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Abstract: This study aimed to evaluate the control efficacy of clubroot disease in Kimchi
cabbage and carbon sequestration by applying microbial biochar pellets inoculated
with antagonistic microorganisms. The microbial biochar pellets were prepared by mixing
rice husk biochar and guano at a 6:4 ratio, followed by inoculation with collected
antagonistic strains against clubroot disease, adjusting to a viable cell density above
10 x 107 CFU-mL" and a total nitrogen content of 6%. Treatments included a non-treated
control, biochar alone, and biochar pellets inoculated with Pseudomonas fluorescens
(RBPM27) or Bacillus megaterium (RBPM86). Before transplanting Kimchi cabbage in the
spring trial field, each material was evenly mixed into the soil, and greenhouse gas
samplings such as CH, and N,O were analyzed at 7 day intervals during the growing
period. Clubroot incidence was evaluated 50 days after transplanting. The RBPM86
treatment significantly reduced the incidence rate of clubroot by 31.8%, showing the
highest control efficacy of 57.7%. The RBPM27 and RBPM86 treatment significantly
reduced the cumulative emissions of CH, and N,O by 69% and 29%, respectively,
relative to the control, indicating its potential for greenhouse gas mitigation. These
results suggest that microbial biochar pellets inoculated with effective antagonistic
microorganisms offer a promising strategy for managing clubroot disease and mitigating
greenhouse gas emissions in Kimchi cabbage cultivation.

Keywords: Carrier, Clubroot, Greenhouse gas mitigation, Microbial community, Micro-
organism
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a7} AZFsiA 2 St of2jdt @A A|F2dstol 7]Isk=t, At dshe AXE BT o719} e B 2= AVH S
& Jochs Ao R AHodn. SEuEte] A%, 1912 o]F 20178714 Bt 71:20] 1.8°C 5oL, A9 2% A5
7] & oliteleta: F= S7Het WHSHA YRI5, ol4telea(CO)= tEAR] 2A7IARE SRIFQITH2]. ofd] whe} sU&
of WIEH(CH,) T oMM A(NO)= 8 ZAZIAE AZFst7] gt lgo] Aot 1 QU FA|AR= 2] F 7 (Conference
of the Parties; COP, 2015)< &3l AF43} oA thn] A7 BHLE A5 £& 2°C o|HE AFtelal, F718 07 1.5°C o]y =
AA5t7] fAsl 205097HA] HAFTH 24 HRE A5 Ut 5 SAoA = sESAET 2asd A
oAl 2A7IA 5 EEWL 2030W7HA] 585.85F ECO,-eq, 20509714 824.3%F E£CO,-eqE ZH2F 530k gt

Hj S, Julj5el o] AEdt 7|9oA FE AHiEE e 7| SHSIE 57} ASste] Fg7|o] ko] A&d B
A S8 ofyel 12 T3 EoA 2 WAl F-5 Y (Pectobacterium carotovorum subsp. carotovorum)d} B8] SH
(Plasmodiophora brassicae) 5 58 83l 9 o5 W2 Qs -F Aot FEG A7t AZs|AH3]. ReSHE T2 ES
0] =11 pH 7.2 0]5t9] 4] EoA WA Sk A W=, Sl A 8l FAR] o A= 19961 6.5 haofl 4] 2005
692 haz HAHAZ 0] FA3] F7I5IH. o] F sfeksof AR A3 F5 /LR 2008 264 ha7lA| FAASHR O, Bt
glo] 29| Tttt oAl AP AR 5] A2t ez ot gloH, 2T FAT 4% Bk S7H2 o] A solu
&7 FAolA= steksef ARGl AlgtEo] qlo] BeElgHS 7MY & fAd 84 F shuolth o& st
5 AP &5 o|&I[5], Trichoderma spp., Bacillus spp., Pseudomonas spp. 5 5 V&S &3t H=8H4 WA, 2R F
o3 E2 &F AE AME e A5 YARML *% EY pH A 55 5% A4 #
o] AA A6 @A X2 w7t 2 F7sdAAeE FEsh] BAHE 285kl 3le
= 84| AstE o] I+ Avte g s WA At At v= 2A7F HaE 7], ofof w=h 783t 7154 £4% 7
&9 548 FA-FAA717] fste] GAl(carrier) 718 7]& Zido] B asHA =ik

£ Ao ARE-E o] k= Hio] @1l (biomass)2t s (charcoal) 9] Mol =, BIO] QUAS 4h47} gl £XAOIA F&3fst

< =4o[t). vio| @ak= thadyt HA 0] W £ AYH, 7|3 Hstof| gt AR AAA(PCOZTE BEY /N
A 7|52 ot SAVIA S 9 g4 A 7EEE FERU QUTH89]. ol e SO "ol A= fUIE #
& TS HARA B8 7Fs/dol 2 85t oty 592 SHoA 2ATIAE ART & e 2AEA 77 F=HH10].

kA 2 AolM= BelEre] tigt 2320l St nAE F71E= Hhol Ao FFsto] A| 23 Hiol Al HEle
Ego] £33 Ao gy, ndE E4o] BT EY 04 nESY &S ST RS BA avE A5,
Ao 2A7A AR APst At skl
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Fu|A=Z 16S rRNA gene sequencings &9l 53 §7]4 8-S NCBI GenBank H|o]E{H|o] AL} H|W EA5lo] u|Y&ES
2% otk
ToHe el FA Bl RALE 6:42] H]EE Eet F nPES FFoto] BIslellon, § d4 Fo] 6%7F HEs ndE
"ol ezt =l 2%(RBPM27, RBPMS86)S A Z5H3ATE.
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2 AT 7R A 2ALL] AN A7 D714Y AV AZATL B2l 5 o FLA(SE: 37.351681°,
A 1273227869004 S0, ARo] ASE B ujE BELS Bl Ao BEA Pl E A8tk 204
9 4% 11997 60 x 40 em ZHEOR A3te] 64 YA 60zt ABIAT, ALV B AHBAL Wit /1L 19.°C,
W S 51L0%GACTHTable 1). AFT- 417 X%l (Split-Plot Design)O.2 3uH 5191, HH% 44 A AR EA] HE
(0-20 cm)E RF/ste] EF 4L AIsteich. H4 W WER] pHE 68, H/IFEEEC)E 212 dSm’, §712OM) &L

™

(Ca™), W1l

i
o

o 1
26 g-kg', FAQJAHP,05)2 767 mg-kg', DA ZEA(NO; -N)+= 67.20 mg-kg'o]3l.0H, x]ﬁuc-} FEKY),
Mg™), UEE®Na") eF2 217} 1.28, 5.93, 1.78, 0.26 cmol.-kg'O2 EAE|QITH(Table 2).

Table 1. Air temperature and relative humidity during the growth period of Kimchi cabbage

Temperature (°C) Humidity (RH, %)
Minimum Average Maximum Minimum Average Maximum
57 19.1 31.8 27.1 51.0 84.2

Table 2. The Chemical properties of the soil before transplanting

pH EC oM P,0s NO; -N K Ca Mg Na
1:5 ds-m’ g-kg' ——- mg-kg" - e o111+ 1] 1 I
6.8 2,12 26 767 67.20 1.28 5.93 1.78 0.15

£ A9 WG t2F, vho] @A E3FA 2|7t A2, P. fluorescensg 4ET v]8E B 22t Wl A2 (RBPM
27), B. megateriume E3t n|YE vlo] @2} W X 2]L(RBPMS6)Z = Ut
fr7lEo] Zte nE Hio| At Al AP FEUTH A=E HRAMATO] E5to] A wiS AEl Al B
7l7P Last A4 33 AH|FQI 32 kg-10a" 7|02 AYste] F4A] A EF BobA st o FA g, vio]ext XH—"H
ol 4] 4590l FH|oIT. AgFAR: 2T AIFATZAP|E Eoto] 78 Al BijS AFRY] 1L, 1%, 5=
iﬂ}ﬁ‘}‘%ii’, FF2 7t AEFolA 3 x 3 m* WA Y w5 86t 2AE RAE 9HE F £F0 R skt

HiH A

Bl 34 F 402 A 59 A ABTE PUFES ZAGAL, S7lo] oS Bo YAFEI P AES Kim
et sL2009)°) WS S Wshel SASHSIEh 0-57H4] 6SHA: Y, 1: o] R 2, BYslel A 24, 2 H2
BT 2 8 DI A B % S0 B B 4 £ AT Y 9 o To| N2 AHD D7) B, 5 2
el 24y 9 37] 71] uje- SHE S38Foto] LT Disease severity (%) = (£ (ZF A x fiF AFY F4)) + (RASS
< 5) x 1002 ok, WAKS A (1T 2t

AN - (1 - ARITE WAL/ RHT] FEAS) x 100 w
i 2R 9 OYE 2 24

DB WOl e Mal A2l F RAGH A KA Y AeAToIA WE TAR] YET FRO HH S29f A2,
a0 Slaslol AeiFolN 2AY P M GEA HAKLA W DAL TY B4 ST A 4
Bk B W A4 T 142 A 4% 4] W T EHE ARGIAoH, 2AR FS WA Red B2 7 2t g
EdEE dehd & 29 EGE HE PR o Z AFoto] EA45FYTE DNA 552 DNeasy PowerSoil Kit (Qiagen, Germany)
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=2 o]g3slo] 2951910, 165 rRNA U] V3-V4 %S ZZo| 341F (5-CCTACGGGNGGCWGCAG-3) 2 805R (5-GACTAC
HVGGGTATCTAATCC-3") Zglo|HE AR&5lRtt PCR 3% &, lllumina MiSeq ZE(lllumina, USA)< ©]-8-5}9] paired-end
(2x300bp) 2 AP G714 E £ (Next-Generation Sequencing, NGS)2 +H3Itt F7IA<E FAMES 7|02 operational
taxonomic units (OTUs)2 E55l0l EA513tt Al 5+ SILVA 138databases F325t0] Fgo150H, 2+ A2+ A4

FREE Basjol i v} WA A2l i 2U B} ul3E THL Phylum o)A T4 WS HlLSIAT.

uj AEAge] AxE A7tA B WH(Fg DS Edto] CHOL NO BES 34517 98] 714 mae 959 420
2 A2 3HAA 142 5L ARA F, 50 mL FAIE o] 85to] 7pAS mAISIEoH, A o Lre LAAA 7Y
AFR 143 B0 SH5rHEg 1),

[Tl a =g
ALl

-
| Ot 5as sampling

Fom ey
[R] '_.J\.“‘.\':"J

:{] Thermaometer

Cabbage

Fig. 1. Diagram of greenhouse gas sampling chamber.

7}~ B5EE Gas Chromatography (Agilent 7890B, Santa Clara, CA, USA)E ©]-&olc] E451% 0™, CH,2} N,02] WHAy=F

AHgE ofgiel &2 4] (2)F ol-&sttH12].
F=(pxVxAc)/ (At x273)/(T+ 273)) )

od7]A], F= CHy; @ N,0 5% (mg-m?>-h"), p= 7tA D& (mg-L)EA CHE 0.714, N,OE 1.967, VE A8 21](m’),
Ac/Ars e W] &Y AIZF 7FA FXE(mgrm”-day’), 2 T AH2=(273+8H W Hdt 25)5 ojngict

ofm

g
M5 SR 7 Y WEOR ST, WA Aol HTE ASRASIT SARHL SAS LI

(SAS 9.1, SAS Institute Inc., USA)S ©]-&5}0] Duncan®] t3H 94 (Duncan's multiple range test) 02 25131}

1z

R
042 blo| 24} Hale] S
o] & Hlo] @} Yl JFUoZ AL H U|AE 252 B. megaterium 22BCO086, P. fluorescens 22BCO0272 5 & Ath

(Fig. 2).
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(A)

------ Priestia flexalgi:NR_113800.1)
“""__I— ————— Priestia flexalgi:NR_024691.1)
| ------ Priestia megaterium(gi:NR_D43401.1)

| | I— ————— Priestia megaterium(gi:NR_117473.1)

--=sssmmsssemem-e----- Priestia megateriumigi:NR_116873.1)
"""" ‘ mmmmmmmmmmmemeeee e e eme——- Bacillus megateriumigi:K476721.1)
---------------------------------------------- Priestia megateriumigi:NR_112636.1)
—————— Priestia aryabhattailgi:NR_115953.1)
------------------------------------- L Priestia flexalgi:NR_115352.1)
‘ e J2BCO086 _contig 1

-------------------------------------------------------------- Bacillus flexus(gi:K|562089.1)

______________ 22BCO027_contig_1
...................................... Pseudomonas extremaustralis(gi:NR_114911 1)
.............................................. Pseudomonas poaelgi:NR_028986.1)
------------------------------------------------------ Pseudomonas poaelgiAM492829 1)
______________________________________________________________ Pseudomonas luridalgi 4/581999.1)

Fig. 2. Identification of Bacillus megaterium 22BCO086 (A) and Pseudomonas fluorescens 22BC0027 (B).

Bacillus®} Pseudomonas < AlatZ 0|87t =2 WA o 3t 7= @ol Hilxof 3lal, 53] IB=Z Aato] &9
A #eo] Sl AoE dHA Jou13], AdHE rdES A Aol JF F Fe5 YARTNE FA4e Ao et
Hi oHgt A4 oltt. v E Hio| & HI S A2 & nE AF 75 THol| flste] BdrE el =
X5t BtAel A4 stk BA Ayl RBPM27 A #]79] eta TS 36.03%, DA TS 6.01% 2™, RBPM86 A 2|19
A SFES 36.06%, A FHEFL 6.05% 2 B4 %] TH(Table 3). Hal 141 A= RBPM27-2 8.0 x 107 CFU-g'0]211, RBPM86

1.
=

A

I x 107 CFU-g'0% ¥% % fA5E 0% Sl olefst 20t g g4 24 vlo] oS BT 59
% W25 42 AR0) WRY FEL PHHOR YT 5 Uk A AN

M orlo @ Flﬂi ol 1=

Table 3. Carbon and nitrogen contents, and microbial density of the experimental materials

Treatment Carbon (%) Nitrogen (%) Selected microbial density (CFU-g")
Control 16.57 13.76 -

Biochar 29.80 0.51 -

RBPM27 36.03 5.94 8.0 x 10

RBPM86 36.06 6.17 1.1 x 107
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g 9 stshy 2
B W3 A A 0 slo] 9k el oo W EoF B4 B4 A3k Table 40] AAGAL. B4 F ﬂa E9
pHI= o] 9.3, RBPM27, RPBMSGOIA] I 7.0 o402 F4el 7 ohu] S7bshe A Berh A7 HEE (EC)
2 s FHoIgON Hol0A A7 ds m')o} REPMZY AT205 dS m )AL FAAT o} B8 4
vebsit.

rlr
i
o

Table 4. The Chemical properties of used soil in this experimental soil

pH EC oM P,0s NO; -N K Ca Mg Na
Treatment . , . .
1:5 dS-m’ g-kgw mg-kg~ - i #11110] PR (o I
Control 6.7 1.33 21 743 78.50 1.16 5.39 1.58 035
Biochar 8.0 1.77 27 882 36.50 1.08 5.46 1.62 0.27
RBPM27 7.7 2.05 30 892 55.30 1.17 6.47 1.79 0.35
RBPM86 7.1 0.80 23 311 35.50 0.58 532 1.51 0.19

o|#fat Z¥H= Chintala 5(2014)0] B 855 F7] U 291X vl 0xF X2 A E9F pH U ECTH S7H5H:
Aol ek AT Avtel X|FHIcH14].

E3], RBPOMS6 A2 HE 8 F AAHALNOs -N) FE=7} 121 mg-kg', A7]HAEE7} 0.80 dS-m'2 7P @A
UERG=t|, o]+ vio]ex} Hallo] HEH B. megaterium 22BCO086 w2] &AJo] Q5| AAd 117 EE o]&o] EXEHAS
592 AAste, olol dajds 719l A7t Wad oz Wk

Bl K| A S EM 9 43¢ ZA}

U= whol Al Wl Ao wE wiF AF ASEGT ¢ 2AF AIR= Table 59k Lo 52 A2 1 Fofed
Aol7F UetA] ohgkout, 52 RBPMS6OIA] 1,843 g0 = BAHOE ROSH| &9kom, vto] @&} Ao A= Aol=
Ak F E3F RBPMS6 AL A 7,596 kg-10a”' 2 7FF &7 UebRgon, AA53) v53t 4¢S HAt o= nyPE
Hlo] oz} el AR Al £%H 87|83} B. megaterium 22BCO0862] Fato] 7]Q15F Aoz ekt

Table 5. Growth and yield characteristics of Kimchi cabbage(Brassica rapa subsp. pekinensis ) in plots treated with microbial biochar
pellet

Treatment Head height(cm) Head Width(cm) Fresh weight(g) Yield(kg/10a)
Control 23.0 X 14.54 - 1,656 b 6,824 b
Biochar 237 X 14.60 - 1,754 a 7,227 a
RBPM27 232 X 13.40 - 1,658 ab 6,832 ab
RBPM86 239 X 13.80 - 1,843 a 7,596 a

x Mean Separation within columns by Duncan’s multiple range test at p<0.05.

Ay Ao M=, B. megaterium CDK25 w5+ A | A] 1304 2HH 2Ll
W B84 QAAS 7HEEste] AlEo] AR FF6tL, fU1E Bl B8 R 35S S35k A= ASS o“c}/\] 7]L

o= Hiug ¥ glojlie], o2fet 2= & AFolA TEH wiF A% S avet dAske des doEn.
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Ul Blo| 9.3 WA H2lr} vlE BeE PARIE YA BASH] o WHFRI WHEE ZASHHTable 6).
& ‘% OIHES HE EAoA FHEA U 1.0 x 10" spores-g” soilo] 1L, FA T HHFEL 69.7%2 A AT
2|5 W82 Hlo]| 24} 56.1% > RBPM279]| 4] 54.5% > RBPMS86 37.9% <O 2 w|AE Hlo]| Qx| H3l Xj2|A] WH3go]
Ao g Faste AFE Hh

> g B
2 Jol Jlov

Table 6. Clubroot disease incidence and severity in Kimchi cabbage in plots treated with microbial biochar pellets

Disease Incidence Index

Treatment Diseased plant (%) Disease severity (%)
0 1 2 3 4 5
Control 69.7 20 5 1 7 8 25 54.5
Biochar 56.1 29 5 4 3 3 22 423
RBPM27 54.5 35 5 8 5 5 374
RBPM86 379 40 9 8 5 0 23.1

51, RBPM8s A2l SR o] 780l 31.8% L2400, WA ZACIHE Selet ol naltt, BH2]
FolA Y AR 3 Ao A1 A% ol S sSgo] AA MR F 37.8%8 HAHOL, REPMSs e Tl AL
56+ HIE°] 6.1%% A Robgth E3 RBPM86 A 2|FLollA= < AA0] At S0 2H¥ste F-9-HT Al HE|=o]
U S A)E F4o| o Wol BRHYCD, WIFET WEE /20T PAVNE AHT Ast 577% B 4
a3 e AoR ZAE A THFigs. 3 and 4).

WE:E

0

Fig. 3. Clubroot disease severity in plots treated with microbial biochar pellet(CT: Control, T1: Biochar, T2: RBPM27, T3: RBPM86).
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100

80 1

60

40

Diseases control(%)

20 4

I} T T T
Biochar RBP M27 REBPM 86

Fig. 4. Clubroot disease control efficacy with different treatments.

AL A AR F, Yol 37 94 9 AAS 5ol et AEHS JAloks &XE YERdtt . B g B QloH17).
weba] B Ao A B. megateriume F 3t 1[A3E Hio| 2.2} 2 (RBPMS86) 3
g 7FsAol wou, &5 oiefet el dish g A8 E3t 7S £ g AoE wgHh

Mo
&
ACh
ol
ok
k3
&
19
é
)
fol
i
2
rﬁ
4
=
U

]
%

% 225 9 0|ME 2 B4

5 287 EY vdE 34 WSS E(phylum) #3044 SFR=E Hwe 23 B A 249 w2t +4
F2o HIE BRI 4= A ATHFig. 5). 7T AAX FA T FEFE EF(S1)oA4= Pseudomonadota 34.5%, Acidobateriota
26.2%, Bacillota 7.9%7} 9 9-H70 7 &I}t E75], u]YE Hlo] &} W 2|4+ Bacteriota®] AT HE7} L5
2 27151 Aol F2 2Tol T WA ol Hol o4 WA I HFE FAEL Y Aoz WA
von Agtmaal 5-(2018 S H X8 A o] uE u|yE £ B4 A3} Proteobacteria 3} Firmicutes

B 429 B4 2F0] Z75Hs A2 Sstglon, WaE oAe] ATH LA skiEe] 7tste] oledt 24 84

o

o
)
riot
o,
i)
-0,
Hm
)
B
It

Pl B4 A2 HUFS oA & UEE /SRS Aolskn BRItk E Liu 520210 Proteobacteria £0
Aot B AEALIN FE <87 thFe G4 B FAOIE FaE AL oL, ol 54 vAEEe] Z7} A2 4
AHo] B % ke 2TE =& ek

iR SUR £ nE 2W B4 A3 0gE vloloxl Bel 4o Polq KAe, HETe HELste] Bacteriota H 0]
S48k Zo] Bel5 ook Telo] e TFs A ANSIA, B0 thaket e, AR wsle] 7191% s AE

A A3l= Fig. 60 YEFHATE B. megateriumt
<7 oj22 Felalsit B Swold JEUS BT
2] 4ttt RBPM27 A 2|70l A= Pseudomonas sp.2]
AHd FHRETF o2 Aol Hls] =A vEhgtod JET #FE 2.8 x 10 ng-ul'2 H[FHoup ZERol|A elo]
7Fedt ol HiF 2R EY S 24 24 2y s Heleat Fl Aol M 23] Hstel] Ael7t = A
SRISHHAIRE, Blo] A o] HEFt 25 o BT HiF ZEFOIA s TR HolAl= ¥ YHtE o 1 g9 EYl=
oF 10°~10° CFUY] Aldt77t £X25te 202 d2A Qom(19], pH, &%, & 5 ot B2t EF 34 82102 Qg

[\S)

https://doi.org/10.5338/KJEA.2025.44.29
Agric. Environ. Sci. 2025, 44, 275-286

282 https://www.korseaj.org



Article

100

Others

p_Bdellovibrionota
p__Thermamicrobiota
p_Candidatus_Melainabacreria
p__Fibrobacrerota
p_Chlorobicea

p_Armatimonadota
k__Bacreria_p_ Other
p__Myxococcota
p_Plancomycerora
p__Chioroflexota
p__Cyanobacreriota

p_Verrucomicrobiota

p_Gemmatimonadota
p_Thermodesulfobacteriota
p_Mitrospirota

p__Actino myoeTota
p_Acidobacteriota
p_Bacillota

p_Bacteroidota
p_Pseudomonadota

Relative abundance (%)
EEl EfESENEEER

Control Biochar RBPM27 RBPM86

Fig. 5. Microbial community shifts in the rhizosphere soil with Kimchi cabbage cultivation.

'Ijogu[ﬂ.burbdun?ﬂl
.
Control Biochar REFM 27 REPM 56

5__Paenglufamicibacter_psychrophenolicus
5__Flavobacterium_fuminis

g Herminkmanas_g_ Other
&__Padobacter_foliorum
5__Stenotrophomonas_rhizophils
§__FPoliutimonas_thiosuifaloxidans
g__Psevdomonas_s_ Other
__Bacilacese_5__ Obher
q__Fiavobaclerium_s__Cther
f__Micrococcacese s Cther
&__Arthrobacter_globiformis

5 Psevdsrihvobacier_phenanthrenivorans
& LSODECIEr_Qunsengusdy

& Nitrogpira_moscovionsis

& Methyioihermals seinioies
£__Priestia_megaterum
5__Pseudsisbiys_tahwanansis

& Brevitales_oalicioss
¢__Belsproleobactena_s__ Other
5__\Vicinaminacier_sivestris

Fig. 6. Comparative analysis of the relative abundance of microbial species following microbial biochar pellet application.
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Fig.7.Changes in CH; emissions (A) and cumulative CH, emissions (B) during Kimchi cabbage cultivation following application of bi-
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