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HhEBEEE R TR A AT R R R
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(e S=SIVEIREEE - Fil) R 5 AvAi D
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(succinate dehydrogenase inhibitor, SDHI)
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A & ECHI]  (sterol biosynthesis inhibitor,
SBI) /Ml 5 (6) FRFEEENEZ (carboxylic acid
amides, CAA) /Ml 5 BHEHFHFITAE
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Table 1. FRAC indices for pesticides with different modes of action?

FRAC

MoA? code Target site Index Working group
A nucleic acid synthesis (O3
Al 4 RNA polymerase I
B mitosis and cell division ¢
Bl 1 B-tubulin assembly in mitosis
C respiration (0]
C2 7 succinate-dehydrogenase SDHI
C3 11 cytochrome bc! (ubiquinol oxidase) Qol
at Qo site (cyt b gene)
C4 21 cytochrome bc! (ubiquinol oxidase)
at Qi site
D amino acid and protein synthesis (0]
D1 9 methionine biosynthesis (cgs gene) AP’s
E signal transduction (0]
El 13 signal transduction: mechanism unknown
E3 2 MAP/histidine kinase in
osmotic signal transduction (osi, Daf1)
F lipid synthesis and membrane integrity (0]
F9 49 oxysterol binding protein homologue inhibition OSBPI
G sterol biosynthesis in membranes o
G1/G2/G3 3,5,17 sterol biosynthesis in membranes SBI
H cell wall biosyhthesis o
H5 40 cellulose synthase CAA
I melanin synthesis in cell wall
P host plant defense induction
U unknown mode of action
NC non-classification
M multi-site contact activity
BM biologicals with multiple modes of action

" The table is modified from FRAC website (19
2 MoA = mode of action
3 Index is already published.
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975 I R o B 5 ZU AT o3 e TE B (in
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JE R+ R R K] B 2 A B S T S i A
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Table 2. Pesticide monitoring methodology published by FRAC P

B - BRONEESN - B HA %%%ﬁ@%%ﬁkﬁﬁ $fE B-tubulin
B EER - ERIBEH R AR BRI ZE
MM EMEE -

B G RAN FIRE L R AZ T

Pathogen

Synonym

Discase

Type of MoA for in vitro / in vivo

detection

/ molecular

Alternaria solani
Blumeria graminis f. sp.
tritici

Blumeria graminis f. sp.
hordei

Botrytis cinerea

Fusarium graminearum

Microdochium nivale

Monilinia laxa

Mycosphaerella fijiensis

Mycospharella graminicola

Oculimacula spp.

Oculimacula yallundae
Phakopsora pachyrhizi
Phytophthora infestans

Plasmopara halstedii

Plasmopara viticola

Pseudocercospora fijiensis

Puccinia triticina

Pyrenophora teres

Pyrenophora tritici-repentis

Rhynchosporium secalis

Sclerotinia sclerotiorum
Uncinula necator

Venturia inaequalis

Erysiphe graminis f. sp.
tritici

Erysiphe graminis f. sp.
hordei

Gibberella zeae

Fusarium equiseti
Fusarium sporotichoedes

Septoria tritici
Zymoseptoria tritici
Tapesia spp.
Pseudocercosporella spp.

Drechslera teres
Helmonthosporium teres

Drechslera tritici-repentis

Erysiphe necator

tomato early blight

wheat powdery mildew

barley powdery
mildew

grey mold

fusarium head blight

fusarium patch

stone fruit brown rot

black sigatoka leaf spot
septoria tritici blotch
wheat eyespot

eyespot disease
soybean rust
late blight

sunflower downy
mildew

grape downy mildew
black lead streak
wheat leaf rust
barley net blotch

wheat tan spot
barley leaf scald

sclerotinia stem rot
grape powdery mildew
apple scab

C3
C3 ~ G1/G2/G3

G1/G2/G3

C2-C3-DI~
2 ~ G1/G2/G3
G1/G2/G3

G1/G2/G3

C2-C3
B1-~C3-DI -~
G1/G2/G3
Cc2~C3-
G1/G2/G3
G1/G2/G3

Cc2

C3 ~ G1/G2/G3
C3~H5-~F9
F9

C3~H5-F9
C3

G1/G2/G3
C2-C3-DI~
G1/G2/G3

C3 DI~
G1/G2/G3
C3-D1-~
G1/G2/G3
c2-C3

C3 ~ G1/G2/G3
C3-D1-~
G1/G2/G3

in vitro / in vivo

in vivo

in vivo

in vitro / in vivo

in vitro

in vitro

in vitro

in vitro

in vitro / molecular

in vitro

in vitro
in vivo
in vitro / in vivo

in vitro

in vivo / molecular
molecular
in vivo

in vitro / molecular

in vitro / molecular

in vitro / molecular

in vitro
in vivo / molecular

in vitro / in vivo /
molecular

Y The table is modified from FRAC website ¥
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Table 3. Results of fungicide resistance testing by FRAC working groups "

Working Resistance?

group low low-moderate moderate moderate-high high

SDHI Alternaria spp. (tomato) Botrytis cinerea Botrytis cinerea (grape) Alternaria spp. Monilinia spp. (stone fruit)
Erysiphe necator (grape) (strawberry) Mycosphaerella (potato) Phakopsora pachyrhizi
Puccinia triticina (wheat) Ramularia collo- graminicola (Wheat) Pyrenophora teres (soybean)

Sphaerotheca fuliginea
(cucurbit)

Stemphylium vescarium
(pear)

cygni (barley)
Sclerotinia
sclerotiorum
(oilseed rape)

(barley)

Qol Alternaria spp. (vegetable) - Alternaria alternata Blumeria graminis Alternaria solani (potato)
Blumeria graminis f. sp. (potato) f. sp. tritici (wheat)  Botrytis cinerea
tritici (barley) Pyrenophora teres (soft fruit, grape)
Rhizoctonia solani AG1.1A (barley) Cercospora beticola
(rice, potato) (sugar beet)
Corynespora cassicola
(soybean)
Phakopsora pachyrhizi
(soybean)
Plasmopara viticola (grape)
Pseudoperonospora
cubensis (cucumber)
Pyrenophora tritici-repentis
(wheat)
Pyricularia oryzae (rice)
Ramularia collo-cygni
(barley)
Septoria tritici (wheat)
Sphaerotheca fuliginea
(cucumber)
Stemphylium vesicarium
(pear, onion and asparagus)
Uncinula necator (grape)
Venturia inqequalis (apple)
AP Venturia spp. - Blumeria graminis - Botrytis spp.
Botrytis spp. (vineyard, strawberry)
(vegetables)
OSBPI Phytophthora infestans - - - -
(potato, tomato)
Plasmopara viticola (grape)
Pseudoperonospora
cubensis (cucurbit)
SBI Mpycosphaerella - - - Ramularia collo-cygni
graminis/tritici (wheat) (barley)
Oculimacula spp. (wheat)
Pyrenophora teres (barley)
Ustilago spp. (barley)
CAA - - - - Plasmopara viticola (grape)

' The table is modified from FRAC website (1
2 For each mode of action group, resistance level was determined according to the most serious reported case; resistance levels for different
pathogens and fungicides were determined by separate working groups.
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3. C2 (FRAC code 7, succinate dehydrogenase
inhibitor (SDHI) working group)
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4. C3 (FRAC code 11, quinone outside
inhibitor (Qol) working group)
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o ik (kresoxin-methyl) 2 JL #% [6]
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5. C4 (FRAC code 21)

2000 FRIaE HBASERIZEH - Bd C3
FEPEFIBSHIRR L - T PHEREE 7R HE bel
e iR AR - PR ] AT -
HIPNEIR S © HRTIREE cyr b L Bhize s
R T R
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50% » fiis ARy FEBP 1 it FH if7 B 25 26 B
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ERFPRZEHIE4X -

6. D1 (FRAC code 9, anilinopyrimidines
(AP’s) working group)

PLEEEER (R 2+ R > 1
AP’s TTAE/NHEF B B ELIE i s &
(Venturia spp.) H L o 1ERH S B
HIH] FE AR B8 (methionine) Y 4R & i B2
G3Ub
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EHE KON - i 3 REERI HRElE A
1 RAEZER] » N g—1FWHE RS R L i
3 & - HANATEE G 5 S8 s e
ZhEH 4 K -

7. E1 (FRAC code 13)

IR BE R H B30 ER e o VB
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BT PG 48 R AR R -
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Ry 1970 FHABAMAGE A< B8R - B
RrRERENRYER - WIKEEE R
(Botrytis spp.) ~ HWIIZIN E B (Sclerotinia
spp.) ~ RIGHEE (Monilinia spp.) ~ BEHE
SR B (Alternariaspp.) %5 - Hl E1 %8[G
TE RS A BIHE - (HRTREEE MAP kinase
cascade HYFHEELELEHIG R -

2SR AR (chlozo-
linate) ~ BEJ 2 (procymidone) ~ %0 g &8
(vinclozolin) J#ki% [ (iprodione) o Z<ZH
M FRAC fEFF A ML gE M E B eS| -
9. F9 (FRAC code 49, oxysterol binding

protein inhibitor (OSBPI) working group)

IEEHE AR Ry B o AR B T oz — -+ AT

B A E SRS S HE B (oxysterol binding

protein) [T 5 2 HH MR B iR B 9 AR E 1 -

ABETH Ro# 38 - HATEIRE E{EH 2015
£ F i & oxathiapiprolin » A = & i
oo ZEE U R RGE Rt - A ZE B NE ft
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HIA AR 2 Kb - Hil
TEV AR AER 4 ReEHEhEHXE 2
173 INEERFERSERSTRS 1 X
i HER HEMRERZ 2 K 5 ARARFZI#E
ANREEAENE 3 K o AT e 1R
M » —FE0 A 1K -

10. G1, G2, G3 (FRAC code 3,5,17, sterol
biosynthesis inhibitor (SBI/DMI) working
group)

LR 3R A 1) R 1% s 2 [ A
FESHY (B S W IZ BRI ON R DASh 2
FHEIR A o H R TSR B B S o 1
FEG 2 22 B H R - R PTEE MR R
b ig e -

162 18 P AR A SE R & i W B IR
% > f & =% %y (triadimefon) ~ £F o5 Fl
(difenoconazole) ~ 1555 Fl| (tebuconazole) *
#YLJE (myclobutanil) ~ =15§%5 (tridemorph)
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MiHd - HAM RSO S BIG I TE B o
11. H5 (FRAC code 40, carboxylic acid

amides (CAA) working group)

TE FI 8% 0 Ry #0 0 HE AE % & KR
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Fig. 1. Number of fungicide-resistance cases recorded in Taiwan and by FRAC (totals

include multiple pathogen species and crop types).
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R_O - SEREENES AR
Table 4. Fungicide resistance studies in Taiwan

Classification Genus Case numbers Reference

Ascomycota Glomerella 6 Sun and Pei, 1981.©
Hsieh and Duan, 1984.2%
Lou et al., 2010.@Y
Chung et al., 2010.%?
Duan et al., 2018.(7
Duan et al., 2019.®

Botrytis 5 Hsiang et al., 2001.29

Lee et al., 2004.)
Lee, 2006.3®
Chen et al., 2009.(5
Chen et al., 2010.(19

Penicillium 1 Yu, 1981.®
Gibberella 1 Kuo et al., 2014.09
Magnaporthe 1 Hsieh et al., 201427
Fusarium 1 Chung et al., 2009.%3
Pestalotiopsis 1 Yong et al., 2014.0%
Venturia 1 Wu et al., 2009.©)
Podosphaera 1 Huang, 2013.07
Basidiomycota Puccinia 1 Pei and Sun, 1981.09
Rhizoctonia 1 Chen et al., 1996.010
Oomycota Phytophthora 1 Chen et al., 2010.09
Bacteria Xanthomonas 2 Hseu and Hsu, 1991.02

Hseu and Lin, 1998.(0D

EEE R BERYIBEVEVIZE B 1981 racel Bl race2 AR/ NS A A FE 5 B g
FAEZTHREGTHEBLNIIMNEEMEE B3 (streptomycin) B i B8 i  (copper
MG kR (Penicillium italicum) ¥EEW|  sulfate) WYHLEENE (2 5 FFEAARANGHE KHEE
PRI » BBEAEINEEEPERERS EMEEEMKE (Xanthomonas axono-
Ptk LRI BRI N S EE % - #EHIEK  podis pv. dieffenbachiae) LLIEIAE J7 =gl
MBS RTH USRI BB SR THBGERE 75 MRk - 2830 68 PRETBEMIGE ~ 6 1k

HE @ - B & E LEH (copper hydroxide) EH YLk
MR UEEE R ST B L AR T ¥ 58 (D
PR ot B B PR BE B B (Xanthomonas PRAE TN B e = 18 H RS x 2

campestris pv. vesicatoria) BIRLIIEME & » EELL C. gloeosporioides ¥ FEEL C.
s EE BB E AN B ET  acutatum BEM Y - FREEFGHk -



A ~ BEAL - SR B SRR R 0 Bl I
AT R AR A R - B EMSE RS
Bl MEERGRXYIEEE M - HIERSE
Fofw HEERISE A ARG HIEEME © %
FATEEE 192 PREERRIARE + DUHEIR ]
AT RS EATRAE RS R - 2D
PCR-RFLP #fif#F%f B-tubulin B K fi§FR
il B A ) AT W 43 HPTRME @D 5 Chung 5§
AR & 31 HRIER - BEREREK
HE1T Bl FEZERIGURME T - A — 5t
BRI < B-tubulin FEKIFEH—MH|
¥ H A EY) R IE R L DU - 1550
PUEEE AR IR AE A AR I B 2 o R 5 SR
(22) o Bl B 1 350 22 98 b S ) A E 1 40 B
16 MR R IR R - SR BT3RS
BIE » WLAPUHE RS L (resistance ration,
RR) FHALZER] 2 JLEENE - S E MRS ]
AE XTI AL (MALS) EdPY & F+  (difolatan)
SRR - AL RR 0« BSE A St
HAEFERDEFEY ERRIERE - D
FUT- 38 21 B FI B A SR 1 58 25 JH S ) (o 8
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Review of Fungicide Resistance Action
Committee (FRAC) Information and Fungicide
Resistance Studies in Taiwan

Chao-Feng Tai'*, Chiou-Chu Su!, Ruey-Jang Chang'

Abstract

Tai, C. F., Su, C. C,, and Chang, R. J. 2020. Review of Fungicide Resistance Action Committee

(FRAC) information and fungicide resistance studies in Taiwan. Taiwan Pestic. Sci. 9: 37-54.

Plant pathogen resistance to fungicides can increase when fungicidal agents are
overused. The Fungicide Resistance Action Committee (FRAC) is an international research
organization that provides standards for fungicide use according to reference reviews and
field monitoring. This article summarized fungicide usage indices and field data from FRAC,
reviewed historical fungicide resistance reports from Taiwan, and suggested directions for
future research. FRAC has established working groups for pesticides with different modes
of action (MoA) and has ranked the effectiveness of pesticides against various pathogens
using in vitro, in vivo, and molecular methods. According to FRAC data, more high-
resistance cases were reported for the quinone outside inhibitor (Qol) group than for any
other group. The succinate dehydrogenase inhibitor (SDHI) group was associated with the
second greatest number of high-resistance cases. Other pesticide groups were also associated
with several resistance cases. Fungicide usage indices were based on (1) introduction of
resistance molecular mechanisms, (2) application methods and (3) maximum spray times in
a single cultivation season. We identified 421 crop and pathogen fungicide-resistance cases
reported by FRAC, including 139 cases for MoA-B, 87 cases for MoA-C, and 51 cases for
MoA-G. In reviewing studies from Taiwan, we found 23 reports and 69 cases of fungicide

resistance, including 20 cases for MoA-C, 19 cases for MoA-B, and 10 cases for MoA-G.

Accepted: December 11, 2020.
* Corresponding author, E-mail: cenhz@tactri.gov.tw
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The majority of resistance reports were related to anthracnose (Colletotrichum spp.) and grey
mold (Botrytis spp.). Based on these findings, we suggest that future research should focus
on resistance trends for single or multiple active ingredients, the construction of monitor
technique for model crops and pathogens, resistance monitoring of important MoAs, and
best practices for field applications. In addition, to reduce pesticide resistance, effective
government regulations should be developed and implemented. By reporting monitoring
data and application methods to FRAC and other research institutes, pesticide effectiveness

can be maintained.

Key words: fungicide, resistance, FRAC, mode of action, Taiwan
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