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Abstract In response to recent changes in species diversity, we performed this study to improve the
quantitative sequencing (QS) method to monitor Quinone-outside inhibitor (Qol) resistance in Colletotrichum
populations causing chili pepper anthracnose. The conventional gDNA-based QS method had limitations in
the amplification stability of certain species, such as the Colletotrichum gloeosporioides species complex, due
to intron structure variations within the cytochrome b (cy#b) gene. To overcome this, we developed an improved
QS method with cDNA as a template and a universal primer set (RF-CYT1A/RF-CYT2B). Although the
conventional method had a coefficient of determination (R?) of 0.8826 between actual resistance ratios and
QS results when using artificial lesion samples for validation, our improved method significantly enhanced
accuracy and reproducibility with an R* of 0.9973. Our improved cDNA-based QS system will be a valuable
tool to rapidly and accurately monitor Qol resistance frequencies of diverse Colletotrichum species that
coexist in field populations.

Key words: Chili pepper anthracnose, Colletotrichum spp., Quinone-outside inhibitor (Qol) fungicide resis-
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ca)o} Az EA ] B3 19l EA5H= cytochrome b
(cytb) AL Qo sitel] AFslo] AAHALES Aeligho =M
ATP S AAlehs @ 84S 2he AR, s
2z Wl e WA 29E JERfe] g ARSE
Sl (Bartlett et al, 2002; Gisi et al., 2002; Zakharychev and
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Attt g s 8)A 2 20229 5E 20249744] 313 ZZ W Colletorrichum £2| & 2X H|E Y 48 AR
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Table 1. Colletotrichum isolates used for the comparison of conventional and improved quantitative sequencing (QS) methods and for
the preparation of artificial lesion samples

Species Isolate name fel;;%l;;gg cyth genotype PCR Zglsls}lgatlon Aﬁg:;%ﬁftlg n
C. scovillei GWHSI1-7 Sensitive G143 + +
C. scovillei GWHSI1-8 Sensitive G143 + -
C. scovillei GWPC2-5 Resistant Al143 + -
C. scovillei GPIG3-4 Resistant Al43 + +
C. nymphaeae JBJJ1-6 Sensitive G143 + +
C. nymphaeae JBJJ1-8 Sensitive G143 + -
C. fioriniae JBII1-7 Sensitive G143 + +
C. fioriniae GBYY3-1 Sensitive G143 + -
C. fructicola JBIS1-10 Sensitive G143 + -
C. fructicola CNCAI-1 Sensitive G143 + +
C. fructicola JBIS1-1 Resistant Al43 + +
C. fructicola 22BSD2 Resistant Al43 + -
C. aenigma GBYY3-3 Sensitive G143 + -
C. aenigma GBGIJ1-1 Sensitive G143 + +
C. aenigma JBIS1-4 Resistant Al43 + +
C. gloeosporioides 22UGM9 Sensitive G143 + -
C. gloeosporioides JBIS1-3 Sensitive G143 + +
C. truncatum JBWJ1-1 Resistant Al143 + +
C. truncatum JBJS2-2 Resistant Al43 + -

9n this experiment, commercially formulated pyraclostrobin was used as the fungicide.

»PCR amplification assay was conducted to evaluate the amplification efficiency of primer sets using gDNA and cDNA as template DNA. +
and - indicate whether the isolate was used or not in the corresponding experiment.

9To evaluate the performance of the improved QS method, an artificial lesion experiment was performed. Lesions formed on pepper fruits
through artificial inoculation with different Colletotrichum species were collected and mixed in various proportions to prepare the test
samples. + and - indicate whether the isolate was used or not in the corresponding experiment.
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Table 2. Composition of artificial lesion samples” for validating the improved QS method across various Colletotrichum species

mixtures
Samol C. scovillei C. nymphaeae  C. fioriniae C. fructicola C. aenigma C. gloeosporioides C. truncatum
ample
No. G\KgIS{)S)I 7 GP(I[({})3 4 JBIJ-6(S)  JBIII-7(S) CN%éA)l 1 JB(I}S{; 1 GB((;J)I 1 JB(IS; 4 JB%S)I 3 JB\(’\I%I 1

1 200 - - . - . - . - -
2 - 20 - - - - - - - -
3 - - 20 - - - - - - -
4 ; . . 20 ; . - . - y
5 - - - - 20 - - - - -
6 - - - - - 20 - - - -
7 - - - - - - 20 - - -
8 ; . . - ; . ; 20 - y
9 - - - - - - - - 20 -
10 - - - - - - - - - 20
11 4 16 - - - - - - - -
12 ; 14 y - 6 . ; - . y
13 - 18 . - 2 . - - - .
14 - 11 - - 9 - - - - -
15 3 6 - - - 11 - - - -
16 ; . 4 2 14 . ; - . .
17 - - 4 12 - - 4 - - -
18 - - - 18 1 - 1 - - -
19 4 - - - 10 2 - 2 2 -
20 ; 12 y 4 4 . ; - . y
21 - 4 - - - - - . . 16
22 - - - - 5 - - - - 15
23 - - 8 - 12 - - - - -

YArtificial lesion samples were prepared by inoculating the isolates listed in Table 1 onto chili fruits and excising 5-mm lesion discs. Each
sample was constructed by combining 20 lesion discs in various ratios to simulate field populations with mixed species and resistance levels.
S and R indicate pyraclostrobin-sensitive and pyraclostrobin-resistant isolates, respectively, as determined by their cyth genotypes (G143

and A143) shown in Table 1.

9The numerical values in the table indicate the number of 5-mm lesion discs of each isolate used to compose a total of 20 discs per sample.
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Cytochrome b FHA 2

cyth TR 14304 opn) et 7915
Z317] 9)5te] gDNAZ} total RNAZHE 43 cDNAS
Fg o7 A8313t}. Total RNARRE ¢cDNAZ $Hisl7|
8ked & 20 pL RS- FH|5ISI T WSS 5% Reverse

T 9L

R R =1
Transcription Master mix (ELPIS-BIOTECH, Korea) 4 pL,
total RNA 5 L, dH,0 11 pL& FAJ3I3ich whg-ee 37°C0]
M AT FSE QAL HES-S A slo] cDNAS T 7,
843}

94°CollA] 58E7F WESATA reverse transcriptaseS
st

eyth 7S] ZES 91519 Cacyth-P2 (CATAGTAAYAC
AGCTTCT)/Cacytb-R (GGAATAGATCTTAATATAGC) =
Zro|H(Kwak, 2016)2} RF-CYTIA (AYAGAGCTCCWAG
AACWTTAG)/RF-CYT2B (GAAACACCTAAWGGGTT
ACTTGA) 2}o|# (Abdulkareem et al., 2024)5 AH8-31
TEAES MWt gDNAS F3 07 3 PCR HHg&
5% Master Mix (EzZPCR™ HS 5x PCR Master Mix, ELPIS-
BIOTECH, Korea) 4 pL, gDNA 2 L, forward primer (10
pmol/uL) 1 pL, reverse primer (10 pmol/uL) 1 pL, dH,O
12 uLE T3] 25 w89 20 uLz FH)81th cDNAS
F3Po =z g PCR HH3-92 oDNA thil ¢cDNA 5 uLE
ARSSEaL, dH00] e 9 L 2gsle] HF W 20 pL=
Flatsct.

Cacytb-P2/Cacytb-R Zz}o|#¢] PCR RHg 271 94°C
oA 587t pre-denaturationS 3 SF &, 94°Col|A] 407+
denaturation, 37°CllA] 40%7} annealing, 72°ColA] 50%7F
extensions 353] WHEsIon, mExwo 2 72°CoA] S5E
ZF final extensiong T3 3} THKwak, 2016). RF-CYT1A/
RF-CYT2B Zglo]He] PCR WM 271 95°Co| A 5%-7F
pre-denaturationS =33t & 95°CollA 187}t denaturation,
55°ColAl 30%7F annealing, 72°ColA] 187} extensions
353] W51 O upR|Eko & 72°Co 4] 557} final extensionS:
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1% agarose gel*l*] 0.5x Tris-borate-EDTA (TBE) buffers
AREste] 100 VollA 407 7195313t ol UV
transilluminator (NaBI set, NeoScience, Korea)s ©]-8-3}<]
% oFE RIS

HEY AJIMY 24 (Quantitative Sequencing, QS)

PCR 2H=-2 Expin™ PCR SV kit (GeneAll Biotechnology,
Seoul, Korea)g ©|-83}] A+ & Macrogen (Daejeon,
Korea)ol 93] G714 48 Fdsisinh. d71M<E
d|o|E]:= BioEdit Sequence Alignment Editor (version 7.2.5)5
ol g3t Bl om, oy AR 143HA] FEoA
G143A Hele] sdshe Gt C 9719] 92 EolE S5l
A 9 A A Ao As s
At o)& viEoZ A A HH-FHAL WIEE ALkt
= 325 A oA AREE o] & 7]E QS
g AEAS Brke] sk, AEE AR
HE g RS Tl Ak ARE 479
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$181e] Microsoft Excel (version 2205, Microsoft Corp.,

Redmond, WA, USA)S ©]§-3slo] M3 A4S Fa8taL
ARAFR)E AH=3191T
4 o

Pyraclostrobin X{ &4 gt QS EAMHo|
ME|E I}
Ao wAyet
A Ao} o
2022956 20243714 AA AR
0.8438% LEROM, 2022103 20242

ZUEEE 4

o
v st A3}
ZF 0.8068, 0.9424,
AZAF7F 2023

¢

T

33l tHAbdulkareem et al., 2024). PCR SF3ba2 ol ¥l3)] @A Yebth(Fig. 1). 34, C. fructicola®] £2)
A B C
~ 100 ~ 100 ~ ~ 100
Sg - < . S g
gE 801 ® g g 80 TE 80 o .
23 25 | B Ex=
g 5 601 g & 60 L JR ) gL 60
% %ﬂ = %D L o = %D
g2 £ g3
=E = 40 A1 - E = 40 A [ 3 E= 40
E8 204 7 y=0837+9299 g 8207 7 y=09138x+82004 22 200 y=0.9439x+1.9332
Zz o1 R*=0.8068 iz . L R*=0.9424 Z % R =0.8438
ZE 0TI tE 00— R ———————i
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Resistance allele frequency (%) by QS

Resistance allele frequency (%) by QS

Resistance allele frequency (%) by QS

Fig. 1. Correlation between Qol resistance allele frequencies determined by conventional gDNA-based quantitative sequencing (QS)
and resistance isolate frequencies determined by the large-scale agar dilution assay. Data were obtained from Colletotrichum populations
collected from diseased chili pepper fruits in (A) 2022 (n=74), (B) 2023 (n=79), and (C) 2024 (n=69). Each symbol represents an
individual field population, and 'n' indicates the total number of isolates tested in each year.
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Fig. 2. Relationship between species composition and the accuracy of conventional gDNA-based quantitative sequencing (QS)
analysis in eight field populations where species belonging to the Colletotrichum gloeosporioides species complex were detected in 2024.
(A) Correlation between resistance allele frequencies determined by conventional QS and resistance isolate frequencies determined by
the large-scale agar dilution assay. Symbols represent individual field populations. (B) Absolute difference in resistance frequency
between conventional QS analysis and the large-scale agar dilution assay. (C) Isolation frequencies of Colletotrichum species in each

field population.
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R Zz}o]m 9} RE-CYTIA/RF-CYT2B Zelo|HE o]&-3le] 7}
TFEHE] 353 gDNAY} total RNAZHE] 413 cDNAS
FYO 2 PCRS 43Y3]% L}l eDNAS FH O o] Cacyth-
P2/Cacytb-R ZE}o|HE ARME-SF 7d9-0ll= C. gloeosporioides
species complex©ll &8l FFE0IA TZA4HEo] FRlwR] ¢k
UTHFig. 3A). TLg Zefo|HE AMESIAL S cDNAZ
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AUthFig. 3B). RF-CYTIA/RF-CYT2B Eilo|HZ AR&alal
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THFig. 3C), cDNAZ F32 =2 3|31 RF-CYTIA/RF-CYT2B
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Fig. 3. Amplification of the cyth gene from various Colletotrichum species using different primer-template combinations. (A) Cacytb-P2/
Cacytb-R primers with gDNA, (B) Cacytb-P2/Cacytb-R primers with cDNA, (C) RF-CYT1A/RF-CYT2B primers with gDNA, and
(D) RF-CYT1A/RF-CYT2B primers with cDNA. Lanes: L, 100 bp Plus DNA ladder; N, negative control; 1-4, C. scovillei
(GWHSI1-7, GWHS1-8, GWPC2-5, GPIG3-4); 5-6, C. nymphaeae (JBJJ1-6, JBIJ1-8); 7-8, C. fioriniae (JBJJ1-7, GBYY3-1); 9-12,
C. fructicola (JBIS1-10, CNCA1-1, JBIS1-1, 22BSD2); 13-15, C. aenigma (GBYY3-3, GBGJ1-1, JBIS1-4); 16-17, C. gloeosporioides
(22UGM9, JBIS1-3); 18-19, C. truncatum (JBWJ1-1, JBJS2-2).
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Fig. 4. Gel electrophoresis showing PCR amplification of gDNA and cDNA extracted from single and mixed lesion tissues of various
Colletotrichum species using primer sets Cacytb-P2/Cacytb-R and RF-CYT1A/RF-CYT2B. (A, C) Single lesion tissues, and (B, D)
Mixed lesion tissues. (A, B) gDNA amplified with primers Cacytb-P2/Cacytb-R, and (C, D) cDNA amplified with primers RF-
CYTI1A/RF-CYT2B. Lanes: L, 100 bp Plus DNA ladder; N, negative control; 1, GWHS1-7; 2, GPIG3-4; 3, JBJJ1-6; 4, JBJJ1-7; 5,
CNCAl-1; 6, JBIS1-1; 7, GBGJ1-1; 8, JBIS1-4; 9, JBIS1-3; 10, JBWIJ1-1; 11, GWHS1-7+GPIG3-4; 12-14, GPIG3-4+CNCA1-1
mixed at different lesion ratios (14:6 for lane 12, 18:2 for lane 13 and 11:9 for lane 14); 15, GWHS1-7+GPIG3-4+JBIS1-1; 16, JBJJ1-
6+IBJJ1-7+CNCAL-1; 17,JBJI1-6+JBJJ1-7+GBGJ1-1; 18, JBIJ1-7+CNCA1-1+GBGJ1-1; 19, GWHS1-7+CNCA1-1+JBIS1-1+JBIS1-
4+JBIS1-3; 20, GPIG3-4+JBJJ1-7+CNCA1-1; 21, GPIG3-4+JBWIJ1-1; 22, CNCA1-1+JBWIJ1-1; 23, JBJJ1-6+CNCA1-1. The
detailed composition and mixing ratios of the lesion samples for lanes 1-23 are identical to those described in Table 2.
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Cacytb-P2/Cacytb-R Zz}o|HE ARE-stal PCREH A, C. EABIATE 71 QS EATH M= 107]9] &5 Rk AR 5
gloeosporioides species complexdl] &3 & TWEo= C. fructicola 773 R A #F, C. aenigma 777 2
&5t AZeE Table 22] 5-9H2] AlgoXM= oy 7 A& dF, 223 C. gloeosporioides 377 4FE
A7t FEHA] EUTHFig. 4A). WHH, C. acutatum species HESH Tl AZNA opth A SZARE0] SR o}
complex®l] &3l= ol -JGP Wk 2o ¥3E &3 AR A g Es A= 5 gilon, sig AlEE
M= 617 bpe] FF4 0] ER1IEIATHFig. 4B). RF-CYTIA/ AQe 187 A8E Uz JAENS S 2

RF-CYT2B ﬁﬂ}ol‘ﬂg AHEEIIL cDNAS F3o 7 3o A, A A Hlet QS A AR 7] et Wele
ZZg ASo|e BE QA Bk AN 325 bpe] epb 0.0-30.3%3.0H, R? 3 0.8826°.F UERITH (Fig. 5A).
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Fig. 5. Correlation between actual resistance isolate frequencies and resistance allele frequencies determined by quantitative
sequencing (QS) using artificial lesion samples. (A) Conventional QS analysis using gDNA and the Cacytb-P2/Cacytb-R primer set
(n=18). (B) Improved QS analysis using cDNA and the RF-CYTIA/RF-CYT2B primer set (n=23). Each symbol represents an
individual artificial lesion sample described in Table 2. In panel (A), five samples that failed PCR amplification with conventional

primers were excluded from the correlation analysis.

Mg Y BFelM AR Hlgo] 0.0%E YA,
S AEe F U 25 100.0%2] A 0&S et
U] g7 AlRlAE 7w 7F A 1] 2fol 0.0-
57%= S UEsken, R 3 0997382 UEpsit
(Fig. 5B).
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Cte3E Colletotrichum Z0| EX| &l DEREIMHZ F ko] Qol XN &M
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2 o EdAte FHE FU IF ApiA A BAsE e o] F ohd WSt &3k, Qol AFAl A3
A TUHYS HEP S qatzq 9714g B4 (Quantitative Sequencing, QS)ye MAslaAl =AU 71
gDNA 719t QS-S Colletotrichum gloeosporioides % S W QIEE T3 o] 2 Qs AR F9 cyh F73A}
F¥o] Erysl 3“1]7} ASITE. o] & d43t7] 913l cDNAE FF o2 AR-sla, st ol HEAS Z2h= RF-
CYTIA/RF-CYT2B Zejo|u] A|EES A&3 /|48 QSHE Fysiact. ¥ Wit AIEE o]8st AT Ax, 7|1
whg A A vlgTke] ARAFRY)E 0.8826010 21, AAE WL 0.99739] HE *J:%Pﬁl% LR o]
Aol Aol Adgol #As] P £ Al FHE DNA 7N QS A AlZElE theo
Colletotrichume] EA)&H= 4 Aol Qol A3HA WIES A48ty sl U #sk=d &8 &89 A
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