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Abstract Anthracnose, caused by Colletotrichum spp., is a devastating disease that occurs in and damages
many economically important fruits and vegetables. To control anthracnose, several chemical fungicides have
been used for an extended period, but this led to a new problem which is development of fungicide-resistant
strains. Although research has been done in the past to elucidate the mechanisms of emergence of the
fungicide-resistant strains, no study has been reported to-date on the influence of fungicide usage amounts
and risk of disease on the occurrence of resistant strains. In the present study, the impact of fungicide
(fluazinam) amount used and risk of pepper anthracnose on the mycelial growth inhibition ratio were
evaluated using a data-driven statistical mixed-effects model. Results revealed that at a low concentration (0.1
ppm) of fluazinam, the mycelial growth inhibition ratio was not independently affected by the risk of pepper
anthracnose or fluazinam usage amount. However, the interaction between the risk of pepper anthracnose and
fluazinam usage amounts showed a significant positive impact on the growth inhibition ratio. This study
provides a new perspective on the emergence of resistant strains.
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TAHIE 2 mL tubedl] glass beads (A& 0.1 mm)e} &7
o] —70°ColA 12A17F o4 B4 7AZSIAL bead beater
(bullet blender, NEXTADVANCE, USA)°l|lA4 wlislsitt.
Exgene Plant SV kit (Exgene™ Plant SV, GENEALL
BIOTECHNOLOGY, KOREA)E ©]-83}o] vlast A
NA gDNAS 53 3, 20°Col|lA Baslm Ao Alg
Sl9ith. &3 ¢DNAE nano drop (OPTIAEN NanoQ,
KLAB, KOREA)E AHE3| =9 5 RIGIHT, BE
gDNAE 50 ng/mLE 3]4{sto] Aol o] &slitt. F2t
FZS 98l 34¥ gDNA 2 uL, EZPCR™ 5x PCR
Master Mix 4 upL, 2+2+e] primer 1 pL, Bd5H75 12 uL
g &3l £ 20 pLe] PCR ¥HHg FRlekith. 7t /4
o] F9E FF] AT W 20 94°CellA 57
pre-denaturations 53¢+ ¥, 94°CollA] 187+ denaturation
A, 127+2] annealing ©HA], 72°CollA] 137F] extension
TS £ 353] wHEsl T, 72°ColA] 727+ final extension
GAE AR F S F531h Annealing &= 27}
9] primer?lt} @3k ACT 61°C, CHS-1 58°C, GAPDH
56°C, ITS= 55°C2 AAISI3ITE PCR 2Hae] el ITS
F9] A FF Aot FYsklen, Expin™ PCR SV
kit (Expin™ PCR SV kit, GENEALL BIOTECHNOLOGY,

Table 1. Primers used in the experiment to amplify the gene of Colletotrichum sp.

Gene Primer Direction Sequence (5'-3)
ITS1 F TCC GTA GGT GAA CCT GCG G
TS 1TS4 R TCC TCC GCT TAT TGA TAT GC
ACT-512F F ATG TGC AAG GCC GGT TTC GC
ACT ACT-783R R TAC GAG TCC TTC TGG CCC AT
CHS-1 CHS-79F F TGG GGC AAG GAT GCT TGG AAG AAG
CHS-354R R TGG AAG AAC CAT CTG TGA GAG TTG
GAPDH GDF F GCC GTC AAC GACCCCTTC ATT GA
GDR R GGG TGG AGT CGT ACT TGA GCA TGT
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2022905 AA, dFH SollA AFE FFEC] 30% vl
o] JA&S HML 0&%, ZIQE, Sl A zﬁ?ﬂfﬂ +FE]
50% Z79] 04111 &S HthFig. 1A). ¥, 20233
I3, AL, 94, ZAE Sl 20% mvke] we oA 8-S
B, oY, Be B, G TolHME 55% 23] =2
A&S Eﬁiﬁ}(ﬁg D). 73?4-?“23 27k Y8 7=
~4 A& F2 AAESTH 2 JAESTHA Thgdt &
g Hole A& st oy A3E EUE AF
4_4 EFoRAENA w5 W Ao e A =t
T2t AMS B&300t). T8, d=olx e #55

<)
% oF Ae] FF50] 50% o4l A& Hol U

Moo oxle g8 421

£ 100x379] =2
A5 E E}(Flg 1B) 2023_04 Ae AA, s SolrE
40 ol3te] Y& FAE BN, A, A, Fof, =S 5ol
AE 100 0] o X2 B3thFig. 1E).

2022 F71e] © WA G ARE SFoA e 824
HHEFUAYS 3 57 A9 9 t& AelA= 0.1 kg/
ha(*!t= L/ha) P|9FO.2 FA | h(Fig. 1C). ¥HA 2023
o Z /) AYelA 0.1 kgha(FEE Lha) 23] SFo}
Aol AMEE Z1o® WY, 1 F Y, M, X 59
2192 0.3 kg/ha(®=E Lia) ode] AHE 2108 345
Ath(Fig. 1F).

GIRZ} DRS ¥ FUASIQ| A 24

AEre] ZFoxFol| A2l GIRS} FUAL] #A|Z Pearson
BBA w4 %611 ‘“*6}“3} A A3, FUA9H GIR
FAAA7E IATHEFig. 24). DRSJJr
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Fig. 1. Spatial distribution of Growth Inhibition Ratio (GIR), Disease Risk Score (DRS), and Fungicide Usage Amount (FUA). (A),
(B), and (C) represent data from 2022, while (D), (E), and (F) show data from 2023. (A) and (D) represent GIR data, (B) and (E) show
DRS data, and (C) and (F) represent FUA data. The maps display mean values for each variable at the district (si-gun-gu) level.

District not surveyed are shown in light gray.
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Fig. 2. Analysis of the relationships between GIR and FUA, and GIR and DRS. (A) shows the relationship between GIR and FUA,
while (B) shows the relationship between GIR and DRS using scatter plots. The red lines represent the regression equations for the

two variables. r indicates the Pearson correlation coefficient.
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Fig. 3. Goodness of Fit for the developed mixed-effect model.
The x-axis represents the predicted GIR values from the model,
while the y-axis indicates the observed GIR values. The red line
represents the 1:1 line (y = x). The model’s performance was
evaluated using the coefficient of determination (R?).
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Table 2. Summary of the developed mixed-effects model

Variable Coefficient  Std. Err. Pr (> 1t))
DRS —-0.06 0.04 0.13
FUA -76.20 47.77 0.11
Interaction 1.39 0.63 0.03 *
intercept 45.41 3.83 <2e-16  ***
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AR A2 J|MEY WY 98Tl 1F EHMH RO Fluazinam
XNEe eM Mo o|xE YEkol fE EEEnnuE oy
Ol - ZBS? - oha®’ - ASBEY - 2™
Wgtsha FAAEU S FAR T, A gk FPA A e R,

FEUE s 428t

2 o WAL Colletotrichum <0 o1 LAYsIH, A4 o= a8 ot Ao HZet vjs& dor)=
Walolth. &2 wejslr] flsto] skt A7t Sl 717 AR E o] gtout, o= Al AR a5 Aol
= M2 FA7E BASGIT Al AR aFe] WA 71AE sk 913 A9 A E L AR, oFF 714
A AR R 9ol AR a5 2ol vRle Sl ekl AtE bk {ink & AFelM e dHolE
7Iak SAA SHaARE S Feoto], Al AR 13 B A ATt A AR A& mAE 9
e Wrellth. EgadRdS F9 B4 43 AE%(0.1 ppm) SFORAEAM ] A A AAleS F &
A B S8R AR SRR frade el o8 SHHoE JIe A ettt ey a5 v
A =S A E EFOAE FRAET 1 AT AE dA A Rl Folne Fo FFE Al Zles
I & A= AR 45 20l o 22 B AART
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