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Abstract In Korea, apple bitter rot caused by diverse Colletotrichum species is managed primarily through
fungicide applications, yet comprehensive fungicide monitoring data remain limited. We evaluated the sensitivity of
Colletotrichum spp. causing apple bitter rot to four fungicides: benomyl, fluazinam, pyraclostrobin, and tebuconazole.
From 2022 to 2024, we collected a total of 2,440 isolates from major apple-producing regions across five
provinces in Korea. Among the four fungicides tested, fluazinam (86.8%) and tebuconazole (97.2%) maintained high
sensitivity. Benomyl sensitivity was 54.3%, with a gradual decline from 56.7% in 2022 to 50.0% in 2024.
Pyraclostrobin sensitivity was the lowest at 19.9%, with a marked increasing trend from 9.8% in 2022 to
28.6% in 2024. Isolates from Gangwon and Gyeonggi provinces were more sensitive to benomyl and pyraclostrobin
than those from Jeolla Province. The dominant species were C. fiucticola (46.7%) and C. siamense (40.8%).
Although C. siamense isolates exhibited relatively higher sensitivity to benomyl and pyraclostrobin than C.
fructicola, 46.4% of C. siamense isolates showed moderate resistance to pyraclostrobin. Mutation analysis
using KASP (Kompetitive Allele-Specific PCR) revealed that pyraclostrobin resistance was associated with the
G143A mutation in the cyfochrome b gene; however, this mutation was not detected in isolates showing
moderate resistance. By elucidating annual sensitivity changes, regional distributions of dominant species, and
interspecific differences among Colletotrichum isolates causing apple bitter rot in Korea, these findings provide
essential baseline data for developing region-specific fungicide management strategies.

Key words: Apple bitter rot, Colletotrichum fiucticola, C. siamense, Fungicide sensitivity, KASP (Kompetitive
Allele-Specific PCR)
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AR AN Colletotrichum spp.2l 13+ Ak B wkAjo]

AW BEAHS Colletotrichum 45 Y89l <Jsf LAy shH,
TE7] A5 9 A% Foll DA ste] Azket ZAAA

faH8tH(Chen and Jeon, 2015). U<, §8, 55 5 F2
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AEA0Z HuE glom, Hdte] vt oA A3}
dol| thgk A7t o] FoJ 2| 3L QITHSutton et al., 1990; Chen et
al,, 2022). =jol|A1= 19609t Akt B4 el Tl gt AaA] &
Fof] gk B o] 5, eA|Wto] Fof mE A AT
A& ztelo] thelf A& & B EHATHKim et al., 2006;
Lee et al,, 2007; Kim et al, 2023). ZZoNE C fiucticola
strobilurinA] AhetA] A&Ado] BAEHA (Jang et al., 2023;
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Abdullahi, 2025) BtA¥ o] S kA 7H5A4L] 2ol 7t
Sl wet A9 S-3F0 mpeto] WA ek £gd
AojM F8T Ao=m A7te
A W A7) 7F AR AL
(RDA, 2023), At Aell 571 ol
2l wAe] g o] A ik A W Altol
555 TR benzimidazolell (MBC, Methyl Benzimidazole
Carbamate), strobilurinZ] (Qol, Quinone outside Inhibitor),
triazoleAl (DMI, Demethylation Inhibitor), uncouplers of
oxidative phosphorylation 7| 5-¢] 9™ °F 15~25¢ 7+4
o8 Ax 2RI uet WAlske Zlo] UnhAolth(Lee
et al,, 2008, 2009). —L&f1}, TY AlT A HHEA AR A
P HHE Fxlete] BA 23E A T R
(Brent and Hollomon 2007) ¥+ H&e] 44 58
A&A o7 HUHY e A aAA Wl g A
ol Frzlolnt. W] oA A3 Hrke IR
FHIAPHE T3 AAF AR &S 2K
o] gt} T2 Isa et al. (2022) A1&3E A3 AXS
95t allele-specific PCR®|Y} PCR-RFLPE €&

4 AR frirel et el FE ARE Sl
ke WHE ARSI 2 AN e di#Fe] AIEE Bt
38402 TUHHY 3P7] $J3ll KASP (Kompetitive Allele-
Specific PCRYZ AR&-3}3iTE KASPE Wy faxte] &
232 A FF5 ks WHOE 7|E allele-specific
PCRET o] A8E AAs7] o olahH 4] A
2 AYEE A5 SFolv A ZUEHH o] &5
2ATHSemagn et al., 2014; Rasheed et al., 2016). Z o=
S (Amaranthus retroflexusys Tl’d-C 2 $F diphenyl ether?|
A zA| WA} (fomesafen) A4 A7-(Zhang et al., 20255
3l oAl A3 BuE R E3AQ1 Hehi o] SRl
ATk, ole £ Aol A= 20229 €] 20243714] 3AZE =)
T8 Akt AR A B oIS wid 9007l o) A
sto] Weloh BT 2,440 75 OO R SHASA WS
0|83l 4% AbitAl(benomyl, fluazinam, pyraclostrobin,
tebuconazole)oll Wit 73S H718lal KASPE ©]-8-3}
benomylZ} pyraclostrobin A &d3} FHAE F44} ¥ol&
glsiaint. ol2fst ARE viEoR H= Thele] Al

HF
ol
it
o
o

A E e A, Axd Hel 2 AR Foll
WE A A Aol & o g A WAE 1%
1A oAl et 4714 Hel dgr aye] das 7z
ARE AlFslaAl st Yokt benomyl# pyraclostrobin
A ZUB = KASPE 0|83 7} Ho] A4S &
&h= Zlo] &4 We] 2 Zlo = AtET

AR BAY A S8kl 2022958 20249714
37 AE AN, A%, SHE, Ak, ANE) 74 o7
Al A Al 7 370 o] e IS A ST Al
FHol| SZAe] JEy e} 3 7hHI7E 2% wiole S8

= o¥HE & FEEE A F 70% dEEE
HAS A=k sl At vlA2 WA Fele] A4S

1 & Wu AR A 228 AFHs A g
ZA L "t oFA] oA AZ3I F potato dextrose agar
(PDA; Difco, Sparks, MD, USA) HjX]ol] X]’g-ale] 25°Col| A
747 wFTt. Wil A F3E EAE Eitrel dE
ste] 22 Ed 20 uLE water agar (WA; Difco, Sparks,
MD, USA)S] =2al3 25°ColA] 244]7F wjoF & &) 2dn)
73E olgate] ddEAE wojlo] A= PDACl Aldh
HjFete] Hastar o] A3l &g-siqitt.

M| MHE 0|26t MM CHE MEAM ZAL
AR 2] 4% AFA| (benomyl 50% WP, fluazinam
50% WP, pyraclostrobin 20% WG, tebuconazole 25% EC)el
et A3 AAS f18l $Hd8]4% (agar dilution method)
& °|&IATH(Table 1). 2 EUEHS 913 @ 5=
AL A3 Aot dnAd AHE viRe R s
AU goM 12 #F2] T8 AtA] 450l tigh s A}
A7 A &S AR A3}, benomyk §4 sl 1A
etz Ay Feto] Hes] RisHe Fde Hel v
pyraclostrobin® JA|&o] FRHo =7 ZFrlele A4H<l
3-S5 UERNRITE. Fluazinam} tebuconazoleS &% 571
met BE #7F dAE A A4S eI ol

ror
lol

Table 1. List of fungicides used in this study and their FRAC classification

Frac group Common name Active ingredient Product label doses Screening doses
(code) (%%0) (ng/ml) (ng/ml)
MBC (1) Benomyl 50 250 20
DMI (3) Tebuconazole 25 200 50
Qol (11) Pyraclostrobin 20 67 10
Uncouplers of oxidative Fluazinam 50 205 10

phosphorylation (29)
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B2t BUERe 2547 A4S Gados
HAE = 9l= 552 benomyl (20 pg/mL), fluazinam
(10 pg/mL), pyraclostrobin (10 pg/mL), tebuconazole (50 pg/mL)
S W FEE AA5Y 150 mm HE U 5514
ARS8 U2 PDARIA|O HF $ 25°Col A 747t
HjFste] 217 5 mm cork borderZ wES Wojujo] kA
wxle} EAEAle] 22 HEST 25°C, YA S
Wi FSSAT. A A AAES AR S TR 2uiA] oA
A F5e] 732 23kl FA12 ool A FAt
A7 Aol vlaLste] AlLkesiTt.
A A& (%) =

(P s e rd B v M
AR A AT} w R o] 72| A

>><100

g W )Fe B4 A Aseyael A
A ZAIA A AHE BAEEOIN S A o
AEE NFOR BEAE0% o), FEATH(60% o1

80% TITh), A& (60% TThog Hidk o]d A4(Kim
et al., 2023)} FL3 7|F0 = AT

M

CHERUAE 0|88 HIIME &Y

ARy o] JEst F F8S flsted ITS (Internal
Transcribed Spacer), GAPDH (Glyceraldehyde-3-phosphate
dehydrogenase), CHS-1 (Chitin synthase I), ACT (Actin), TUB2
(B-tubulin) 5 570 FA2 FHe WFoz s 34 &
A& 48313t} genomic DNAE HiGene™ Genomic DNA
Prep Kit (BIOFACT, Korea)Z AM&-3le] A|ZALe] w7 ol
uhe} 3238130, 7t 4k G992 ITSIFATS4, GDF/GDR,
ACT512F/ACT783R, T1/T2, CHS79F/CHS345R primer %
P AREER] SZSIITHTable 2). PCR 278 ITSH <]
$-, 95°CollA 3027+ ¥4 (denaturation), 52°CellA] 30%7F
&

%]
ZA3H(annealing), 72°CollA] 30Z7F 217 (extension) 22

4

9 AN 24 DUE 95

353] WHEsIl oM, o] 72°ColA 1087 FHF A1 -2
AAXSATE. GAPDHRE S-S 60°C, ACT, CHS-19%92 58°C,
TUB2% 92 55°ColA] ZH2t 307 A% whe-2 3kt
S5 PCR AHE (5 uL)y2 ExoSAP-IT (Applied Biosystems™
(Thermo Fisher Scientific Inc., USA) A|¢F 2 uL & H7Fst
o] A8 % nvlo] @ WE(BIOFACT Co., Korea)ollA] 471
AES EAs. 53 7l HARATS, GAPDH, CHS-
1, ACT, TUB2)®| 971X ES A4 A dlolgAl (con-
catenated datasetyS %3112, NCBI (National Center
for Biotechnology Information, http://www.ncbi.nlm. nih.gov)
doeuo] e T5E T 759 Mg vl 451
HEH R 475 A8

il

KASP (Kompetitive Allele-Specific PCR)S 0|28t FX X}
8ol &4

Qol 7l ¥ benzimidazole 7 AtAlel tig A A8ES
218 KASP (Kompetitive Allele-specific PCR) #2492 43§
SIATE Qol Al AdAl= cytochrome b FAAFS] G143A
Ho](Grasso et al., 2006), benzimidazole Al AdAl= p-
tubulin F+7A42] E198A Hol(Ma and Michailides 2005
ARt 7 A G71ME Wl Hol 798 Eehe
HE JHS vy o R KASP Zelo|HE AA g5 om, 7}
A= 2719 allele-specific forward primer®} 17]9] common
reverse primer® 3319t} 44 (wild type) - A=
FAM &34, A3 (mutant type) THE-+A2R= HEX 3302
FA & tH(Table 3). Zeto]me] Eold & Tim (58-62°C),
22k 2 A oH+= OligoAnalyzer (LGC Genomics)E
33l ASstATh. KASP ¥H-2 & 53] 10 uLZ, KASP
Master Mix 5 pL, Zzto]# 3HE 0.14 pL (12 pM 9] allele-
specific forward primer % 30 pM 9] reverse primer 23}),
Z8]3 53 DNA 4.86 L (30 ng/uL)S AR&-3I3Tt KASP
HES-S LGC Genomics®] ¥ Z2EZ| w2} CFX Opus96

Table 2. Primer sequences used for amplification of multilocus genes in Colletotrichum species

Target Gene Primer Name Sequence (5'—3") Reference

ITS ITS1 CTTGGTCATTTAGAGGAAGTAA Gardes & Bruns (1993)
ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)

GAPDH GDF GCCGTCAACGACCCCTTCATTGA Templeton et al. (1992)
GDR GGGTGGAGTCGTACTTGAGCATGT

ACT ACT-512F ATGTGCAAGGCCGGTTTCGC Carbone & Kohn (1999)
ACT-783R TACGAGTCCTTCTGGCCCAT

TUB2 Tl AACATGCGTGAGATTGTAAGT O'Donnell & Cigelnik (1997)
T2 TAGTGACCCTTGGCCCAGTTG

CHS. CHS-79F TGGGGCAAGGATGCTTGGAAGAAG Carbone & Kohn (1999)

CHS-345R

TGGAAGAACCATCTGTGAGAGTTG
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Table 3. KASP (Kompetitive Allele Specific PCR) assay primers targeting E198A and G143A mutation associated with fungicide

resistance in Colletotrichum spp.

Target mutation Primer

Sequence

Primer_Allelel

CTCGTTGTCAATGCAGAAGGTCT

E198A Primer_Allele2 CTCGTTGTCAATGCAGAAGGTCG
Primer Common CGTCCACCAGCTGGTCGAGAA
Primer_Allelel CCTTATGGRCAAATGTCATTATGAGG

Gl43A Primer_Allele2 CCTTATGGRCAAATGTCATTATGAGC

Primer_ Common

CCAATTCAWGGGATAGCACTTATAAGGTT

E198A, a point mutation in B-tubulin gene associated with resistance to benzimidazole; G143A, a point mutation in cytochrome b gene
associated with resistance to Qol; Allele 1, wild-type (fungicide-sensitive); Allele 2, mutant-type (fungicide-resistant). SNP positions are

indicated in red.

Table 4. Number of Colletotrichum isolates used for fungicide resistance assays according to year and region, collected from apple

orchards in Korea during 2022-2024

Year Gangwon-do Gyeonggi-do Chungcheong-do Jeolla-do Gyeongsang-do Total
2022 142 149 141 115 180 727
2023 175 177 175 173 167 867
2024 172 167 167 170 170 846
Total 489 493 483 458 517 2,440
Real-Time PCR A]2-8|(Bio-Rad, USA)S ©]&3}o] 43435} S o] &3 HARIF A S-S ZAIsE A3, benomylel] Thgh
ATE PCR 712 94°C oM 1587 7] ¥4 F, 94°C, U AT 543%, AT 43.7%2 JEOH, F5
20% B 61°C, 12| touchdown AlO]E2 108] WHESI o™, AP 4FE 1.9%= Sof oo Bx7F 243 A
o]ojA] 94°C, 20% % 57°C, 189 5F A2 263 A PO Z o] RS AT ¥HA, pyraclostrobindl]
AlBIaTh g £8 5 3 to|E(Relative Fluorescence et 7HpA A5 19.9%, 25 43S 28.5%, A4S
Units, RFU)= CFX Maestro Software (Bio-Rad, USAYE 51.7%=Z 215 0] benomyl®] A3} Ao Z SR
o]&-3t] FAM &% A&7t S48k 739 724 (wild type), © YdE Hol= A D] pyraclostrobine &3 &
HEX &% Als7F A 739 #3d (mutant type), 7 Al SAY w30 £ BlEo] Utk @9 fluazinam¥}
37t 3= 79 E3H (hetero type)>-2 AT Ayt tebuconazoledl|] thet A ] HIES M 86.8%,
221 allele-specific PCRO] A7]195S 53 AHE9] 52 f+F 97.2%% A YERSTHFig. 1). Kim et al. (2023)2] 7]
572 AR dEshks 25t 2, KASPE 554 M A Aol el Aol strobilurinAl et

FF Az vl&S 23 AP X (scatter plot) Fe] S~
H(cluster) X2 AlZtslste] 7 #59 AA9S AF
TESIATE A9 A =g gHEh] Qs 24 2T
(NTC, no-template control)?} 774 & A thx 455 &
shslo] BE AES 3o g a9t

RAR

Aoy g
Holg 22 ¥ Fo AN sk MEM HA
20223 FE] 2024371A] 337F F 3,5007] ©]4+e] BAH

d
2 B o F 0F #F % WAEE LA} Helu
Fe 2E Adeld F 240258 AaA AR 74

o ARE-3ITHTable 4). o1& H-2]wtol] thsle] 32

100 1

80
60

3.8 04
[
9.4
; I
0 - -

Proportion of isolates (%)

40
20

Benomyl Pyraclostrobin Fluazinam Tebuconazole

W Sensitive Moderately resistant ™ Resistant

Fig. 1. Sensitivity distribution of Colletotrichum spp. isolates
to four fungicides (tebuconazole, fluazinam, benomyl, and
pyraclostrobin) based on mycelial growth inhibition rates
determined by the agar dilution method.
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Aol] AgdS Yep=d] W] fluazinams} tebuconazolell
e e ez gld vl o webA, fluazinam}
tebuconazole> BEAH HAlo] £-83 A 22 Holu} benomyl
pyraclostrobin *A| T3} A0S 71srd0] o] A
IATE ZoAY bE AT A s HI¥de T
#27F 27Eh 9 Lee et al. (2006)2 1992 %-H
20007KA] 7353 A5 A Alkle] F8 Hal 2AblA
A o] 1997 FHx iy &<l o] % sfjuitt FTtet
AoH, ole AFHHIH H ZAFTHY FH 7E
WA Z2ads A FE] il ofs WstE BHist
Aok wEbA A e] AA Algel mE A Zolg
ek AeA Mo ® 7]E WA o] F4o
S

FQ MTHO CHst Az A ME AqXE HEl
AR 2] 45 AAdl tigh A= FAME oA
&2 A9 2 A3(Fig. 2), benomylel]l et 744 g9
H]&-2 202218 56.7%114 2023390 56.3%% W8k
Fol ot 2024390 = 50%2 Aadte] A H1E(49.1%)
I He Ao R ERIFA ol2jgh A= Lee et al.
(2007)°] A5, A&, 770X &3 C. gloeosporioides
Aeto] benomylell WA ZFAdoR HAEIE A=
Aol mEkA, 2 A A3E vigo R & o =y
AR 2] benomylell ek 7A4Ado] FxH o=
asta glom, e A Hlgeo] I/ ThsAdel
=22 AL Pyraclostrobinol] thak 74 H55 20224
oNE 9.8%, 20239 21.2%, 202439 28.6%% 7+
o] Z7tehe A B A 7FE 20224 66.2%,

Benomyl

2024
2023
2022

0 50 100

Fluazinam

2024 1.9
2023 3l0.2
2022 18.6

0 50 100

Proportion of isolates (%)

m Sensitive @ Moderately resistant B Resistant

4

2 ATH ged 2UEE 97

20233 433%, 20243 456%% T F71slih
pyraclostrobin®l] thgh w2 Wh-g-2 A3 A3d e
2 TFEEE benomyl} 22| FAMIE JAIE 60%~80% Al
ol9] FEAA 7k HlFo] =2 EAS Yt &
SAEA 7 20224300 24.1%904 20234 35.5%% &
7FIAT7E 20249 25.8%2 ThA 7439 o) Hlgo] o
73] wor g o]go el AtAl Wk FolE s g
87} A& Zo = AzbE webA, F71A Q0 BAAA T
S A A= B e HslE aEgh AsrAl Ao

TEH pyraclostrobin®l] theh SEAA 7 Feke] A
Al BUHYS Fet A W] WslE A5ty o
=] A d50 g oA Al dee] e zlow
A7V} Fluazinam® 7% 202239 70.4%2] ZHEAS B
ROt 2023, 20243 BT 90%01e] TAS HAIEA
I tebuconazole GA] 20221 3F-E 2024@7EA] 90% ©]/d2]
2 RS fAlske 2oE ERlEo] 7 ofA] B g4
Hate] gk fast a3E Rlsisitt. 28v Abdullahi
(2025)2] B30 w=™ 2015, 20169 F2)3F 759l W
3l 2022, 20233 E#]70] tebuconazole 7HAlo] Sroldl A
o= gRixo] DM AFAll tesiME A& A9t
EUHo] 298 707 ®ilt}

127

At

n 4 o

Benomyl2} pyraclostrobin®l CHEH X| 2 &y 2=
&5 AA T A3 vlEo] Ao E E%H benomylt
pyraclostrobinl] Tia}e] A HE 2 APA FF9o] $XE &
25159 th(Fig. 3). BenomylS benzimidazole Al A2 p-
tubulin A2 AEAHold 23| ofr|ste] 23
tA|eke] A o] AkEw Aol A Fa ddlolH,

Pyraclostrobin

1

2024 25.8

2023 355 |

2022 24.1
0 50 100

Tebuconazole

2024

2023 0.2

2022 1.1
0 50 100

Proportion of isolates (%)
m Sensitive = Moderately resistant M Resistant

Fig. 2. Temporal changes in the proportions of sensitive, moderately resistant and resistant Colletotrichum spp. isolates to four fungicides
(benomyl, pyraclostrobin, fluazinam, and tebuconazole) from 2022 to 2024.
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Benomyl

Gangwon |7 7 S SO
Gyeonggi |7 N O S
Chungeheons | S s S O
Jeolla |G 4o IO
Gyeongsang | S N s G

0 20 40 60 80 100

Pyraclostrobin

Gangwon  INNZTSIN 389 | T
Gyeonggi NG 382 282 ]
Chungcheong  [INIZIZIN 24.7 R 0
Jeolla HSGHET133 I
Gyeongsang  INENISHTNNN 25.9 -
0 20 40 60 30 100

Proportion of isolates (%)

m Sensitive Moerately resistant ™ Resistant

Fig. 3. Regional distribution of sensitivity to benomyl and
pyraclostrobin among Colletotrichum spp. isolates collected from
five apple-producing provinces in Korea (Gangwon, Gyeonggi,
Chungcheong, Jeolla, and Gyeongsang) from 2022 to 2024.

strobilurinZl pyraclostrobine Cytochrome bfrAAFe] ¥olo]
ofal] AtA|le] Ajto] AslElE AoRZ UA Itk (Cortaga
et al., 2023; Karim et al., 2024). ©|2{3+ F-42} Holol| 2]3k
A7 A& FAZ benomyl> BAY WA A2 A1-g-0]
|Sk=] 3L 91 o™, pyraclostrobin S A] ARg-ol| F22]7} H 8 3t
I7dolth, & AeME F oAl Aol gk FEidt
37k xpo]7} gelE| ]t} Benomyle] 75, 74 =et A7
o EElFo] 22t 77.8%, 79.1%% =& A4S Bl
™, Aetror B3 4FE 26.1%% Aol 7 W
T}, Pyraclostrobin A 74 9] vl &o] Fd=s}
7N=7F 242t 27.3%, 33.6%= AdHAoZ =al Hekert
7P S 9.6%= YERL HEte A GoA B 45 E
benomyl3} pyraclostrobin 250l thall A A X9 5 713
wre 7S e olgiet e T ol oSt dE
ARl AR AstHTE A9 A S Ee 2Ed
WA Aefo] FQshe AAle. Fhme)l A7|=e] A9
benzimidazoleZl] ¢HAIE o]-&-3t ©AY WAI7L 7led Flo=
Ho|m, T} A9 kA9 8 wE Helske WS
53 A s NG AR HEE AT F de
WA AgkS Al Fa7t 9 Zlolth. WHH, pyraclostrobin o
el FEAR #F9 BE HEe] Ee W
strobilurinZ] AHzAl 2] AR-S A|SHsla, X429 BUE )
A A S7HE AAT A71A el Agge] aHh
7+ 2 Aol WAIAZ19 oA 2] W, 71$ 29l
B3 oz FAHM, FF FAHA 4
NAE +58 Bart Aok
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>
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Fig. 4. Regional distribution of Colletotrichum species isolated
from apple bitter rot across five provinces in Korea from 2022
to 2024. The total number of isolates per region was as follows:
Gangwon, n = 42; Gyeonggi, n = 47, Chungcheong, n = 44;
Jeolla, n =41; Gyeongsang, n = 50.

Colletotrichum S0 HE 7N Zt+=4 X0

Aol ARE-SE 24407 T AE™ (20224, 20231, 202413),
AEHFLE, B7%, FHE, Ao, ZA4%)= Y 24
G 1T AR Addste] T 240vF0 st o
AAHITS, GAPDH, CHS-1, ACT, TUB2) £-44& o] &3 &
TS AT 2408575 - A, C fructicola
(46.7%)} C. siamense (40.8%)7} 2 $HFO = I
Ak AGERE FAEANNE C siamense, =M E=
C. fructicola 7Y 8522 Yeh} Ao 7+ B ZJol7}
FEelthFig. 4). olEd A9 T Aole Y
APl M= EolE vl =], EH A HNME= C siamense”t
st vwA 2dst JH QM C fructicola’t
Hshe 7d3o] H1E|o}(Abdullahi, 2025; Tan et al., 2022)
B AT Aol fARH, ol A9 F B 3|7t 7%
2913 o] Q1&g NI 2L 9] C fioriniae (54%),
C. gloeosporioides (2.5%), C. nymphaeae (1.7%), C. scovillei
(1.3%), C. conoides (0.8%), C. grevilleae (0.4%), C. godetiae
(04%)7F BERIEIA 53], & A5 53l 2218k C scovillei
= AIF BANE fdsle F8 ToE A AeH (0o
et al,, 2017), Al E Bt 27 2 Foll ot
U Al BEAoA EEEHoEAN 5 T B 475
St sle] o] Fofl thal AtAl W EAS ALY Havt
Ag Aloloh Al '] =8 9HF C fructicola®t C.
siamenseS UVFOZ A @/do] =2 benomyl} pyraclostrobin
o thgk 7= zlelE gjlIskr] flste] A A JAES
A% A3, C. fructicola = benomylell diste] 744
48.2% (n = 53), A3 51.8% (n = 57)2 e} 24
Aggoz yis] YREHE FX S Btk AgEz
A7 Bele] 947% (n = 18y} Ao ® A & 71
UL ABEE 16.7% (0 = 6)F 7HE Hol 5 Z Yelie
ool mE 74 &7t 531513t Pyraclostrobinel] ThalA]
44 364% (n = 40), T= A 82% (n = 9), AT

i 2L dr e
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Table 5. Benomyl and pyraclostrobin sensitivity of C. fructicola isolates causing apple bitter rot in Korea

Benomyl Pyraclostrobin
Provinces
Resistant MOd.e rately Sensitive Resistant Modg rately Sensitive

resistant resistant
Gangwon-do 55.6 0.0 44 .4 77.8 11.1 11.1
Gyeonggi-do 53 0.0 94.7 10.5 10.5 78.9
Chungcheong-do 38.1 0.0 61.9 38.1 0.0 61.9
Jeolla-do 83.3 0.0 16.7 86.1 11.1 2.8
Gyeongsang-do 52.0 0.0 48.0 52.0 8.0 40.0

55.5% (n = 61)= YER 274, A, A 4] o I 3 AXE Heltky By A dx|sath =,

AEAQ B2 S BT AGHEZE 472t 78.9% C. fiucticold= L & WolM= Xl wz} 74 Azt
(n = 152 7P =2 299S Ul d2ties 2.8% AR B AT ARE F F5olAM BRSSP C fiucticola?t
(n = D2 7P L3UtH(Table 5). o]2|gt (o8 72 2fol= ZHEH © 2 benomyl?} pyraclostrobin®l] thall C. siamensek.
T AYGellA $Hsle & 24 dysh A Ze= o} Be S B ol A9 A vt o4
T 77 o= 0] A SR =2 C siamense T 2T T W A HAPL EFH R 2483 AHd ¢
9] Hlgo] 2 W, Aefeoli= F Aol tisl Adde] NSS HojF) S C siamense= benomyloll thal] )%

o
b o
ff
lo
N
e
2
[o

=2 C fructicola?t -H8he 202 eI ol2i3 A= o e el AA 452 96.9% (n =94yt

2 74 2tA) 744 21017} Colletotrichum % Z732) 2ro] 2} o2 SERIFJA, A ¥ 3.1% (n = 3)= w5 =
FREAHOZ e 7 F UeE AR C fiucticola Utk Ao 2= A A oA ERIHE 375 AQeH
+ benomyloll thall pyraclostrobin Xt} Jjdoz =& 7+ BE A9 FF7F benomylel] thaA] Aoz ol
FE B, T AAl 25 tiE] 50% o] A3t ATk, Pyraclostrobindll THEIAE 274 402% (n = 39), %=
& Yehll= AoZ SRIFEAT. C fiucticola?] ©1E F A 464% (n = 45), A3 134% (n = 13)E BRlLo] F&

Aol thet #2 A3 AFRAE A 22245-9] BB AP #F7t 7 =2 S AR EIT AgEEe A
77}, benomyl#} pyraclostrobin®l] T3} 2015, 2016, 2022+ # T AYol 66.7% HTEE HIOY o] A9 C
T 0%l A4S JeE L 20239 #FE 70% siamense 2] ¥HO] 3= Ef Aol Hlal] FriH R Ao
opdel AFHS WERITL B Abdullahi (2025)°1  FF FUHAQL 5 FHE SO 9] 2o JloR A

AFNME BAEAT}. C. fiucticola &) Al 7H4AL B Hok TR0 2 715 47.8% (n = 11), L= 46.4% (n = 13)

2] Aol mEA = 2]zt e 7= Eelto] F 2 g0l ERoH o] 99 FEATY #5¢] HEE
ofAlol thel =2 A Hel vk HEke Relgd F TUgl wet 254 RUERY H2E B8 AP {
At Bl dial] 7P v S UERe] £8 A) Do o] o]5S AT et S FothTable 6). ©13<]
ool mE A W] Apolzt FsistA yElsT. ol A= 53551 benomyl} pyraclostrobin 5 Aol thsf C.

ot A¥l= Karim et al. (2024)°] =2 B0} B4 A4 siamense’} C. fiucticola 9 B|3lo] AH o2 & 744

|4 GuangdongellX] ®2|3t C. fiucticola= carbendazim® HAom, B3] benomylell allA= tIF-E2] C siamense o
sl A4, Guizhou #F+ AR Ve 2] A9 F7F A0 R FRlEo] Fo mE AdAl vHo FE

Table 6. Benomyl and pyraclostrobin sensitivity of C. siamense isolates causing apple bitter rot in Korea

Benomyl Pyraclostrobin
Provinces
Resistant Mod@ rately Sensitive Resistant Modg rately Sensitive

resistant resistant
Gangwon-do 0.0 0.0 100.0 7.1 46.4 46.4
Gyeonggi-do 0.0 0.0 100.0 4.3 47.8 47.8
Chungcheong-do 0.0 0.0 100.0 23.8 47.8 28.6
Jeolla-do 0.0 0.0 100.0 0.0 333 66.7

Gyeongsang-do 13.6 0.0 86.4 227 56.5 31.8
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g Zpo]7h gRlE ATt o]# g A= benomylel sl C.
siamense?t C. fructicolaBth JNH o2 =& 7448 H
A 3= Yokosawa et al. (2017)9] Hile} I|skSiTh
Abdullahi (2025)2] HIoME C siamense?] benomylZ
pyraclostrobin®l] gk AaAdo] SR1E|A] Epo} 2 A41E
Bl AT AY TEltellx] g AR #5TF ER1E)
et o] A RFe gk AEHH BUHY T HE
benzimidazole”| 2FA] #2]E 53 A s WAT F
87F & Aolth B C siamense= pyraclostrobino]l tgk
A& BlEo] 13.4%= A= Wto) T3 v
£0] 46.4%E E& W IAFH O RS o] 55 WA|s]
918t vk #e)7F F 23 Zolt}. Benomyl} pyraclostrobin
of thafl BlaA] FHpAde]l w2 AUEs} 7% AHe F
£ o] &gt A7 7 o Hou, Hgte A
2 o5 A9 T AT AR AR-S T8k Ao
A Ao By gAY AoR AohEch 4 oA
Hk-gol] A3k A8 AFZ Kim et al. 2020y C. fiucticola?}
benzimidazole”]l thiophanate-methyl] i3] =2 ECs%<
Kol WHH C siamense= carbendazim®l] thall & EC7hS
Uehlo] 5 AF AtAl WX E F7F 174 Aols
BT B8, Jang et al. (2023) 75 XS Apze
A S gz 3t AFolM C fiucticola?} azoxystrobin,
carbendazim, thiophanate-methyloll T3] Aoz yvre
A4S BT Baste] 2 AFoA ER1E Fof e
ofA RE&C] zlole} UAE AES HArh AAE THE o
Colletotrichum 9 e AFH A vk Xjo]¥at
oflgt U F WelM= A A HAprh )l
el Al SR BAIE Sk 2 A $A1E BEE
AesiA eteh= Zlo] Fash, olefgt Al F <
Hhg sk AP sle oA AMelo] 9 EITh

e
g

KASP (Kompetitive Allele-Specific PCR)E 0| S8t &7
e 43

KASP (Kompetitive Allele-Specific PCR)S- ©]-8-3+ benomyl
3} pyraclostrobin A4 AR A% APYS dov=

0
HO

Benomyl
g 100 +
8 80 -
<
S 62.1
%' 60
5 40 | 374
=
Q
g 20 -
a 0.5
0 A T :
wild mutant hetero

on)
lon
02

RAOZ WALE B-bulin A7) E198A ¥} cyrochrome b
422l G143A WHo|(Vela-Corcia et al., 2018; Gisi et al,
2002; Fungicide Resistance Action Committee, 2025)5 &+
lske AeRE AR 7t #59] F32%8-S FAMA
HEX &3 2159] 7ol i} 59291 S2HE Hgsi
LRrolon, o5 7|k & HEAR0] ofF-S =53 A,
benomylell that ZHRALS 62.1% (n=131), A3 37.4%
(n=79), EFFL 0.5% (n=1)Z YERAIL pyraclostrobin 7+
T4 59.8% (n=150), A3 38.2% (n=96), TFH 2.0% (n
= 5)2 ERIHAUTk(Fig. 5). oleeF A= HFAH S o]
83 benomyl(F=d 54.3%, A3 43.7%, =AW 1.9%)2
pyraclostrobin(Z<74  19.9%, AR 51.7%, TE=ATA
28.5%) 778 ARt 74 Bleo] =4 YElst 53
pyraclostrobin®] 73-¢-, SHAS|A Y& B3k AR FEA]
A vl go] =9ko} KASP #A AsfolM = o] 4FE]
FAAE Hol7h YehA] ot A o' EjIE T o]
P 2UA= Gl43A o]9]e] #7 F-91¢] Ho] 7FeAdS 2
FJ87} e BHol Frh 2 Apollx] AME-g KASP vHA

G143A WHo|wE AEslwes AAHIJSY Qol A3
HAE gprochrome b 7312 HolZ2= GI43A Qo=
F129L7 G137R §°] Hilxo] glom, o5 Wolz dul
HOoZ Gl43A% e IE ART= FeE 759
A FEEE oz dEA Uk (Femnandez-Ortufio
et al., 2008; FRAC 2025). 53] Widiastuti et al. (2025)
Colletotrichum asianumo|~] F129L WHo|7} e 49
pyraclostrobin #1343} S BB, o3 AAE
I o 2 AolA HEE FEAY FeolA Gl43A7}
AZHA &2 A2 FI129L% 22 t& cytochrome b
Hololl 71Q138& 7Fs7de] Stk webA Fole F7HH <
cytochrome b M€ 42 F3 Gl143A ©]9l9 14 F9
E4Re] EA] AR5 ERIT Fart k. ol XA
Ho|9} A3} Vielba-Femandez et al. (2018 Podosphaera
xanthii®] Qol A& dell A3t Atol|x 438 G143 allelet
A E Al143 alleleo] 5 5 Holl FE5R= heteroplasmyS:
BB on, i allele®] Jth3] Bl&ol wiet A3 ol

or we o

A

Pyraclostrobin

100 ~
80
59.8
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382
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20 4
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0 h T T 1

wild mutant hetero

Fig. 5. Sensitivity distribution of Colletotrichum spp. isolates to benomyl (n = 211) and pyraclostrobin (n = 251) by KASP

(Kompetitive Allele-Specific PCR).
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Fig. 6. Regional distribution of benomyl and pyraclostrobin
sensitivity determined by KASP (Kompetitive Allele-Specific
PCR) in Colletotrichum spp. isolates collected from five provinces
(Chungcheong, Gangwon, Gyeonggi, Jeolla, and Gyeongsang)
during 2022-2024.

g9 AFS it ol9k 2 A= Qol A3}
Holo] fFRko 2 MRE|R] oks 3o
o, A Rt A QS E F des AR
wpEbA s Aol SEAFY O F TFREJSOY Gl43A7F
HEFA] & d552] 7%, heteroplasmyel] T2 allele H1=5
BgHoR Wt ¢ e W ol FF AFe
olfdt 7FsAS ERIT F UL AoE BTk Qo At
A= rEZ=go} MAEAY cytochrome bel complexE
Asfgo =y 2gepA Rt U KetelA= altemative oxidase
AZE dssle Y AsiE TR 3 £ e
Aoz 4HA UtH(Femnandez-Ortufio et al., 2008; Wood and
Hollomon 2003). 221} Avila-Adame and Koller (2003)=
Colletotrichum graminicola®] Qol A Al A&
2o 5olA JAAZ A== SHAM (alicylhydroxamic
acidyS 23192 wl A 4d5 5 17714 azoxystrobin
o tigh Aol SR oY, w2 50 A 74
HAT Bus ASE A2 =2 A3 fd 3
AL ele] opkar siAsigict. Bt Kim et al. (2019)%]
AFAME Co acutatum A3 A5 AL 459
pyraclostrobin t&t ARSI A &3} HFelA SHAMA
T dAPY A E el GRS PIRA] eagkon s
42 E strobilurinA] =tAle] @AM A 23 A Fel
QA AAAE H71e 2art flvka Biskqit
A B HREe] 75 thAl S5 A= A3Adel AelsisiE
7Fs/3L Sure 7102 Holu o]&e] tigh ¥Rle] B8e
Zolt), mREte 2 T FE 7IREO R §F FAL] 3HA| G4
A e ofof gt} & AM = dHe] #E 284
o2 ARG St 9 w9 SIS A8-51%

oA gded 2UEE 101

o} o]y g WS T 7Y APES Hole 45
LA FHiEske d SA7F 2 AUt 53] A3l
AL FdoE VAL F129L3 7] 37t AdthA
o= 22 wolo|| o3 YA 9ol 1Y w7t 4
Ae A} Atolo] ELX7L @A 7Fs/d0] k. wEkA, &
AollA HZE FEATA W KASP A 7] x}o]
© @ RlE = ks A3 712t AR s &
FH o 23 A 7ol = AEEE benomyl
3} pyraclostrobin  2FA] 5ol tis)] Ml A|ejst Ze
Z|%o] 50% ool TS Blom FUET} 80% old o=
7P B Teo R A7IRTE 19.6%% w3kt ek
benomylel] T34 27.0%, pyraclostrobin®l] TilA] 23.9%92]
AL 1Y 7P With(Fig. 6). ol#et A9 144

73%e] Apole A9, 771 Aol B Ao Hlg| FjFom
ZHadol =L Hebert 7P wkd g sl %
AR Aol A8 2822 F benomyl B pyraclostrobin
3 o] B4 T 7] Wololl oJal] F8 A3/do] BarE
Al AEY 7S, A9 @9 dR RUEPC M=

KASP 418 283 §42 719 FdA o] A7kt vlg =
Aol B&AQl =77 2 ¢ Utk 284 benomyl ¥
azoxystrobin®ll T+ A& Colletotrichum dFN* p-tubulin
S gytochrome b 3ALS] FEAHO|7F ERIFA] 9= A}
7} RAE I QO 2 F (Moreira et al., 2019; Peres et al,
2004), A3 RUE S S sA 3 e J vt Qi

aAtel 2
B 93 25 FEATAYFHAHNSE: RS-2025-
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of U AlZeEA W (Colletotrichum spp.)yS F2 AdAE o]&ste] WA o), AL 744
UEH 285E F58 Aotk £ A7 202297 20243701 =) 57 ) F 2 Al AR oM 313
% 2,440FFE 422 benomyl, fluazinam, pyraclostrobin, tebuconazole 4% AraAlol thet 7438 H718th.
4% A % Fluazinam(86.8%)7} tebuconazole(97.2%) & 74443 213191t Benomyldl] it 77448 543%%
VFERRAL, 20224 56.7%1141 20240= 50.0%% HAF Haske S BT Pyraclstrobindl] thek 78-S
19.9%= 71 wkont 20221 9.8%014 202499 28.6%2 7R FAIE Ul A9 EAMlx =
FAx9} 471= Bl benomyld} pyraclostrobinel]l i3] Hehe EEldRoh =& 2444S Yepith 4852
C. fiucticola(46.7%)%} C. siamense(40.8%)=2 FRIE AT}, C. siamense @5 C. fructicola®] VI3 benomyl=
pyraclostrobindl] &l AH ez =& 7S Ao C siamense T2 46.4%= pyraclostrobinol]l 3l $=
AgdS JeERTE. KASP(Kompetitive Allele-Specific PCRYE ©]83+ wo|] B4 A3}, pyraclostrobin A3 d-2
cytochrome b 7] G143A Wol9l e 2102 IRIHF oM, FEAPY #Folxe sid Hol7t Rl
ATt ¥ A =] A &Y Colletotrichumd5-2] A7F 744 W3}, 9459 A9 2 2 7 Aol&
oM, Ao sad WA A= S A% 7| ZAEE Al

2 kO

N
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Supplementary Table S1. Detailed sampling sites of Colletotrichum isolates collected from apple orchards in Korea (2022-2024).

Province City (Si/Gun) Township (Eup/Myeon/Dong) Village (Ri)
Yesan-gun Sinam-myeon, Oga-myeon, Sapgyo-eup zl‘lr;ltég‘i]l?'ﬂ, Jonggyeong-ri, Naeryang-ri, Sangseong-ri, Yong-
Jecheon-si Deoksan-myeon, Hansu-myeon Seongo-ri, Sinhyeon-ri, Deokgok-ri
Chungju-si I;?;;:;nrg;:;’l Daesowon-myeon, Suanbo-myeon, Don- Sinhyo-ri, Maehyeon-ri, Suhoe-ri, Anbo-ri, Sondong-ri
Chungcheong-do 0 . Guwolti. Samb . Ch LA
Goesan-gun Buljeong-myeon, Gammul-myeon, Yeonpung-myeon, cryeong-rl, LUWOLTL, Sambang-i, Lhusan-r, Acnge-

Yeongdong-gun

Boeun-gun

Yanggang-myeon, Yeongdong-eup

Samseung-myeon,

heon-ri, Jeokseok-ri, Yuha-ri

Goemok-ri, Jukchon-ri, Yangjeong-ri, Hoedong-ri, Nam-
jeon-ri, Sanmak-ri

Dalsan-ri, Sangga-ri, Naemang-ri, Ujin-ri

Gangwon-do

Pyeongchang-gun
Yeongwol-gun

Yanggu-gun

Hongcheon-gun
Cheorwon-gun

Jeongseon-gun

Hwacheon-gun

Pyeongchang-eup, Dachwa-myeon, Yongpyeong-myeon
Yeongwol-eup, Nam-myeon

Haean-myeon, Guktojeongjungang-myeon, Bangsan-
myeon, Yanggu-eup

Yeonggwimi-myeon
Dongsong-eup
Imgye-myeon

Hanam-myeon, Hwacheon-eup, Sangseo-myeon, Sanae-
myeon

Jongbu-ri, Dachwa-ri, Dodon-ri, Jaesan-ri
Palgoe-ri, Samok-ri, Togyo-ri

Oyu-ri, Hu-ri, Song-u-ri, Wolsan-ri, Chiljeon-ri, Sang-ri,
Gongsu-ri

Gae-un-ri, Hudong-ri
Ipyeong-ri, Oji-ri, Gwanu-ri

Yongsan-ri

Georye-ri, Pungsan-ri, Bong-o-ri, Gwangdeok-ri, Damok-ri

Gyeonggi-do

Hwaseong-si
Icheon-si
Paju-si

Pocheon-si

Gwangju-si
Gapyeong-gun

Yeoncheon-gun

Jeongnam-myeon, Seosin-myeon, Namyang-eup, Jangan-
myeon,

Seolseong-myeon, Daewol-myeon, Janghowon-eup

Gyoha-dong, Dangha-dong,Gunnae-myeon, Gwangtan-
myeon, Papyeong-myeon

Ildong-myeon, Sinbuk-myeon, Changsu-myeon

Namjong-myeon, Chowol-eup, Jangji-dong
Buk-myeon, Gapyeong-eup,

Gunnam-myeon, Wangjing-myeon, Misan-myeon

Jegi-ri, Jang-an-ri, Hongbeop-ri, Anseok-ri, Sagot-ri

Jangcheon-ri, Bupil-ri, Songgye-ri, Eoseok-ri

Gyoha-dong, Dangha-dong, Eumnae-ri, Majang-ri,
Yeongjang-ri, Geumpa-ri

Hwadae-ri, Sajik-ri, Giji-ri, Oga-ri, Gyeryu-ri, Gisan-ri
Sucheong-ri, Jiwol-ri

Baekdun-ri, Hasaek-ri, Igok-ri, Sobeop-ri, Majang-ri,
Seungan-ri, Jeryeong-ri

Okgye-ri, Dongjung-ri, Ami-ri

Gyeongsang-do

Geochang-gun

Andong-si

Bonghwa-gun
Uiseong-gun

Cheongsong-gun
Yeongju-si
Gunwi-gun

Yecheon-gun

Mari-myeon, Namha-myeon, Geochang-eup

Pungsan-eup, Giran-myeon, Nokjeon-myeon, Iljik-myeon,
Imdong-myeon

Sangun-myeon, Chunyang-myeon, Beopjeon-myeon,
Myeongho-myeon

Jeomgok-myeon, Danchon-myeon

Hyeondong-myeon, Bunam-myeon, Andeok-myeon, Hyeo-
ndong-myeon, Hyeonseo-myeon

Bonghyeon-myeon, Jangsu-myeon, Anjeong-myeon,
Buseok-myeon,

Sobo-myeon, Gunwi-eup, Ubo-myeon, Hyoryeong-myeon

Eunpung-myeon, Jibo-myeon, Eunpung-myeon, Gamcheon-
myeon, Bomun-myeon

Daedong-ri, Dunma-ri, Gaji-ri

Jukjeon-ri, Cheonji-ri, Nongnae-ri, Gwimi-ri, Gocheon-ri

Silla-ri, Seobyeok-ri, Nulsan-ri, Yanggok-ri

Songnae-ri, Yunam-ri, Hupyeong-ri

Gaeil-ri, Yangsuk-ri, Jangjeon-ri, Changyang-ri, Hwamok-
ri, Woljeong-ri

Dusan-ri, Galsan-ri, Ongam-ri, Ansim-ri, Yongam-ri

Wiseong-ri, Museong-ri, Miseong-ri, Hwagye-ri, Byeo-
ngsu-ri

Geumgok-ri, Majeon-ri, Oryu-ri, Eosin-ri, Po-ri, Sanseong-ri

Jeolla-do

Jangsu-gun
Jinan-gun

Muju-gun
Namwon-si
Gimje-si
Jangseong-gun

Jeongeup-si

Iksan-si

Cheoncheon-myeon, Jangsu-eup, Gyenam-myeon, Beo-
nam-myeon, Janggye-myeon,

Jinan-eup, Baegun-myeon, Sangjeon-myeon, Yongdam-
myeon, Maryeong-myeon

Seolcheon-myeon, Jeoksang-myeon, Mupung-myeon, Muju-
eup

Ayeong-myeon, Unbong-eup

Seongdeok-myeon,
Baeksan-myeon

Seoam-dong,  Yongji-myeon,

Bukha-myeon, Samgye-myeon,
Gamgok-myeon, Deokcheon-myeon

Geumma-myeon, Mangseong-myeon, Nangsan-myeon

Namyang-ri, Gaejeong-ri, Songcheon-ri, Jangpan-ri, Sin-
jeon-i, Yujeong-ri, Sambong-ri, Dusan-ri

Ocheon-ri, Mulgok-ri, Baegam-ri, Jupyeong-ri, Song-
pung-ri, Sudong-ri, Gyeseo-ri

Samgong-1i, Sasan-ri, Geumpyeong-ti, Yongpo-ri
Gusang-ri, Galgye-ri, Hwasu-ri, Im-ri, Gwonpo-ri
Daemok-ri, Sinjeong-ri, Surok-ri

Seong-am-ri, Jungpyeong-i, Yongdu-ri, Sangdo-ri, Yaksu-ri
Yujeong-ri, Hahak-ri

Galsan-ri, Naechon-ri, Seongnam-ri
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