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Abstract Clubroot disease is one of the most wide-spread
and devastating diseases in the cultivation of Chinese
cabbage. To develop a protein marker for resistance to clubroot
disease in Chinese cabbage, a comparative proteome analysis
was performed between a sensitive line, 94SK, and a
resistant line, CR Shinki DH. Three proteins of two fold or
higher accumulation that are specific to each line were found
3 days after innoculation of the Plasmodiphora brassicae.
They are glutamine synthetase, malate dehydrogenase/
oxidoreductase and fructose-bisphosphate aldolase in the
94SK and actin, phosphoglycerate kinase, and Cw/Zn superoxide
dismutase in the CR Shinki line. From the comparison of the
synthesized proteins in the 94SK and the CR Shinki, CR
Shinki was found to produce more ATP-binding protein for
the ABC transporter while 94SK showed a higher level of
pathogenesis-related protein 1 production. All of these
proteomic variations may lead to the development of
molecular markers to accelerate the breeding process.
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WED. HaRe =
oA ApetA] o, Tr“E:TE A= Aodit AEo] 7hs
3t Ao 2 & HthKim et al. 1977). 1980 o] HTEE
A4, A7|E o] dof| A wWol WA AL, o] F 1990 o
HE A or gHAbE o] gl o] g R] 24 A ufA] <
oA FHaizb pE 2 Wel & shuolth(Jang et al

2001).
SR o] AR AR Bel B A% FL 51
9] oF ujokS £ w50 A%<l CR Shiki DH (Clubroot

Shiki Doubled-Haploid)2] A& EA-S F3 TAX A
o 247\}01] ol A3 8918H] Thlung et al. 2001). b

Tt of] A4S Kol CR Shiki DH A&} 7+
Se ol sasKehel HUE Qi FATE ol 89
ATA A AFLP EX]¢1x}7F A= 9l ch(Piao et al.
2002). CR Shiki DH 7| %2 3 A} race 2, 4, $H
of AT T SAGHA CROS 2T 9SS B
013} th(Piao et al., 2004). T3 RAPD u}A & o] 835}
WA AE 7o) $7H by BAu] dTE
AW E QA THYu et al. 2005).

A3t AvE DNA oA 8 nhA &S W=dte] =
w3l Ao WuA Bl AR4T AvE gaae
Faste] B A g A7 welele At
Wk, opulz Mol WSS Qo= Leprosphacria
maculans <+ A3}/3& Hol= Brassica carinata®] HE
2 u ST WL AR B Be A B
4 §AAE, o, LABA F2o] YaF FARL, 4
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of et A §AAE Fol AR B G 21%) Bastel LS S5 Stk 13,000 rpmo
A| A 3} S th(Subramanian et al. 2005). Brassica rapa2) A 2087F YA B o] dL AT N EHE 27

| WS o) oA 2 &
M= THEA = 5] dldsS A 55
o A WFAs} th(Kaido et al. 2007). H}3= downy mildew
(Hyaloperonospora parasitica)®l| % Brassica napus©i| 4]
917 o] e A o) ¢Fo] FbekA AL, o5& HAAIS H]
wosh g o 3350 o] WA el F7kek A s
Ao g 3915 THSun et al. 2014).
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B2 S ALl 742l 94Kek Bl ALl o)
race 2, 4, 89 #3342l CR Shinki DH (Clubroot Shinki
Doubled-Haploid) A1 5-% # AA79] FAYE2 o] §3-%
o #j 5 SAHE 25x38x12 cm EZE O mpEho] 24 of A
25/20°C(16/8 hr, Z2/0F) 2 A0 2 17§19 ZoF wjoFatad).
Williams (1966)2] B o 2 wtd 22 Hal% Plasmodiophora
brassicae Woron. @] 242 1x10" spores/ml 9] =2 B a]o
&AL, B 23S 80%, pH 602 F-A5k3iTh

wa| ZRORLE{| LN £5 U Y

A% 33, 590] 94SK9F CR Shinki DH 7| £.9] /j#| 25

83k 1 g9 B 24 EH% 3 10 ml9] acetone
solution T [10% (w/v) TCA, 0.07% Dithiothreitol (DTT)]-& &
3ol & x-2uk B4 7](Sonic Dismembrator Model 500, Fisher
ScientificAH) @] 15%9] =2 25 ZHpulse on/off 4%/7%)
Baosich 24 F 24L 1705 20°Co] 4 AHA
71 % 13,000 rpmofl A 10427F A2t & 2R 3F pellet
off AFR o] ==FO] acetone solution II (0.07% DTT
3HS A 7151t} Pelletd} acetone solution 1S 2+ 4l = &
13,000 rpmof] 4l&2]5}e] pelletsr ThA] ¥l 5 LUt9
acetone solution [[& Y= AL 23] =718} t}. Pelleto]
acetone solution [ F7}3F T -20°Cof| A 30&7F A A
2Tk 13,000 pmol A 2087F A4 B e] 5ho] AL peller
SAAZRE ol &sto] AXRAX] F 300~400 pl lysis
buffer (7M Urea, 2M Thio-Urea, 40 mM Tris, 4.8% CHAPS,
0.8% Bio-lyte pH3-10, 2 mM TBP, 1 mM PMSF, 5 mM
EDTA)S Z7}sla 223} E4)7](Sonic Dismembrator Model
500, Fisher scientificA}) 2] 15% 7= 2 28 7Hpulse on/off 4

Two-dimensional Electrophoresis

Isoelectric focusing2 ¢l @A A &2 rehydration buffer
[9.4 M urea , 4%(w/v) CHAPS, 100 mM DTT, 0.5% Bio-lyte]
of Holx HAAFFo] 450 ple2 Y= T tracking dye=
0.001% Bromophenol Blue 1 ul& A 7}st%ch &2 308
-1 A 7HAF-2 0| A rehydration buffer®} ¥F-g-3F 3 rehydration
tray 2| wello]] YAsIA EF513L 1 o] IPG strip (pH 4-7,
24 c¢cm, Amersham BiosciencesAl)< &&=l S-S 1)
23l 1.8 ml2] Drystrip Cover Fluid (Pharmacia Biotech)= &
@1t} IPGphor (Amersham BiosciencesAb)2 ©]-&3}Fo] 20°C
o) A rehydration (50 V, 24 hr) 3} & 250 V-1 hr (20°C), 500
V-1 hr (20°C), 1000 V-2 hr (20°C), 8000 V-0.5 hr, 8,000V —
9,000 Vhr (20°C)= & 5STA R 3} <F 96,200 Vhr=
Focusing}3 T}, Focusing®| B4t stripS-2 equilibration bufferl
[6 M urea, 50 mM Tris pH 8.8, 2% (w/v) SDS, 30% (w/v)
glycerol, 1% (w/v) DTT]o| A 1557}, equilibration buffer2 [6
M urea, 50 mM Tris pH 8.8, 2% (w/v) SDS, 30% (v/v) glycerol,
4% (w/v) iodoacetamide] o] A 15827 x| }o] orbital shake
o HMHs] =AM HPSstA Stripo] HoFal
equilibration bufferE ZHF 42 A Al F0] 9of strip
il FAZh SDS-PAGE= HR 37t £ strip
S 24x21x0.1 ¢cm®] 13% acylamide gel $jo <&
1% low melting agarose (0.01% Bromophenol blue 3Z3H=
A gl 24 A F ). SDS-PAGE:= Ettan DALTsix Large
Vertical Electrophoresis System (Amersham BiosciencesAl)<
o] g-5te] A o 2 W (30 min), 4 W (30 mim), 20 W (5 hr)
2 A7 Y= AU

U o rr

Silver staining

Rabilloud (1992)9] Silver G H-S HAGsIo] & A3
ol g3ttt olul A BHE 98] W7l dFol B WS

(o]

500 ml9] fixing solution (50% ethanol, 12% acetic acid)> =
A7t ol F EEHA sk o] F 500 ml2] washing
solution (50% Ethanol)©. 2 205X 23] W& & =847
20871 13] A A} 500 ml9] sensitizer-2-99(0.02% NayS,0;)
OB 2RZ A F, FRFER 3EH 35 A& T 500 ml
9] Staining solution (0.2% AgNOs, 0.02% Formalin)© = 20
B2 gAsteTh @ F 4524 28] FREE Aoz
5500 ml2] develope solution (6% NayCOs, 0.05% Formalin,
0.0004% NaxS,05;) 2.2 nA|5lo] 243 E5HA AA 29
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ch Al spoto] H ] 500 ml2] Stop solution (50% Methanol,
12% acetic acid) 0.2 1027t 2|t HF--S HERT)

Coomassie blue staining

o2l =4S 95t AL Neuhoff et al. (1988)2] Coomassie
blue staining O 2 HM3}Ih SDS-PAGE Ado| &
W ogel 3 hr 500 ml9] fixing solution [7% Acetic acid, 40%
(v/v) Methanol] © 2 A3+ & 500 ml9| staining solution
[17% Ammonium sulfate, 34% Methanol, 3% Phosphoric acid,
0.1% Coomassie sto (Bio-rad AN 2.2 24417k A g]5le] &
ASEATE G2 5500 ml9] destaining solution [1% Acetic
acid]| & 2 HH7§_—] AN Z9ch

o=

Image analysis

UMAX Powerlook 1100 Scanner (UMAXADE ©]-8-3}¢] 500 dpi
o Sl ESl MERES HEsho] gl scansho] o]o]
£ t)X93} 5}4c} Melanielll (GeneBio, Geneva, Switzerland,
http;//www.genebio.com/Melanie.html) & ©]-8-5}¢] ImageE 7t
o] zp5Erd TR =9 oFF HAAF o7 B A}
S th. Spot detectionS gelo] YR EL AAslo] o2
parameters (Number of smooths, Laplacian threshold, Partials
threshold, Saturation, Peakedness increase, Minimum perimeter)
= destol o] yo] HuASS Hoje wol FAR
G $ES Aotol BE gol YO HHASE P
At Hwsk= omAE 7He] FYZH 54 abundant
proteinE landmark 2 X Aot & o] & 7|22 F gel 9]
4}l matchingS A] 3} T g gel2] A spotE 2] o] n]
A ol thsto 57 spoto] AR5z AT volumes %
volume © = Mellanie Il EZZ 13 of 93] AAHE parameter
£ HlaLsto] 2uf o] o] v Tl A Sof tisho] A}

-1> ml

94SK root at 35days

X A8} 3l annotationd} i TF. THal A E 9]
pl& IEF9] ] IPG strips8] pHe} Melanielll = 72
= ol&sto] A4t on, SDS-PAGE oA Low
molecular weight protein standard (Amersham Biosciences)E
SR AR FUR gelo] A A71GED
zZRagoz 2t guel YR B
AEE g

rbl “”"

5 Melanielll
o) gler

LC-MSMSE St HHE 59

Gel2 ¢ Ze} 3435t AL trypsin© 2 in-gel digestion
3t & LC/MS-MS (Thermo Finnigan LCQ DECA; X 2 €2
g, &) S8l 2 e =59 opn| kAl vl HE
& 91t} Mascot search program& ©|-83}¢] NCBI, SWISS-
PROT, W Mass Database 2} 2] peptide sequence Tf-5-& £33t
homology ZAIE E3f @A ES EA43}c]

| GE e BEZA Hw

% 5 27 AYS-35F 94SK e} CR Shinki DH 4] &of Hlf
ce 45 HET ¥ 34, 5Y0f B E A
oS i%ﬂME}. Al FET HE AE
5U7F A Augt & W HAS 2ARSH] 2 HE 9
d& A58 Th(Fig. 1). IEF2] pH 3-10  9{of 4] 9
S BASAS Ho] F2 pH 47 ol
ol §ME 7, siF=E =ol7] s pH
o] A S ZEelsto] ofF 50052 T
T3 A thFig. 2).
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94SK root at 35days after inoculation

Fig. 1 Confirmation of Clubroot disease symptoms in the Chinese cabbage roots of 94SK with inoculation of Plasmodiophora
brassicae at 35 days after inoculation (DAI) compared to the 94SK root without innoculation
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Fig. 2 Comparative proteomic analysis of root proteins of 94SK (clubroot disease susceptible Chinese cabbage) without inoculation
(A1) and with inoculation (A2) at 3 DAI. CR Shinki DH line (clubroot disease resistant Chinese cabbage) without inoculation (B1)
and with inoculation (B2) at 3 DAI. C1 and C2 are recombined data of A2 and B1 for comparison

Fig. 3 Parts of 2-D images as shown in Fig 2 showing difference in proteins from roots of 94SK without inoculation (A1) and with
inoculation (A2) at 3 DAI as well as from roots of CR Shinki DH line without inoculation (B1) and with inoculation (B2) at 3
DAL CI1 and C2 are parts of 2-D images showing difference in proteins from the roots of 94SK and CR Shinki DH line without
inoculation, respectively. The circles indicate the up or down regulated proteins in those comparisons

359 G Y] AZIHE SIstgirhFig. 3 A2). o]
) £48 Ea) 28 o]4ke] HolE Holt T AR Spot |
(pI 5.12, Mw 45 KDa), spot 2(pI 5.92, Mw 36 KDa), spot 3
(pl 6.51, Mw 43 KDa)5 o] &= Qlrh. E3H v A}
A AFALS Hol= CR Shinki DH AF A2 HF
T 39 HejolM HHF AeIt vlalste] 371 e,

Spot 4-1 (pI 5.31, Mw 52 KDa)} 4-2 (pI 5.31, Mw 52 KDa),
spot 5 (pl 5.67, Mw 63 KDa)o| X5 a2 2 A A x|
QI thFig. 2 B2). o|u|zx] BEAZZ 7S] Melanielll & =
4% % Volume 53 28 o] WA AJo]F Hol=

A ool E g

[N
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AEZ] TRES HLE S5 459 A spotS
sholstoithEig. 3 C2). ARHAAET Bele v 4=
A2 2AHE HHAL ARy AFN B B
0]% Spot 6-1 (pI 5.15, Mw 15 KDa)@} spot 8 (pI 5.30

47 KDa)#} 7/ AlgolAd iAoz & Ud
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%l- /\-]o 94SK0]] x—l}_ -6‘ 3oloﬂ 1:11—6:]3]:0] 5.7].5] E]—HHZ]
2 glutamine synthetase, malate dehydrogen ase/oxidoreductase,
fructose-bisphosphate aldolase = 2}91 %] I tHTable 1). Glutamine
synthetases= HUof F3ab-80] FHEARA ofu| it
O PAote R 2 a4aE AEZY dEYol
52 A £g oA YA B shol Bl
of &5t AZZ/AE =07 H(endurance), H O 2 Al
ZAPEE F- 250 (evasion) B A E F st AORE
B =} ch(Seifi et al. 2013). Fructose-bisphosphate aldolase
= CO, 53} A4S 243t= a4 2 M calvin cycleo] A
Bet o g2 = BA7) starche) sucrose® A S= &
E22 x43l= £23% 98-S str}. Malate dehydrogenase/
oxidoreductase = CO; A I A I} H-HF}o] C; AEE A
HEA} FIAAEY A=A Abolof A oY A& AY

3= oJ3FS shh(Pagano et al. 2000). A H A o2 B g
47 BAEA kT ete o5 A S wjSE FARt
A 7] A S w5 o npA A &8
/gol ®elrt

7\1?'{}/‘51 Z29] CR Shinki DH AlEoA AE = 34H
of Wo] SolAow Frtstes WMASLE Z47] acti,

phosphoglycerate kinase, Cu/Zn superoxide dismutase (SOD)
2 1} tHTable 1). Actin2 H Y2 UL =24
0 2 Aslo] Al EQ H|&F Eo|F #dA o Tojst=

Hal 2 o] th(Kobayashi et al. 1997). g—J actin microfilament

o H42 cytchalasin O AAHLL Wl HAFA
o PAElsiTh S W g A B B3] 9

o AfrabaE dEror sk, BEsHA Ak
A7)k AlEoll e s 7t E 719 o] & A|ASko]of gt
ok {714k AASHE Cu/zn SOD7L W A4 A&
Q1 Brassica carinata®] TZEH L BEAL B3] Eojxog
Z7V8FS B 115} tHSubramanian et al. 2005). Phosphoglycerate
kinase (PGK)+= Al A1} AEF A of isoform o 2 Z23}H
A Az A= sF2-goll, GEA A= B o
k-0 oSkt (Anderson et al. 1970). % Arabidopsis 2]
watermelon mossic virus A3}4 A4 A7 GE2H PGKE
HiuEgoy AdE dovle 714 G AR &%k
TH(Ouibrahim et al. 2014).

H] 7 29] 94SK&} CR Shinki DH AlEoA Eo|st 2ralz}
0|5 Ho|= 22 slutamine synthetase (GS), pathogenesis-
related protein 1 (PR-1), ATP-binding protein of ABC trans-
portero] th(Table 1). GS&= Zr~A] 94SKol A HE 3Y &

Table 1 Identification of the proteins showing differential expression in the roots from 94SK and CR Shinki DH lines

Spot NO. Identity Peptides matched NCBI accession No. Mr(KDa)/pl

1 glutamine synthetase ITAEYIWVGGSGMDMR Arabi(gii(li)zigjflfaliana 47.225/6.28 94SK w/ up-regulated
2 ety dmgen:;:/lgfi doreductase VLV VANPANTNALILK Araﬂi;iilsgzﬁhana 35.548/6.11 94SK w/ up-regulated
3 fructose-bisphosphate aldolase TP;?&%@%‘E}ISGK Aralﬁﬂkl)f)iizs?f;liana 38.363/7.01 94SK w/ up-regulated
o e OMNGGOINGD gl sy €S e
42 phosphoglycerate kinase ELDYLVG AVSNPK Arab?;gsszijgtﬁ“ana 23.854/5.05 R SL‘:_‘]r‘eigEI:teZ“e w
5 Cu/Zn superoxide dismutase Avézgﬁfggﬁkgég GH Rap%i‘azrfu(ls lalltlivus 15.086/5.44 CR Sllj;i)ljf;gﬁhl:t el(iine w
6-1 glutamine synthetase EHIAAYGEGNER Lacgtﬂlzssljiva 30446524 R Vig“f;e?igc“ne
7 pathoﬁf;?iif'rlelated AEVGVGPLERWDEKVAAY Arabig;‘(}sszifgizﬁana 19.371/7.62  94SK wio specific
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e TR A AT ARelN AeA A%
of B3| =4 4&E 35}t PR-1S Arabidopsisol| A ¥ Q-
A EHo] 7| Aol A 18] 3l salicylic
acid A 2] = AT AAYS4 3 (SAR) HA T F Al
913 =] Q1 THLebel et al. 1998). Thofat A &2 9] A 27
2HE ZAYA7]E IS dl= ATP-binding protein of
ABC transporter= 4 2] 9, powdery mildew #34 &A
Zp2 9ba H th(Krattinger et al. 2009).

Plasmodiophora brassicae Worn. = H|3 FAlulAH S
Aol B A7 e = w5 9 ohE RS}t
A7t el g 2ok A A= HYd lﬂ’“ A9l
A ok 24 5o BAZ A EF K%0] 71 of
A9l Aerolch. olo] w2 BT TR el 9K

¢l CR Shinki DH #%-9] %H“@ A% g
997 skl W AFA T AT Ao
A E-S eSS TR E Fof| A glutamine

synthase, actin, phosphoglycerate kinase, Cu/Zn superoxide

o

us)

dismutase, pathogenesis-related protein 1, ATP-binding protein
of ABC transporter—= %% 2 0 & t}oFst A &2 WA}
Aol Hrwglrh ol WA nAE Ftoge & X
Z2HF 4% dAste Aoz ofAZY B G
WA 712k A#Alo] 22 malate dehydrogenase/
oxidoreductase, fructose-bisphosphate aldolase®] 73 9= A=
z7] ¥ 2L AAHS= ufARA 7S MG

'11" o o=
= 5 A

s ‘I:}‘im = HFoZ AA od 72 i S
= 550 A5 wEbA SASHE o i3 FAbt
A8 AZA DA marker7t AL E O] FF %% %A
gofl o]-g2 & itk & d7F o= Pd T
marker®] 7|2 Zgo] o] &% 7|ttt} @_} Hj = ot
WA map FE8ko] A7|E, A EE SN F
HoHE vl e ¢ Qs 7| EAIRE A5, o] gdllof & A
olt}.
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