATA CTT TGA ACG GC

pgiF2 CTG TCY ACC AAT GCS AAA GCC G

pgiR2 CAG CAG GAT GGA GTT GGT CGG

peiF TCT YTI GGI TTT GAK AAY TTT GA

pgiR YGC CGC YGI AAA TTCIGC TTC
proA proAF1 CGG YAA TGC GGT GAT TCT GCG 616
(Gamma-glutamylphosphate reductase) proAR1 GGG TACTGA CCGCCACTTC

AEHEDO[Y XMEHY 2H FHA AE A psL FEK
#HOo| ZA

% 290 455 e R 2EREnelN M-S A
sk A, bl A F2lE MHXce2101 U #5377+ A4
o Ao Yyttt o] ¢ A Hdr|gE $45)
7] 913] DNA $% 7]E(Plant DNA extraction kit, Qiagen)
£ ARE-3le] DNAE 8ttt strd®t sorB Ak} rpsL
FAAL HL)e] A7IME HelE BA3] 91314 Table 49
zglo]mE 0|83l PCR $3531%13L, PCR 271 Sharma
et al. (2022)°] 71| Wl Mt AAEAT PCR AH=
SuE 1% o7t 2493te] PCR S342HeS g11s)
Act.

2EHEDO|A MEM FFo MK S HAH
TSA) wjkE 2EEnlelil A3 g5 458 2

Table 4. Primers developed for polymerase chain reaction

< Smioll A&l ODge 0.12 2% Al A=l
100 plE F3te] TSA wijAof 3t =gaiict Ha =dsh
HjA] o] 2~E Erto]21(0.064~1,024 pg/ml)e] FEEZ A
Z]¥ E-test (Biomerieux) 2EHE HjA|o] 2¥EL 28°C
oA 24417k v Fetltt. et o2 AEJ Rl 2
A TFA X campestris pv. campestris (KACC 10377)3}
H BT, gk A3 #59] HAYAEE(MIC, mini-
mal inhibition concentration)E 2H13}7] $Jste] A o
TS WH U9 & 2EfErA 0, 1, 5, 100, 500,
1,000, 2,500 pg/ml F5E 8 mm paper disc (Toyo Roshi,
Japan)ol| &2 ZEZEnlo]Al vhg-S ZALsIGITH

~—

k=,

s
o, A, 4, AAA S oA BN |
gt A3 Z 1909 Pectobacteriumdt3 4719

Target Primer Primer sequence (5'-3") Amplicon length (bp)
strd strA-F CCAAGTCAGAGGGTCCAATC 760
strA-R TGACTGGTTGCCTGTCAGAG
strB strB-F TAGATCGCGTTGCTCCTCTT 758
strB-R ACGTTTCGCAACCTGTTCTC
rpsL rpsL-F CAAGCGACCACCTACAAGAGT 315
rpsL-R GTACTTGGAACGGCCTTGAC
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43 [— Ecc71(P.carotovorum)
Ecc193(P.carotovorum)

Ecc63(P.carotovorum)

CFBP 1879((P.carotovorum)
To0 MHPecto2110
| 1091 MHPecto2111

1001 MHPecto2112
00 Ecc380(P.carotovorum)
WPP14(P.carotovorum)
WPP220(P.carotovorum)
8 |[1 wpp221(P.carotovorum)
Ec97(P.carotovorum)
r U mHPecto2108
1L MHPecto2109
9 | MHPecto2106
75| MHPecto2107
WPP17(P.brasiliense)
MHPbO1
MHPecto2113
MHPecto2114
Ecd6(P.brasiliense)
MHPecto2204
WPP165(P.brasiliense)
Psp940(P.brasiliense)
MHPecto2203
Ec105(P.brasiliense)
Ec87(P.brasiliense)
BAA-419(P.brasiliense)
Psp938(P.brasiliense)
BAA-417(P.brasiliense)
37L Psp939(P.brasiliense)

P carotovorum

°
2
T
£

P brasiliense

Xanthomonasd©| E-2|=|AT}. Pectobacteriumtt=- Brenneria
%3} Dickeya?-S X33l MLSA 43 A5 A4S
&3l P carotovorum, P. brasiliense 2&°2 5783tk
(Fig. 1). EFF P carotovorum 135(GenBank: LC782010)
3 P brasiliense 2% (GenBank: LC645699, LC685064)]
16S rRNA 971X ¥& NCBI HloJgjH|o) e FE35S}.
Pectobacterium-2 Brenneria%;, Dickeya®=} ﬁ]iﬂﬁi
A7t Wi, ¥ H9E 25dEHe S Y F Ao
(Fig. 1). Jee et al. (2020) Tl <Jatd =] HH%ZHHHX] oA
© 550l e dodl= AoR UTA Y2 ofH XAl
A B2t #FAME P odoriferum, P aroidearum, P
versatile= -2 1A 9¥Skth. AR Al B x e
3 FF= EF P carotovorum®) 2™ g X JdH=
P. carotovorum3} P brasiliense S+ 5°] S E2|= Aot

c106(P.wasabiae) o
O e syosapium) | £ strosepticum A FH Awsh @Y #F 57 BA Lok A ¢4
> » ot ' P B oo ot AEHQ 2AP} ootk
EcaG(P:fr::(:PZc;m) oram) o~ 83O 5 — A
91y Ecl .betaassulorum)
ch6(P.betaassulorum) O ZZ O KX
) |P betaassulorum A 35 € IS AR AEE. B, A4A
SCRI 488(P. -
— e AollA] Helet AW 4 #5E 168 rRNA 9714 E
ity | P2 wasabize 28 F9 ASTE AT AF Xanhomonas campestris
37 WPP172(P.wasabiae) . . .
£sats? o |5 _ pv. campestrisZ A THFig. 2). A7 GA] Al FE= Wit
100 |Eni50312(Brenner.ia spp.) renneria Spp -
e ) ool #5122k e gl Weld e A

Ech0862(Dickeya spp)
Ech1591(Dickeya spp)
Ech586(Dickeya spp.)
Ech3937(Dickeya spp,)
Ech646(Dickeya spp.)
98 L Ech721(Dickeya spp.,)

Dickeya spp.

Fig. 1. Phylogenetic analysis of Pectobacterium strains based
on sequences of acnd, gapA, icdA, mdh, mtID, pgi, and proA.
DNA sequences sourced from the NCBI database were aligned
using ClustalW and phylogenetic trees were constructed and
visualized using the maximum likelihood and MEGA7, respec-
tively.

Aer g ojge] MU FelEA Qo) el a5
2 W% fuol WED A3, =F WAl Sl Aow &
QARTHEIOIE VAN, Fule] A, Wi 7 2l
Y A7 oS Aol A, Weltel 54 Sl e
A77} s,

AEHEDON MM HH
2T d2ysHde] 2EAErR AdS 4

Fig.

Xanth pestris pv. pestris B100
"lv th pestris pv. campestris 8004
MHXcc2101
Xanthomonas campestris ATCC 33913T
0 “I_ MHXcc2201
MHXcc2203
—— MHXcc2202
Xanth pestris pv. pestris LMG 568T
22— Xanthomonas oryzae pv. oryzae LMG 5047T
| Xanthomonas cassavae LMG 673T
Xanth isM97T
Xanthomonas arboricola LMG 747T
~ _“l Xanthomonas hortorum LMG 733T
Xanth fragariae LM G 708T

Xanthomonas phaseoli ATCC 49119T
Xanthomonas citri DSM 3849T
Xanth

"™

Xanth euvesi ia DSM19128T
Xanthomonas alfalfae LMG 9325T

—
0.0005

P

pv. ax

2. Phylogenetic analysis of Xanthomonas campestris pv. campestris and Xanthomonas spp. based on sequences of 16S rRNA.

DNA sequences sourced from the NCBI database were aligned using ClustalW and phylogenetic trees were constructed and
visualized using the maximum likelihood and MEGA?7, respectively.
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Fig. 3. A, Polymerase chain reaction (PCR) detection of the rpsL and str4 and strB. Lane M: 1-kb ladder. N: Negative control. S:
XCCSmR; B, Pathogenicity assay in kimchi cabbage inoculated with KACC10377 and XccSmR. KACC10377 and XceSmR
produced similar symptoms in kimchi cabbage at 14 days postinoculation. C-D, Inhibitory effect of streptomycin on the growth of
KACC10377 and XCCSmR, assessed using the E-test strip (C) and the paper-disc method (D). Streptomycin concentration: 0 -

2,500 pg/ml.

st Ax, FEHFIME AFHS 2 777 wEEA
kot Akl Fejgh HeM S HFH(XCCSmR) 19+7
7} ZEEnfoldl ARl Zo R SRIFSITHTable 2).
2o 2 AR TP AT TR =23 (KACC)
#re BT ZEfEuolAl Ao SRIEIh AF
S Uel A8 (XCCSmR)S ~E# Enfojalo]
FEEE F850] = Etest 2EY BIAEE 3 A3} 7t
4 #F KACC10377E HAGAF=7F 3 pg/ml &1 A
of vlal A FFE 1,024 pg/mlellA = AR gho] A
A ol ZEEuto]ile] AAdAS thA] RIS
tHFig. 3C). A4 #F(XCCSmR)E WiF f-E 550 3
iR o @ st A, A ot vlaske] WYl
2ol QlE Ao & UERITtHFig. 3B).

B AolA] SR v F e ZE Erfolal A8
A FF7F o, o] Aol M wljFE, FollA] Fe
st 76700 FEY T 7 I #57F ZEFErtolAl A9
2ol Ao A v} QThKim et al., 2021). EA] o)
= WiF deey S Q8 52 oHe glod, &

EfEnfollo] THE AtA7F w5 51 WAl AR
¥ 2}, Stall and Thayer (1962)0] 1ol 2Ja] ~E2
Entolil A3 AlFAFHWL (X, campestris pv. vesica-
toria)®] Ao HS wyEelon] o] F Xu et al. (2013)
o o3l ¥ AAvEHIF(X. oryzae pv. oryzae)?] ~EFE
mto] Al AT BAEATH & AFolA weE Ag
3 ALAEHA A, wiE AR FEE WAE
93l 2EZEnto|2l Fo] oA Ax7} HIHE] o] Foizxl A
o] Aadete] 3 Ao R AZtEH, 5 oy A
I A A2 FS FElst] A S BUEHE

strB 3218
o o181z 9FITHFig. 3A). WEbA T o2 717 F s
?l rpsL AARFE] G7IME
F-9o A 2he] Al (AAG)e] ©

I te
M
£
rot
i)
o
o0
o0
g
©
=)
s
2

7TA(AGG)O-Z Ho|7} Ay

Table 5. Difference in rpsL sequence between the streptomycin-sensitive and -resistant isolates of Xanthomonas campestris pv.

campestris
Strain SmR¥ Sequence
8004 - CCGTGGTCCTGATTCGTGGTGGTCGCGTCAAGGATCTTCCCGGTGT
MAFF302021 - CCGTGGTCCTGATTCGTGGTGGTCGCGTCAAGGATCTTCCCGGTGT
3811 - CCGTGGTCCTGATTCGTGGTGGTCGCGTCAAGGATCTTCCCGGTGT
XceSmR + CCGTGGTCCTGATTCGTGGTGGTCGCGTCAGGGATCTTCCCGGTGT

*)Absence (-) or presence (+) of streptomycin resistance
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SRI3IATH(Table 5). Xanthomonasse] ~EF] En}
AT rpsL FAAS] SdA7IRCl 23] 43

o
RN

E

(<]
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24 Jth(Zhang et al,, 2015). Wb B ApolA
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ole] ¢Jal] ZEZEnLo|Al AGPHS I53 E amylovora
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R IEAH(Chiou and Jones 1995; McManus et al., 2002).
5 = &5 MIC F=5 F67] 918lM H 2 5=
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