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Clubroot caused by Plasmodiophora brassicae is an important disease of crucifer crops worldwide. This
study aimed to establish an efficient screening method to determine resistant cultivars of Chinese cabbage
against P. brassicae. To do this, we investigated the virulence of seven P. brassicae isolates using seedlings
of susceptible Chinese cabbage cultivar. The isolates exhibited different virulence in the plants and were
divided into three groups based on their virulence. When we explored the disease occurrence in Chinese
cabbage seedlings according to photoperiod after inoculation of P. brassicae and incubation temperature,
the plants with all-day light showed higher disease severity than seedlings cultivated under 14 hr of light a
day. The occurrence of clubroot disease was most severe at 25°C, followed by 20°C and 18°C, but the fresh
weight of clubroot of the seedlings cultivated at 20°C was the highest, followed by plants grown at 25°C
and 18°C. When the seedlings of two commercial resistant cultivars were inoculated with the mixed spore
suspensions of two different pathotype isolates of P. brassicae, disease severity increased as the spore
concentration of the susceptible P. brassicae isolate among the two strains increased, suggesting that the
clubroot development by different pathotype isolates was independent and not influenced by each other.
Taken together, our results provide a faster and more accurate screening methods to determine the resis-
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°Kim et al. (2016).
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Fig. 1. Development of clubroot in seedlings of Chinese cabbage by 7
isolates of Plasmodiophora brassicae. Ten-day-old seedlings of Chinese
cabbage ‘Norangkimjang’ were inoculated with P. brassicae by drench-
ing the roots with a spore suspension of each isolate to give inoculum
density of 1.2x10° spores/pot. The plants were incubated in a growth
chamber at 20°C for 7 days with 14 hr light a day and then transferred
to a greenhouse (25°C+5°C). Twenty-one, 25, 28, 32, 35, and 39 days
after inoculation, disease severity of the seedlings was rated on a scale
0to 4. Each value represents the mean disease index of two runs with
10 replicates each. Values labeled with the same letter within each in-
cubation period are not significantly different based on Duncan’s mul-
tiple range test at P=0.05.
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Fig. 2. Area under the disease progress curve (AUDPC) of clubroot on
seedlings of Chinese cabbage ‘Noranggimjang’ caused by seven iso-
lates of Plasmodiophora brassicae. Each value represents the mean
AUDPC of two runs with 10 replicates each. Values labeled with the
same letter are not significantly different based on Duncan’s multiple
range test at P=0.05.
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Table 2. Disease reactions between Chinese cabbage cultivars
and Plasmodiophora brassicae

Group
Cultivar Pathotype Pathotype Pathotype Pathotype
1 2 3 3
Noranggimjang S S S S
CR-Cheongrok R R S S
DegaoCR117 R S R S
Cheonhajangkun R R R S

Modified from Kim et al. (2016).
S, susceptible; R, resistant.
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Table 3. Development of clubroot on seedlings of three Chinese cabbage cultivars according to growth stage’
Cultivar
Culture period Noranggimjang (S) Gyeouljinmyeong (R) Cheonhajangkun (R)
(day after sowing) Seed germination Disease Seed germination Disease Seed germination Disease
(%) index (%) index (%) index
0 30414 4.0£0.0° 40+2.4 0.0£0.0° 30414 0.0£0.0°
0.5 40+24 4.0£0.0 60+1.4 0.0+0.0 60+1.4 0.0+0.0
1 10+0.9 4.0£0.0 20+1.3 0.0+0.0 40124 0.0+0.0
2 100 4.0£0.0 100 0.0+0.0 100 0.0+0.0
3 100 4.0£0.0 100 0.0+0.0 100 0.0+0.0
4 100 4.0+0.0 100 0.0£0.0 100 0.0+£0.0
5 100 4.0+0.0 100 0.0£0.0 100 0.0+£0.0
6 100 4.0£0.0 100 0.0+0.0 100 0.0+0.0
7 100 4.0£0.0 100 0.0+0.0 100 0.0+0.0
8 100 4.0£0.0 100 0.0+0.0 100 0.0+0.0
9 100 4.0£0.0 100 0.0+0.0 100 0.0+0.0
10 100 4.0+£0.0 100 0.0+0.0 100 0.0+0.0

S, susceptible; R, resistant.

°Seedlings of three cultivars were inoculated with Plasmodiophora brassicae GN1 (pathotype 1) by drenching the roots with the spore sus-
pension to give inoculum density of 1.2x10° spores/pot. The plants were incubated in a growth chamber at 20°C for 7 days with 14 hr light
a day and then transferred to a greenhouse (25°C+5°C). Five weeks after inoculation, disease severity of the seedlings was rated on a scale
0 to 4, where 0=no symptoms; 1=a few very small, separate globular clubs on lateral roots; 2=medium, separate globular clubs on lateral
roots; 3=intermediate symptoms on main roots; and 4=severe clubs on main roots.

®Values are presented as mean disease index+standard deviation of two runs with 10 replicates each or number.

Fig. 3. Growth stage of Chinese cabbage four cultivars before inoculation with Plasmodiophora brassicae GN1. (A) Two days after sowing;
(B) 3 days after sowing; (C) 10 days after sowing. From the left, ‘Norangkimjang’, ‘Gyeouljinmyeong’, '‘DegaoCR117’, and ‘Chunhajangkun’

were sown for each growth stage of Chinese cabbage.
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Fig. 4. Clubroot development of Chinese cabbage seedlings ac-
cording to inoculum time. (A) Two-day after sowing; (B) 10-day af-
ter sowing. Seedlings of Chinese cabbage ‘Norangkimjang’ were
inoculated with Plasmodiophora brassicae GN1 by drenching the
roots with a spore suspension of the isolate to give inoculum den-
sity of 1.2x10° spores/pot. The plants were incubated in a growth
chamber at 20°C for 7 days with 14 hr light a day and then trans-
ferred to a greenhouse (25°C+5°C). The photos were taken 35 days
after inoculation.
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Fig. 5. Development of clubroot in seedlings of Chinese cabbage
inoculated with Plasmodiophora brassicae according to tempera-
ture and photoperiod. Ten-day-old seedlings of Chinese cabbage
‘Norangkimjang’ were inoculated with P. brassicae GN1 by drench-
ing the roots with a spore suspension of the isolate to give inocu-
lum density of 1.2x10° spores/pot. The plants were incubated in
growth chambers at 18°C, 20°C, and 25°C with 14 hr or 24 hr light a
day. Eighteen, 21, 25, and 28 days after inoculation, disease severity
of the seedlings was rated on a scale 0 to 4. Each value represents
the mean disease index of two runs with 10 replicates each. Values
labeled with the same letter within each incubation period are not
significantly different based on Duncan’s multiple range test at
P=0.05.L, light; D, dark.
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9} Scholes, 1995). ol 4 AE A=9 AollA BHH 2
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T} Rice, 1979), 0|58 A EES TS B3 718
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=tk (Brodmann <, 2002; Evans3} Scholes, 1995; Keenx} Wil-
liams, 1969; Mithen} Magrath, 1992). w}ehA] A< 32 22
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Fig. 6. Fresh weight of clubroot in seedlings of Chinese cabbage
inoculated with Plasmodiophora brassicae according to tempera-
ture and photoperiod. Ten-day-old seedlings of Chinese cabbage
‘Norangkimjang’ were inoculated with P. brassicae GN1 by drench-
ing the roots with a spore suspension of the isolate to give inocu-
lum density of 1.2x10° spores/pot. The plants were incubated in
growth chambers at 18°C, 20°C, and 25°C with 14 hror 24 hr light a day.
Eighteen, 21, 25, 28, 32, and 35 days after inoculation, fresh weight of
the clubroot was measured. Each value represents the mean fresh
weight of two runs with 10 replicates each. D, dark; L, light.
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Table 4. Clubroot development on seedlings of two Chinese cul-
tivars by mixed inoculation of Plasmodiophora brassicae GN1
(pathotype 1) and P. brassicae DJ (pathotype 2)°

Table 5. Clubroot development on seedlings of two Chinese culti-
vars by mixed inoculation of Plasmodiophora brassicae DJ (pathot-
ype 2) and P. brassicae PC1 (pathotype 3)°

Mixed ratio of Cultivar Mixed ratio of Cultivar
two isolates CR-Cheongrok DegaoCR117 two isolates CR-Cheongrok DegaoCR117

0:100° 0.0+0.0 & 40+0.0a° 0:100° 40+0.0 0.3+1.0d°

1:99 0.0£0.0e 33+0.7b 1:99 4.0+0.0a 1.0+£1.2¢
1:9 0.0£0.0e 2.2+0.8c¢c 1:9 4.0x0.0a 1.3+1.1 bc

1:1 0.0£0.0e 0.9+0.8d 1:1 3.4+0.8ab 1.9+1.5b

9:1 0.0£0.0e 0.6+1.3d 9:1 1.8+14b 1.7#13b

99:1 0.0£0.0e 0.6+1.3d 99:1 0.5+1.0 bc 1.7+14b

100:0 0.0+£0.0e 0.0£00e 100:0 0.0+£0.0c 25+1.2a

Values are presented as mean disease indextstandard devia-
tion of two runs with 10 replicates each.

°Seedlings of two cultivars were inoculated with P. brassicae
GN1 (pathotype 1) and P. brassicae DJ (pathotype 2) by drench-
ing the roots with mixed spore suspension of the isolates to give
inoculum density of 1.2x10° spores/pot. The plants were incu-
bated in a growth chamber at 20°C for 7 days with 14 hr light a
day and then transferred to a greenhouse (25°C+5°C). Five
weeks after inoculation, disease severity of the seedlings was
rated on a scale0to 4.

®Ratio of GN1 and DJ isolates, respectively.

“Values labeled with the same letter are not significantly differ-
ent based on Duncan’s multiple range test at P=0.05.

pathotype 3 w520l sl A= TS HEFHEE(Kim 5,
2016), pathotype 29} 39] E3} HZ o] A% pathotype 221 DJ
} pathotype 321 PC1 #F5 HI&-S ZE|ste] Egato] 3
Zoto % D) F5= AP §Hgol el HejEo] WAk
UL, 2/ BAIRI PQ1 o520 FF w0l whet el
o] Z7}8t Ao 2 AYzHE|QtHTable 5). T3 ‘DegaoCR117°
2 pathotype 2¢f|+= 7F=43-& pathotype 3 #5=9] tjajA+=
A4 Bhe-E Holu 2, A3y BAIY PA1 7= =
dhgo]l Gk u)X|R] Fahar, A BAQ D) 752 AF
A Fof ofsfAnt Be| = o] S7FskGitHTable 5). whet
A A2 o2 pathotype #59] &3 HE2 F RRujF: &5
o o] B gy WAyl A= FIF-S mX|A] Par, 7 #5240

o=
AT FFES T=th= A= & 5= A3k
o ot
el =

Plasmodiophora brassicae®]| 2J3}] @A} = v} ¥ -2
A NAR 2 HAH £Ao] 2 Aotk 2

A i E F5 NEE A AR A

Values are presented as mean disease indextstandard devia-
tion of two runs with 10 replicates each.

®Seedlings of two cultivars were inoculated with P. brassicae D)
(pathotype 2) and P. brassicae PC1 (pathotype 3) by drenching
the roots with mixed spore suspension of the isolates to give
inoculum density of 1.2x1 0° spores/pot. The plants were incu-
bated in a growth chamber at 20°C for 7 days with 14 hr light a
day and then transferred to a greenhouse (25°C+5°C). Five
weeks after inoculation, disease severity of the seedlings was
rated on a scale0to 4.

®Ratio of DJ and PC1 isolates, respectively.

“Values labeled with the same letter within each cultivar are not signifi-
cantly different based on Duncan’s multiple range test at P=0.05.

8 =3P =| ATk 7719 P. brassicae 3= 573 Bl F FFol
A M2 O HYgS BYoH, e wet 3v) aFe s
s = QUSlch el AHE 3 Al 2=} 33 22| A7t

2 e oy S AR mE Al 204 31| 144]7E
B APt AR 5HF FY T2 AR A2Ato A B
54 o] Wkt T2 a Al =0 whE B S
25°C, 20°C, 18°C <=2 & WA|T, He] S 9] FA = 20°Co)|A]
71 w3kom 1 th32 25°C, 18°C 0 2 &k th T3 A2
T}E pathotype?] = #F& &35t A v 5ol A
T, F o F A WAY STy £ sE F
7}ol| whet Bl WAio] F7tskginh &, o pathotype <
FE9| o WS ARoA FF WA gL 5HZHo|
At} ol ZHEHE K} A&stal H3gt vljS Hals A

I AHS FHE 5 Ak
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