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Proposal for a unified nomenclature
for target-site mutations associated with
resistance to fungicides

Wesley Mair,? Francisco Lopez-Ruiz,® Gerd Stammler,? William Clark,*

Fiona Burnett,d Derek Hollomon,® Hideo Ishii,f Tarlochan S Thind,?

James KM Brown," Bart Fraaije,’ Hans Cools,’ Michael Shaw,* Sabine
Fillinger,! Anne-Sophie Walker,' Emilia Mellado,™ Guido Schnabel,” Andreas
Mehl° and Richard P Oliver®”

Abstract

Evolved resistance to fungicides is a major problem limiting our ability to control agricultural, medical and veterinary pathogens
and is frequently associated with substitutions in the amino acid sequence of the target protein. The convention for describing
amino acid substitutions is to cite the wild-type amino acid, the codon number and the new amino acid, using the one-letter
amino acid code. It has frequently been observed that orthologous amino acid mutations have been selected in different species
by fungicides from the same mode of action class, but the amino acids have different numbers. These differences in numbering
arise from the different lengths of the proteins in each species. The purpose of the present paper is to propose a system for
unifying the labelling of amino acids in fungicide target proteins. To do this we have produced alignments between fungicide
target proteins of relevant species fitted to a well-studied ‘archetype’ species. Orthologous amino acids in all species are then
assigned numerical ‘labels’ based on the position of the amino acid in the archetype protein.

© 2016 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 BACKGROUND

Evolved resistance to fungicides is a major problem limiting our *

ability to control agricultural, medical and veterinary pathogens.'-
Research over the last 30 years has often defined the mechanism
conferring reduced sensitivity to the fungicide. Many cases of
resistance have been ascribed to the activity of efflux pumps? or to
overexpression of target genes,* but the majority are due, at least
partly, to substitutions (or indels) in the amino acid sequence of
the target protein.

The convention for describing amino acid substitutions is to
cite the wild-type amino acid, the codon number and the new
amino acid, using the one-letter amino acid code (see Oliver and
Hewitt,” box 6.1, p. 138 for a description of the system). A well-
known example is the alanine (A) for glycine (G) substitution in
the cytochrome b gene at position 143 conferring resistance to
strobilurin fungicides, referred to as G143A.° Further alterations
can be amino acid deletions designated with a A and insertions
with an ‘ins’.

Target-site amino acid substitutions have been described
for seven fungicide groups (named here according to the
FRAC convention’) and their target proteins. These are
C3 and cytochrome b (Cytb) (Table 1); G1 and two sterol
C14-demethylases (paralogues Cyp51A and Cyp51B) (Tables 2
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Table 1. CytB. Position number based on alignment to reference
sequence from Zymoseptoria tritici (NCBI gene accession number
AY247413)

Homologous
Amino acid position

substitution(s) in archetype in other species

Table 2. Cyp51A. Position number based on alignment to reference
sequence from Aspergillus fumigatus (Cyp51A) (NCBI gene accession
number AF338659)

Homologous
Amino acid position

substitution(s) in archetype in other species

F129L F129L in PHAKPA
F129L in PLASVI
F129L in PYRIOR
F129L in PYRNTE
F129L in PYRNTR
F129L in RHIZSO
G137Rin PYRNTR
G143Ain ALTEAL
G143A in ALTELY
G143Ain ALTESO
G143Ain ALTETO
G143Ain BOTRCI
G143Ain CERCBE
G143Ain COLLGR
G143Ain ERYSGT
G143Ain LEPTNO
G143A in MICDMA
G143A in MONGNI
G143A in MYCOFI
G143Ain MYCORA
G143Ain PLASVI
G143Ain PLEOAL
G143A in PODOFU
G143Ain PSPECU
G143Ain PYRIOR
G143Ain PYRNTR
G143A in RHIZSO
G143Ain VENTIN

G137
G143A

and 3); B1/B2 and b-tubulin (Table 4); C2 and three of the subunits
of the succinate dehydrogenase complex (SdhB, SdhC and SdhD)
(Tables 5, 6 and 7); H5 and cellulose synthase A3 (CesA3) (Table 8);
E3 and the Os1 family (group lll) histidine kinase (Os-1, includes
Bos1, BcOS1, Daf1, HK1, HIK1 and NIK18) (Table 9); G3 and the
3-keto reductase (Erg27). Where more than one species has been
studied, it has frequently been observed that orthologous amino
acid mutations have been associated with resistance to fungicides
with the same mode of action.

In cases where the proteins are strongly conserved between
species, the mutations have identical numbers. For example, the
orthologous Cytb G143A mutation has been found in 22 species
(Table 1). However in other cases orthologous mutations have
different numbers - e.g. Cyp51B amino acid Y137 in Zymoseptoria
tritici is orthologous to amino acids numbered from 131 to 145
in different species (Table 3). Similarly, SdhB amino acid H277
in Pyrenophora teres is orthologous to amino acids numbered
from 249 to 278 (Table 5). These differences in numbers create
unnecessary confusion and obscure the relationships between
mutations in different species.

N22D NA
S52T NA
G54E/K/RIV/W G54W in ASPEPA
Y68 Y132N in ASPEFL
Q88H NA
L98H NA
V101F NA
Y121F Y136F in AJELCP
N125I NA
K133 K197N in ASPEFL
G138C/R/S NA
Q141H NA
H147Y NA
P216L NA
F219S NA
M220K//T/V NA
D280 D282E in ASPEFL
M286 M288L in ASPEFL
T289A NA
S297T NA
P394L NA
Y431C NA
G432S NA
G434C NA
T440A NA
G448S NA
T470 T469S in ASPEFL
Y491H NA
F495I NA

Resistance caused by insertions in promoters and in efflux
pumps have a much lower level of homology and so are not con-
sidered here.

2 THEPROPOSAL

The differences in numbering arise from the different lengths of
the fungicide target protein in each species. The purpose of the
present paper is to propose a system for unifying the labelling
of mutant amino acids in fungicide target proteins. We propose
that orthologous amino acids (i.e. ones presumed to be descended
from the same amino acid in the common ancestor of these
species) are given the same number in all species regardless of the
actual position. The advantages of a unified system is that it would
be easier to memorise common changes, to determine whether
the changes were novel or were repetitions of what has already
been seen in other species and to link changes to particular active
ingredients. Orthologous mutations would be assigned the same
‘mutation label'.

We distinguish between ‘mutation labels’, which refer to the
orthology between proteins from different species, and ‘amino

wileyonlinelibrary.com/journal/ps
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Table 3. Cyp51B. Position number based on alignment to reference
sequence from Zymoseptoria tritici (NCBI gene accession number
AY253234)

Amino acid
substitution(s) in archetype

Homologous position
in other species

T66 A61V in CANDAL
80 S79T in ERYSGT
D107V NA

L126 F120L in PHAKPA
D134G NA
V136A/C/G NA

Y137F Y132F/H in CANDAL

Y131F/H in PHAKPA
Y134F in PUCCRT
Y136F in ERYSGH
Y136F in ERYSGT
Y136F in MONIFC
Y136F in MYCOFI
Y136F in UNCINE

Y140F/H in SACCCE
Y145F in FILBNF

M145L NA

K148 K142R in PHAKPA
K143E in CANDAL
K147Qin ERYSGH

V151 1145F in PHAKPA

D176 K175N in ERYSGT

N178S NA

$208T NA

N284H NA

E300 E297Kin CERCBE

H303Y NA

A311G A313G in MYCOFI

G312A NA

1333 1330T in CERCBE

A379G A381G in MYCOFI

1381V NA

P391 P384S in CERCBE

A410T S405F in CANDAL

G412A NA

H430 H399P in ASPEFL
A453 D411N in ASPEFL
Y459C/D/N/S/P/A Y461D in MYCOFI
G460D/A G462A in MYCOFI
Y461D/H/S F449S in CANDAL
Y463D/H/N in MYCOFI
G476 G464S in CANDAL
G484S in FILBNF
R479 R467K in CANDAL
1483 14717 in CANDAL
1475T in PHAKPA
V490L NA
T496 T454P in ASPEFL
G510C NA
55241 S508T in PYRPBR

S509T in ERYSGH

acid numbering’, which remains the order of the amino acids in
each protein in each species. To avoid confusion, we propose that
mutation labels should be italicised and mutation numbers should
use regular lettering.

In several cases, amino acid substitutions have been found in the
target protein but have not been definitively associated with any
change in sensitivity either in vitro or in the field. It may be that

Table 4. b-Tubulin. Position number based on alignment to refer-
ence sequence from Aspergillus nidulans (benA) (NCBI gene accession
number M17519)

Amino acid
substitution(s) in archetype

Homologous position
in other species

HeéL/Y H6Y in LEPTNO
H6Y in MONIFC
Y50N in GIBBFU f;-tubulin
Y50C in GIBBZE f,-tubulin
Y50C in HYPMOD
M73 Q73R in GIBBZE f,-tubulin
Q134K NA
A165V NA
F167 F167Y in CERCBE
F167Y in COCHHE
F167Y in GIBBZE f,-tubulin
F167Y in NEUSCR
F167Y in PENIEX
E198A/G/K/V in BOTRCI
E198A in CERCBE
E198V in GIBBFU f,-tubulin
E198K/L/Q in GIBBZE f,-tubulin
E198A/Q in HELMSO
E198A/Kin MONIFC
E198G in NEUSCR
E198A/K in PENIAU
ET198A/K/V in PENIEX
E198Kin PENIIT
E198A/G in PYRPBR
E198G/Kin RHYNSE
E198A/Kin SCLEHO
E198A in SCLESC
E198A/Kin VENTIN
F200Y in BOTRCI
F200Y in GIBBFU g,-tubulin
F200Y in GIBBZE f,-tubulin
F200Y in PENIAU
F200Y in PENIIT
F200Y in RHYNSE
F200Y in VENTIN
L240F in MONILA
L240F in PYRPBR
L240F in VENTIN
M257L NA

Y50N/S

E198D/K/Q

F200Y

L240

the mutation underlying the amino acid substitution is a random
event and of no obvious relevance. Definitively linking a mutation
to a sensitivity change can be technically very demanding. If resis-
tance to the same class of fungicide is linked to mutations affecting
orthologous codons in different species, this is strong, if still cir-
cumstantial, evidence of the importance of the mutation. Unifying
the mutant labelling system will make it much easier to identify
important codon changes. This would assist the prioritisation of
research aiming functionally to characterise mutations.

3 OPTIONS FOR PRODUCING THE
ALIGNMENTS

We have produced a set of draft alignments of each target protein
for which resistance to multiple species has been reported (Figs 1
to 9) and tables of putatively orthologous amino acids in other
species where fungicide resistance has been reported (Tables 1

Pest Manag Sci 2016; 72: 1449-1459
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Table 5. SdhB. Position number based on alignment to reference s a8 1L LN OSEQPSHLSYLE LA CLV IO TSV LA
sequence from Pyrenophora teres f. sp. teres (NCBI gene accession :
number XM_003302513)

MRIFKSHPLLKLYNSYMIDSPQOPSNLSYLWNFGSLLAVCLV IQTITGVTLA

SLLAVSLVIQIITGVTLA
MRLLKSHE TLRLANSYLVDSPQPLNLSYMWNFGSLLGVCLI TQTVTGVTLA

Amino acid Homologous position LIDXPQPSNISYLRNFGSLLGFCLY IQIVTGVTLA
MIRVNKKSLFTV INNEL IDY PTPINLNYFYGFGSLAGIMLVVQILTGIFLA
substitution(s) in archetype in other species T T
VRIEKSHELLRLVNS YL IDAGOPSNT SYLWNF GSLLAVCLIVOT 1 TGITLA
21, EYRNTR 00015068
. s SV DS PORANT S YMHNEGSLLGHUC g
P230 P225F/L/T in BOTRCI S Ve Acosess MRILKGHPLLRLANSY T IDSbObENLSYLNNFCOLLAFCLY 1011 IOy TLA

N235 N2251/T in SEPTTR — S
N230l in BOTRCI T
H277Y H249L/N/Y in EUROOR
H257L in USTIMA
H267L/R/Y in SEPTTR
H273Y in SCLESC
H272L/R/V/Y in BOTRCI B RIEAS BRI A
H277R/Y in ALTEAL ~ Tl e ”
H277R/Y in ALTESO LS A YGSYKAFRTLTHTICTIIEVLWATAFLGYVLPYGQMSLWGATVITNLLSA
H277R/Y in DIDYBR
H278R/Y in CORYCA
H— Y in PODOXA®
1279 1269V in SEPTTR

IMRDVNNGWL IR YLHSNTASAFFFIVYLEIGRGMY

GLY
IMRDVNNGWL IR YLHSNTASAFFETV YLHIGRGMY
MHYNPSVLEAFNSVER MR DVNNGHL IR YL HSNTASAFFETVYLHIGRGLY
FLVYLEVGRGLY

INGHL IR YLHSNTASAFFELY YLHVGRGMY
VHYNPSVLERFNSYER TR SYNNGHT T8 Y HONTASAEFEL VYT H T GRCLY
s+ MHYNPSVAEAFNSVEH IMRDVNNGWLVR YL HSNTAS; AFFF]M§LH[GRGL§
YL My
MHYNPSVLEAFNSYEH LR DVNNGHL IR YL HSNTASAEEELY VL HVGRGLY
3 MR DVNNGHL IR YLHSNTASAFFEIY YLEIGRGMY
MHYTPHIDLAFNSVEHIMRDVNNGWL IR YT HANGASFFFIVVY IHIFRGLY

DYANGHLYRLHANTASAEEEIMYLHIGRGLY
UHYNPSURERENSTER TR DV NG ALY,

HYSPSVMEAENSIEH MR ASREEFLVYLLTGRGTY

ENSVEI MR DYNNGHE TR YL HSNTASREF FVY YEH T CRAMY

G: T
GYVLPWGOMSFWGATVITNLESA

VLPYGOMSLWGATVITNLMSA
VLEYGOMSLWGATVITNLMSA
VLEYGOMSLWAATVITNLISA
VLEYGOUELNCATVITNLIER

vumqmwénumm
RSERVLLASTGUUNLYHMIGT VLPYGOUSLNGATVITNLLSA
SRAERTLVWILGY LIETLMIVIAFLGIVL FYCOMSLGAVITNL SR

SYRAPRTL VT GTVIFITIMAT,
21, PYRNTR - DQg 1906

@The amino acid position number for this substitution is unknown as e
only a 176 bp fragment of SdhB gene has been sequenced in both
sensitive and resistant isolates.

05 Qo
122

1.SEPTTR-AY247413  TPWVGQDIVEEVWG=G:
CODIVERING-G

QDT
GQDIVEFTHG-GF
DT

DIVEFLUG-GE.
i Ennc-

SRVEE e~
EFTWGVCFKWSYQHKCSVNNATLNR FFSLHEVL PFVLAALVL

ogg S5

T
GODI EFIWG GL

Table 6. SdhC. Position number based on alignment to reference
sequence from Pyrenophora teres f. sp. teres (NCBI gene accession
number XM_003302752)

DT
DIVEFIWG-GF-

SVSNATLNRFFSLHYLLPFVLAALVA
SVNNATLNR FFALHFVL PFVLAALAL
m

1PWY
IPWIGODEVOLVWG-GE:
TPWIGODIVEFLWG-GF:

Amino acid Homologous position VL IVL DT ACSGNPL GV SCNYER £ SEARYP L DLITIEAFTFVLSLEY
substitution(s) in archetype in other species S R e L R T L

MHL TALHDTVGSSNPLGVSGNYDR )
MHL TALHDSAGSGNPLGVSGNYDRLI
MHL IVLHDT SGSCNPLGISENYER

T68 T79I/N in SEPTTR

) SNEYReY VLR
W69 W80S in SEPTTR R
<73 S73P in CORYCA SRR IR e
el e SHE

A84V in SEPTTR T

A85V in BOTRCI i g mPWLCDSEWNpMQTEQiX‘SE&iEiEii’;it‘éfiii“““”““"
N755 N86K/S in SEPTTR
T78 T90! in EUROOR m;maszswaum@;gg%vsg:ﬁsg:ﬁs;gaﬁ&gm
G79R G90R in SEPTTR
H134R H134R in ALTEAL

H146R in SCLESC o

S135R NA - v
H141 H152R in SEPTTR 86T A SATLIMIME ITDLGRSRGLQER PLEK LIFY LEVANELVLIGLGANAVESE

EMPNVLGDSENYVMANPMOTPPATVPENYLL PEYATLRS IPNKLLGVTAMF
FMENVLGDSENYVMANPNOTPAAIVPEWYLL PEYATLRS IPNKLLG
Y ENTLCHEONY TEANPRTBLATVRERYFLPFVA LLRSTPNK GGy 1Ane
B
¥
£

MENATGDSDNY TMANPMOT ATV PERYLL DFYATLR S TPNKLLGY.

6.80TRCI-Fi774  SAILILLAMPETDLSRSRGIQFRPLSKIAFYIFIANFLILMVLGAKHVESP
7 ceRcaE -Jostw SR

6.ERvSoT Arsisi1  SAILALLAMPETDLSRSRGLOFKPLNKAAFY TFIGNEV ILMVLGAKHVESE
10.LEPTNO - ABU4%4  SATLTLLLLPITDVSRSRGMQFR PLSKWAFFYFVANFL TLMOLGAKHVES P

SATLTIMIMPFTDLGRSRGLQFRPLSK TAFFVFVANFLVLMOXGAKHVES P
GSLIILLTIPETNSSEIRSTTERPIFKVCYWLLVVAFILLGHVGQCBVEYR

LPLVDLGRTOGLOFR PLSKVVEWT FVVNFL TLMOLGRKHVES P

18.PSPEC WGo10810  ARILIILAI f
SATLATMLLPVTDLGRSRGLQFREFSK IAFWY FVANFLVLMQLGAKHVEDP

Table 7. SdhD. Position number based on alignment to reference
sequence from Pyrenophora teres f. sp. teres (NCBI gene accession bt

20 PYRNTR o
2 pizso-ASess  ASLLILLIMPIVDTSR IRGNQFR PLUK FEEY EVANEFTLMUTGSOHEN

number XM_003297196) 5 ek Aroress mmmmmmsasx%%p EFTANEL ILUKL CARHVES

1.SEPTIR_Av247413 FIEFGQISTVLYFSHFLIIVPLYSLIENTLVDMHLNNTIT

Amino acid Homologous position
substitution(s) in archetype in other species

YTEFGQISTVIYFAHFLIIVPFISLLENSLVELAVLTKEKPSR

HIELGQFSTLLYESHELLIVELUNFLENTLIVLSCRSS
TEFGOISTVLYFLYFTVVMYGV TFIENTFVDLNFYTNTKHS SRENFVTKK

YTEFGQIRTVLYFSHFLIIVPLLSILENTL IDLHLNNPK

S118 S89P in CORYCA
ET e———————————
D124E/N NA o b1 TS TV LY ESHEL 1L IPLTSLIENVLISVNAR —EQ0RO

19 PYRIOR - Avatsazs  FILLGQLSTVLYFSYFVALLPLASYLDNSLTDLSNKSELFLRKTN

H134R H132R in BOTRCI S ——

H132Rin SCLESC -
H133Rin ALTEAL Figure 1. Amino acid sequence alignment of the Cytb family. Sequences
H133R in ALTESO are named by species EPPO code and NCBI gene accession number.
. Residues highlighted in yellow in the archetype sequence from Zymosep-
G138 G109V in CORYCA toria tritici denote amino acid substitutions associated with fungicide resis-
D145G D124E in EUROOR tance at an orthologous position in any of the sequences. Numerical muta-
D129E in SEPTTR tion labels shown above the alignment are based on the position number
of the amino acid in the archetype protein.

wileyonlinelibrary.com/journal/ps © 2016 The Authors. Pest Manag Sci 2016; 72: 1449-1459
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23

53
N22D S52T  G54EKRVW
0 0 G

63

1. ASPEFU - AF338659 MVPMLWLTAYMAVAVLTAILLNVVYQLFFRLWNRTEPPMVFHWVPFLGSTISYGIDPYKFFFAC
2. AJELCP - AAU01158 MGHLADVVARVCAHCSTLSLWALLLAGSATFIVLSVIINLLHQLLWK--NPNEPPVVFHWFPIIGSTISYGIDPYKFFLDC
3. ASPEFL - XM_002375082 MIFSRSMASFTLVSAYAAAGLLAIIVINLLRQLLFR--NKTDPPLVFHWIPFLGSTVTYGMDPYAFFFEFSC
4. ASPEPA - AY690428 MASFTLVSAYAAAGLLAIIVLNLLRQLLFR--NKTDPPLVFHWIPFLGSTVTYGMDPYAFFFSC
7.3 BIS 9.3 1q3 1’!3 12.3 13.3 1‘33
Y68 Q88H L98H V101F Y121F  N125| K133 G138CRS Q141H
' 0 ) 6 0 90 d
1. ASPEFU - AF338659 REK¥GDIFTFILLGQKTTVYLGVQGNEFILNGKEKDVNAEEVYSPLTTPVEFGSDVVY¥DCPNSKLMEQKKFIKYGLTQSALE
2. AJELCP - AAU01158 REKYGDIFTFVLLGKKTTVFLGTKGNDFILNGKLKDVCAEEVYSPLTTPVFGRHVVYDCPNSKLMEQKKFVKYGLTSESLR
3. ASPEFL - XM_002375082 RQKYGDIFTFILLGRKITVYLGIQGNEFILNGKLKDVNAEEIYSPLTTPVEGSDIVYDCPNSKLMEQKKFIKFGLTQAALE
4. ASPEPA - AY690428 ROKYGDIFTFILLGRKITVYLGIQGNEFILNGKLKDVNAEEIYSPLTTPVFGSDIVYDCPNSKLMEQKKFIKFGLTQAALE
15.3 16|3 17_3 12.53 1?3 2q3 21_3 22.3
H147Y P216L F219S M220KITV
I ~S =
1. ASPEFU - AF338659 SHVPLIEKEVLDYLRDS PNFQGSSGRMDISAAMAEITIFTAARALQGQEVRSKLTAEFADLYHDLDKGFTRINEMLPWAPL
2. AJELCP - AAU01158 SYVTLITDEFNRYIKTSPAFQGDKGVLDVCKSVSEITIYTASRSLOGKEVRSKEFDSSFAQLYHDLDMGFTPINFMFPWAPL
3. ASPEFL - XM_002375082 SHVPLIEKEVLDYLKTSPNFKGTSGRVEITDAMAEITIFTAGRALQGEEVRKKLTAEFADLYHDLDRGFTPINFMLPWAPL
4. ASPEPA - AY690428 SHVPLIEKEVLDYLKTS PNFKGTSGRVEITGAMAEITIFTAGRALQGEEVRKKLTAEFADLYHDLDRGFTPINFMLPWAPL
2:?3 213 25|3 2(?3 27'3 2!?3 29|3 393
D280 M286  T289A S297T
[I_] [ 7) (l
1. ASPEFU - AF338659 PHNKKRDAAHARMRSIYVDIINQRRLDGDKDSQKSDMIWNLMNCTYKNGQQVPDKEIAHMMITLLMAGQHSSSSISAWIML
2. AJELCP - AAU01158 PHNRKRDAAQQKMSKIYTDIIRQRREAGVKKDS -EDMVWNLMSCVYKDGTPLPDIEIAHMMIALLMAGQHSSSATLSWIIL
3. ASPEFL - XM_002375082 PRNRKRDAAHARMREIYMDIINERRKNPDRET--SDMIWNLMHCTYKNGQPLPDKEIAHMMITLLMAGQHSSSSISSWIML
4. ASPEPA - AY690428 PRNRKRDAAHVRMREIYMDIINERRKNSDRET--SDMIWNLMHCTYKNGQPVPDKEIAHIMITLLMAGQHSSSSISSWIML
31I 3 32|3 32?3 313 3.?3 3(:33 37.3 38.3
1. ASPEFU - AF338659 RLASQPKVLEELYQEQLANLGPAGPDGSLPPLOQYKDLDKLPFHQHVIRETLRIHSSIHSIMRKVKSPLPVPGTPYMIPPGR
2. AJELCP - AAU01158 RLASCPHIIEELYEEQKRVLG--—--- EDLPPLTYETLONLNLNSHVIRETLRIHAPIHSILRAVKSPMPVDGTRYTIPTTH
3. ASPEFL - XM_002375082 RLASEPAVMEELYQEQITKLSPDG--RTLPPLOYRDLDLLPLHQNLIKETLRLHLS IHS LMRKVKNPMPVPGTPYVV PADH
4. ASPEPA - AY690428 RLASEPAVMEELYQEQITKLSPDG--RTLPPLQYRDLDLLPLHOQNLIKETLRLHLS IHS LMRKVKNPMPVPGTPYVV PADH
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1. ASPEFU - AF338659 VLLASPGVTALSDEHFPNAGCWDPHRWEN--QATKEQENDEVVD¥GYGAVSKGESSPYLPFGAGRHRCIGEKFAYVNLGV I
2. AJELCP - AAU01158 NLLAAPGVTSRLPEHFPNPMTWDPHRWEN PAMAQVEDQS DEKLDYGYGLVSKGANSPYLPFGSGRHRCIGEQFAYVQLGTL
3. ASPEFL - XM_002375082 VLLASPGVTALSDEYFPNASRWDPHRWEN--RVEKEDEED-IVDYGYGTVSKGTSSPYLPFGAGRHRCIGEKFAYVNLGV I
4. ASPEPA - AY690428 VLLASPGVTALSDEYFPNASRWDPHRWEN--RVEKEDEED-TVDYGYGTVSKGTSSPYLPFGAGRHRCIGEKFAYVNLGV I
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1. ASPEFU - AF338659 LAMIVRHLRLENVDGKKGVPETD¥SS LESGPMKPS IIGWEKRSKNTSK
2. AJELCP - AAU01158 LVAIVRQLKLKKLDGETGVPETDYS --VRPPRDPFFWPDVSCFLTFGRLRC
3. ASPEFL - XM_002375082 VATMARHMKLENVDGKKGVPATDYSSMFSGPSKPAIIGWERRFPEKS
4. ASPEPA - AY690428 VATMARHMKLENVDGKKGVPATDYSSMFSGPSKPAIIGWERRFPEKS

Figure 2. Amino acid sequence alignment of the Cyp51A family. Sequences are named by species EPPO code and NCBI gene accession number. Residues
highlighted in yellow in the archetype sequence from Aspergillus fumigatus (Cyp51A) denote amino acid substitutions associated with fungicide resistance
atan orthologous position in any of the sequences. Numerical mutation labels shown above the alignment are based on the position number of the amino
acid in the archetype protein.

Table 9. OS-1. Position number based on alignment to reference
sequence from Botrytis cinerea (Bos1) (NCBI gene accession number
AF435964)

Table 8. CesA3. Position number based on alignment to reference
sequence from Phytophthora infestans (NCBI gene accession number
EF563995)

Amino acid Homologous position Amino acid Homologous position

substitution(s) in archetype in other species substitution(s) in archetype in other species

Q1077 Q1077K in PHYTCP F250 F267L in PLEOAL
G1105A/V G1105S/V in PLASVI 1273 L290S in PLEOAL
G1105V/W in PSPECU I365N/R/S NA
V1109L V1109L/M in PHYTCP V368F NA
V1109L in PHYTDR Q369H/P NA
N373S NA
G403 G420D in ALTELO
to 9). The species included in these tables and alignments have T4475 NA
been referred to by their European and Mediterranean Plant Pro- E738 E753Kin ALTEBI
tection Organisation (EPPO) codes® as listed in Table 10. 1750 T765R in PLEOAL
Q762 Q777R in PLEOAL

The alignments for b-tubulin and Cytb are essentially colinear
in fungi studied to date, and hence there are no changes to be
made to the current nomenclature. For the other genes, we have
considered four possible methods to generate the alignment. The
alignment could be: (1) fitted to the longest gene in the gene set;
(2) fitted to a strict consensus alignment; (3) fitted to the gene
from the species that is currently the most researched species for

the fungicide resistance concerned; (4) fitted to the gene from
the species that was the first species for the fungicide resistance
concerned.
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1. SEPTTR - AY253234 Y¥Q LQT TTATMVR DFK F YNV DBS DNVVGTDYSS LFSR PLS PAVVKWERR EEKEEKN
ASPEFL - KOC13803 YVQLGAITAALVRLFKFSNLPGVQTL SL LGNSKIQFEKREPVTKA
CANDAL - AF 153850 YVOLG -- v SMVVLPTEPAEIIWEKRETCME
. CERCBE - HM778021 YVOLO SL LS PAVVKWE!

. ERYSGH - AJ578761 TVOLY SM MAPATIAWEKR DKKDKTEC
. ERYSGT - AJ578751 TVOLY SM MAPATIAWEKR DKK DK TEC
. FILBNF - AF225914 YTOLS TMIVQPNNP-LVTFTLRNAEVKQEV
. MONIFC - AF470621 NVQLT SLETGPLEPAVVAWER:

. MYCOFI - XP_007928752 e Lo GTDYSSLFSRPLS PAVVRWERREKK
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Figure 3. Amino acid sequence alignment of the Cyp51B family. Sequences
are named by species EPPO code and NCBI gene accession number.
Residues highlighted in yellow in the archetype sequence from Zymosep-
toria tritici denote amino acid substitutions associated with fungicide resis-
tance at an orthologous position in any of the sequences. Numerical muta-
tion labels shown above the alignment are based on the position number
of the amino acid in the archetype protein.
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1. ASPEND benA beta-tubulin - M17519 CLOGFRITHSLGGGTGAGMGTLLISKI] VVPSPKVSDTVVEPYNATLSVHQL
BOTRCI - 269263 CLQGFQITHSIEGGTGAGMGTLLISKIREEFPDRMMATFSWPSPKVSDTVVEPYNATISVH L
CERCBE - AV556373 CLQGF 'PDRMMAT L
. COCHHE - AB0099 CLQ( mTW‘H V ’T M ’NVT K\ PDRMMAT PSPKVSDTVVEP TLSTHQL
. GIBBFU beta 1-tubul I\ - U2730: CLQOGFQITHSL TLLISKI TLSVHQL
. GIBBFU beta 2-tubulin - KF7711B| HLOGFQLTHSLGGGT MGTLLLSKIREEFPDRMMAT TVVEPYNATLSLNQL
GIBBZEbeIs2lubuhn FJ214663 HLQGFQLTHSLGGGT .LLSKIREEF PDRMMAT TVVEPYNATLSLNQL
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2 MONILA - AY 34914 CLOGRYITHSLGGGT LISKIRESE PDRMMATESVVES 2K VSDTVVERYNATLSVEQL
3. NEUSCR - M13f CLQGFQITHSL L
4. PENIAU - JN112033 CLQGFQIT, MSGGTGAGMGTLLISKIREEFPDRMM}\TFSWPSPKVSDTVVEPYNATISVH L
5. PENIEX - KGO4266 CLQGFQITHSLGGGT! TLLISKI 'PDRMMATF HQL
6. PENIIT - KGO72779 CLQGFQITHSL TLLISKI PDRMMATF PSPKVSDTVVEPYNATLSVHQL
7. PYRPBR - KC342227 CLQGFQITHSL TLLISKI TLSTHQL
8. RHYNSE - X81046 CLQGFQITHSLG T MGTLLISKIREEFPDRMMATF PSPKVSDTVVEPYNATLSTHQL
9. SCLEHO - KF765483 CLQGFQITHSLGGGT MGTLLISKIREEFPDRMMATF PSPKVSDTVVEPYNATLSVHQL
0. SCLESC - XM_001594794 CLQGFQITHSLGGGT MGTLLISKIREEFPDRMMATF PSPKVSDTVVEPYNATLSVHQL
1. VENTIN - M97951 CLQGFQITHSIA: T . LISKIREEFPDRMMATF PSPKVSDTVVEPYNATLSVHQL
20 20 =0 20 2%
mmm " pao0 1210

1y
]
1. ASPEND benA beta-tubuiin - M7519 VEHSDETECTDNEAL YD CURTLKLSNPSYGDLNHLUS AVMSGY T TCERFRGOLNSDLRKHAVN

. BOTRCI - 269263 VENSDETFCIDNEALYDICMRTLKLSNPSYGDLNHL LRFPGQLNSDLRKLAVN
. CERCBE - AY856373 VENSDETFCIDNEALYDICMRTLKLNNPS YGDLNHL TTCLRFPGOLNSDLRKLAVN
. COCHHE - AB009971 VENSDETFCIDNEALYDICMRTLKLNNPSYGDLNHL TTCLRFPGOLNSDLRKLAVN
. GIBBFU beta 1-tubulin - U27303 VENSDETFCIDNEALYDICMRTLKLSNPSYGDLNY, TTCLRFPGQLNSDLRKLAVN
. GIBBFU beta 2-tubulin - KF771181  VENSDETFCIDNEALYDIYEKTLKIADPSYADLNYLISTVMAGVTTCFRFPGOLNSDLRKLAVN
- GIBBZE bela Zlubuiin - FUZ14663  VENSDETECIONEALYDL BRI LK ADESYADLNYLIS TVMAGY I TCERE EGOLNSDLEKLAVY
VENSDETFCIDNEALYDICMRTLKLNNESYGDLNHLVSAVMSGVTTCLRFPGOLNSDLRKLAVN
vPoD - wzzss VENS DETECTDNEALYDICKT LKLENEAYADLNY LVSAVMAGY T TCLAF PGOLNSDLAKLAVIY
0. LEPTNO - S56! LNSDLRKLAVN
§ WIoNING - Avasaaze LNSDLRKLAVN
2. MONILA - AY349149 VENS LNSDLRKLAVN
3. -M1 VE PSYGDLNH: SGVTVSIRFPGQLNSDLRKLAVN
4. PENIAU - JN112033 DLRKLAVN
5. PENIEX - KGO42666 DLRKLAVN
6. PENIIT - KGO72779 DLRKLAVN
7. PYRPBR - KC342227 DLRELAV
8. RHYNSE - X8104 T DLRKL
9. SCLEHO - KF765483 VENS DETECIDNEAL YD CMRT LKL SNE ¥ GDENHL VSAVMIGY TTCTAE BGOINSDLEKLAVY
0. SCLESC - XM_001594794 VENSDETFCIDNEALYDICMRTLKLSHPSYGDLNHLVSAVMSGVTTCLRFPGOLNSDLRKLAVN
1. VENTIN - M97951 VENSDETFCIDNEALYDICMRTLKLNNPSYGDLNHLVSAVMSGVTTCLRFPGOLNSDLRKLAVN
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1. ASPEND benA beta-tubulin - M17519 BVPFPRLHFFMVGFAPLTSRGAY SFRAVSVPELTQQMF DPKNMIAASDFRNGRY LTCSAT FRGK
. BOTRCI - 269263 MVPFPRLHFFMUGFAPLTSR RAVTVPELTQOM! LTCSAIFRGK
. CERCBE - AY856373 MVPFPRLHF FMVGFAPLTSRGAHSFRAVTVPELTQQIFDPKNMMAAS DFRNGRY LTCSAT YRGK
. COCHHE - A MVPFPRLHF FMVGFAPLTSRGAHSFRAVTVPELTQOMFDPKNMMAAS DFRNGRY LTCSAY FRGK
GIBBFU beta 1 27303 MVPFPRLHF FMVGFAPLTSRGAHSFRAVSVPELTQQMF DPKNMMAAS DFRNGRY LTCSAT FRGR
. GIBBFU -KF771181  MIPFERLHFFMVGFAPLTGRKMOGFQHLTVPSLAQOTF DNKNVMAAADFRNGRY LTCSAT FRGK
 CIBBZE beta SAdbulm - FU21466 1T 5F R AEEUVGE APL TGRINR T EOHVTY DL AG) T NN IMAAADE SNGRY LACSAL FRGR
. HELMSO - Y10670 MVPEPRLEFEM/GFAPLTSRGAHSFRAVSVPELTQOMF LTCCGIFRGK
. HYPMOD - Y1256 MVPEPRLEFEMGFAPLTSRGAHSFRAVTVPELTQQMF LICCSIFRGK
0. LEPTNO - $56922 MVPEPRLEFFMVGEAPL RAVTVPELTQQMF TCSAYFRGK
§ WoNING - Avasapze MVPEPRLEFFMVGEAPL RAVTVPELTQQM: LICSAIFRGK
2. MONILA - AY349149 MVPFPRLEEFMVGFAPL RAVTVPELTQQM: LTCSATLRGK
3. NEUSCR - M13630 MVPFPRLHEFMVGFAPL RAVSVEELIOON: LTCSATFRGK
4. PENIAU - JN112033 MVPFPRLEFFMVGFAPL VSVPELTQQMF LTCSALFRGK
5. PENIEX - KGO42666 UN/BEER T HEEMGEAPL TSRS (RQUNV EL TQOVE LTCSALFRGK
8. PENIT . KSO72770 MVPFPRLHF FMVGFAPLTSR( M LTCSALFRGK
7. PYRPER - KCa42227 MVPFPRLHF FMVGFAPLTSRGAHSFRAVTVPELTQQMF LTCSAIFRGK
8. RHYN: MVPEPRLEFFM/GFAPLTSRGAHSFRAVTVPELTQOMF LICSAIFRGK
9. SCLEHO IKeroadss MVPEPRLEFFM/GFAPLTSRGAHSFRAVTVPELTQOMY LICSAIFRGK
0. SCLESC - XM_001594794 MVPEPRLEFEMGFAPLTSRGAHSFRAVTVPELTQQMY LICSAIFRGK
S VERT - MOT281 MVPEPRLEFFMGFAPLTSRGAHSFRAVTVPELTQQMF
30 340 350 360 a0 380

1. ASPEND benA beta-tubulin - M17519_VSMKEVEDOMRNIQSKNQSY FVEWT PNNIQSALCS T PPRGLKMSSTFIGNSTSIQELFKRVGDQ

. BOTRCI - 269263 NKNSSYFVEWI PNNVQTALCS I PPRGLKMSSTEVGNSTSIQELFKRVGDQ
. CERCBE - AY856373 MKEVEDQTRNVONKNTAY FVEWI PNNVQTALCS I PPRGLKMSSTFVGNSTSIQELFKRVGDQ
. COCHHE - AB009971 K] NKNSSYFVEWI PNNVQTALCS I PPRGLKMS STEVGNSTSIQELFKRVGDQ
. GIBBFU beta 1-tubulin - U27303 VAMK] NKNSSYFVEWIPNNIQTALCAL PPRGLTMS STE IGNSTSIQELFKRVGEQ
. GIBBFU beta 2-tubulin - KF771181  LSTKEIEDQMLKVQTKNSEYFVDWI PRNVQT PPRGLEVAATE VGNSTAIQEIFKRVDDQ
. GIBBZE bela 24ubuiin - FI214663  LSTKETEDOMLKVQTKNSEY FVDNT PNNYQT EVGNSTAVQEIFKRVDDQ

HELMSO - NKNSSYFVEWI PNNVQT JCSIPPRGLA\U TEVGNSTSIQELFKRVGDQ
VMO - V1298 NKNSTYFVEWIPNNIQT 1PPRGLKMSSTFIGNSTSIQELFKRVGDQ

0. LEPTNO - $56922 NENG ¢ FVER T PNNVOTALCSY PbRGLAMSATE VNS TSI QELFKR 1600

1. MONIFC - AY283676 NKNSSYFVEWI PNNVQTALCS I PPRGLKMSSTEVGNSTSIQELFKRVGDQ

2. MONILA - AY349149 MK NKNSSYFVEWI PNNVQTALCS I PPRCL NSTSIQELFKRVGDQ

3. NEUSCR - M13630 MK NKNSSYFVEWI PNNVQTALCS I PPRGLKMSSTEVGNSTAIQELFKRIGEQ

4. PENIAU - IN112083 I TQSKNOSYFVEWI PNNVQTALCSY PPRGLKMSSTF VGNSTSIQELFKRVGDQ

5. P 0426 I IONKN TPNNVOTALCSVP] IQELFKRVGDQ

& PENIT KOOT5770. ISMKEVEDQMRNTQNKN: SYF\IEWIPNNV'TALCSVPPRGLKMSSTFVGNSTSI ELFKRIGDQ

7. PYRPBR - KC342227 VSHK] NKNSSYFVEWI PNNVQTALCS T PPRGLKMSSTE IQELFKRIGDQ

8. RHYNSE - X81046 NKNSSYFVEW PTNVATALCS 1 PPRGLKMS STEVGNSTSIQELFKRIGDG

9. SCLEHO - KF765483 NKNSSYFVEWI PNNVQTALCS I PPRGLKMSSTEVGNSTSIQELFKRVGDQ

0. SCLESC - XM_001594794 NKNSSYEVEWI PNNVQTALCS  PPRCLKMS STEVGNSTSIQELFKRVGDQ

1. VENTIN - M97951 NKNSSYFVEWI PNNVQTALCS 1 PPRGLKMS STEVGNSTSIQELFKRVGDQ

390 90 40 20 40 40 aar
1. ASPEND benA beta-tubulin - M17519 " LHRYT YODAST IMEGEE

. BOTRCI - 269263 F: LHRYT QOYQDAST: PIEGEE
. CERCBE - AY856373 F: LHRYT ¥ LEGEE
. COCHHE - AB009971 FTAMFRRKAFLHWYT LEAEE
. GIBBFU beta 1-tubulin - U27303 F FLHWYT DAGI ~EGEE
. GIBBFU beta 2-tubulin - KF771181  F LHW HDL EI
GIBBZE beta 2ubuiin - FJ214863  F LHW NLHDL DI
HELMSO - Y10670 FTAMFRRKAFLHRY

. HYPMOD - Y12256 FSAMFKRKAFLHAY

0. LEPTNO - $56922 F FLH QQYQEAST. PLEAEE

1. MONIFC - AY283676 FTAMFRRKAFLHRY

2. MONILA - AY349149 FTAMFRRKAFLHRY

3. NEUSCR - F: LHRYT T QoYQ

4. PENIAU - JN112033 ETAMFRRK

5. PENIEX - KG( F: LHRYT ¥ LAEDIVDEEV

6. PENIIT - KGO7277" F: LHWYT EDIVDEEV

7. PYRPBR - KC342227 F: FLEWYT YQDAST

8. RHYNSE - X81046 F FLHWYT 1

9. SCLEHO - KF7654! F FLHWYT IEGDE

0. SCLESC - XM_001594794 F: FLHWYT 1 TEGEE

1. VENTIN - M97951 F THRYT Q LEGEE

Figure 4. Amino acid sequence alignment of the b-tubulin family.
Sequences are named by species EPPO code and NCBI gene acces-
sion number. Residues highlighted in yellow in the archetype sequence
from Aspergillus nidulans (benA) denote amino acid substitutions associ-
ated with fungicide resistance at an orthologous position in any of the
sequences. Numerical mutation labels shown above the alignment are
based on the position number of the amino acid in the archetype protein.
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ALTEAL - KJ426262
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CoNoarLN |~

PYRNTE - XM_003302513

ALTEAL - KJ426262
ALTESO - KC517311
BOTRCI - AY726618
CORYCA - ABS48738
DIDYBR HQ15¢

UROOR - XM, 001827434
PODOXA AB547416
. SCLESC - XM_001594527
10. SEPTTR - XM, 1003850705
11. USTIMA - XM_011388576

WP“NP’S"F‘P’!" b

EPEPSKDAKTKTFHIYRWN PDEPTSKPKMQS YTLDLNK TG PMMLDALIRIKNEVDPTLTFRRSCR
EPEPSKDAKTKTFHIYRWN PDEPTSKPKMQS YTLDLNK TG PMMLDALIRIKNEVDPTLTFRRSCR
EPAADSESLIKTENIYRWN PDEPTSKPRMQS YTLDLNK TG PMMLDALIRIKNEVDPTLTFRRSCR
DPQPDKDAK TK TFHIYRWN PDEPTSKPKMQTYTLDLNK TG PMMLDALIRIKNELDPTLTFRRSCR

DPNPSETPRTKTFHIYRWN PDQPTEKPKMQS YSLDLNK TG PMMLDALIRIKNEMDPTLTFRRSCR

EPETDSNSLIKTFHIYRWN PDEPASKPRMQS YTLDLNK TG PMMLDALIRIKNEVDPTLTFRRSCR
EPQMDADAK TK TFHI YRWN PDQP TDK PRMQS YTLDLNK TG PMMLDALIRIKNEVDPTLTFRRSCR
S -—SGKPQHLKQFKIYRWNPDKPSEKPRLQS YTLDLNQ TG PMVLDALIKIKNEIDPTLTFRRSCR

138 148 158 168 178 188

EGICGSCAMNIDGVNTLACLCRIPTDTTKESRIYPLPHMYVVKDLV PDMTLFYKQYRSVKPYLOR

EGICGSCAMNIDGVNTLACLCRIPTDTTKESRIYPLPHMYVVKDLV PDMTLFYKQYRSVKPYLOR
EGICGSCAMNIDGVNTLACLCRIPTDTTKESRIYPLPHMYVVKDLV PDMTLFYKQYRSVKPYLQR
EGICGSCAMNIDGVNTLACLCRIPRDAKHETKIYPLPHTYVVKDIVPDLTQFYKQYKS IKPYLQH
EGICGSCAMNIDGVNTLACLCRIPTDTTKESRIYPLPHMYIVKDLV PDMTLFYKQYRSVKPYLOR

CAMNIDGVNTLACLCRIPTDTAKESRIYPLPHMYVVKDLV PDMTLEYKQYRSVKPYLOR
EGICGSCAMNIDGVNTLACLCRIPTDTAKESRIYPLPHTYVVKDLVPDLTQFYKQYKS IKPYLQR

EGICGSCAMNIDGVNTLACLCRIPRDAKHETKIYPLPHTYVVKDIVPDLTQFYKQYKS IKPYLQH
EGICGSCAMNIDGVNTLACLCRIPTDTAKETRIYPLPHTYVVKDLV PDMTQFYKQYKS IKPYLOR
EGICGSCAMNIDGVNTLACLCRI--DKQNDTKIYPLPHMYIVKDLVPDLTQFYKQYRS IEPFLKS

PYRNTE - XM_003302513

198 208 218 228 238 248 258

P2‘30 N2‘35

) -
TTAAPDGREFRQSKEDRKKLDGLYECILCACCSTSCRS YWWNQEEYLG PAVLLOSYRWIADSRDE

ALTEAL - KJ426262
ALTESO - KC517311
BOTRCI - AY726618
CORYCA - AB548738
DIDYBR - HQ156460
EUROOR - XM 001827434
PODOXA - AB54

. SCLESC - XM 001594527
10. SEPTTR - XM _003850705
11. USTIMA - XM_011388576

wENSaRWN =

TTAAPDGREFRQSKEDRKKLDGLYECILCACCSTSCPS YWWNQEEYLGPAVLLQSYRWIADSRDE
STAAPDGREFRQSKEDRKKLDGLYECILCACCSTSCPS YWWNQEEYLGPAVLLQSYRWIADSRDE
TDPAPEGKEYLOSKEDRKKLDGLYECILCACCSTSCPS YWWNSEEYLGPAILLQSYRWLADSRDQ
DTPAPDGREYRQSKEERKKLDGLYECILCACCSTSCPS YWWNQEEYLGPAVLLOQSYRWIADSRDE
TTPSPDGREYRQTKEDRRKLDGLYECILCACCSTSCPS YWWNQEEYLGPAVLLQSYRWIADSRDE
ETKTEDGLEYRQS PEERKKLDGLYECILCACCSTSCPS YWWNSEEYLGPAILLQSYRWLADSRDE

CPSYWWNSEEYLGPAVLMQSYRWLADSRDE
TDPAPGGKEYLOSKEERKKLDGLYECILCACCSTSCPS YWWNSEEYLGPATILLQSYRWLADSRDQ
DTAPPDGKENRQSVADRKKLDGLYECILCACCSTSCPS YWWNSEEYLGPAVLLQSYRWINDSRDE
NNTPSEG-EHLQS PEERRRLDGLYECILCACCSTSCPS YWWNQDEYLG PAVLMOQAYRWMADSRDD
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KTAQRQDALNNSMSMYRCHTILNCSRTCPKG LNPALATAETIKKSMAFT
KKAERQDALNNSMSLYRCHTILNCSRTC

KTAERKHALDNSMSVYRCHTILN CSRTCPKG ILNPARATAE IKKLMAAH
KTEERKSALDNSMSLYRCHTILNC

KKEERKAALDNSMSLYRCHTILN CSRTCPKG LNPGLAIAEIKKEMAF
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FGEERRQKLENTFSLYRCHTIMNCSRTCPKNLNPGKAIAQ IKKDMAVGAPKASERPIMASS

Figure 5. Amino acid sequence alignment of the SdhB family. Sequences are named by species EPPO code and NCBI gene accession number. Residues
highlighted in yellow in the archetype sequence from Pyrenophora teres f. sp. teres denote amino acid substitutions associated with fungicide resistance at
an orthologous position in any of the sequences. Numerical mutation labels shown above the alignment are based on the position number of the amino
acid in the archetype protein.

1. PYRNTE - XM_003302752 MASQRIFQLGLRRVAA--PSLRVQ PA----G--RLMQRRL--AATGNASQSEAAQ ILAKQRLN
2. ALTEAL - KJ426267 MASQRVFQLGLRRAAA--PSLRVQ PA----G--RMVQRRL--AATEHASQSEAAEILAKQRVN
3. BOTRCI - EMR82724 MFSORATOQS LRRLAAGQPSLISQLAMRKLAAPAA--IG--ASMOTRP--VATQKLTPKDS YNILVEORKL
4. CORYCA - AB548741 MASQRVFOLGLRRAAA--PSFKVQ-------~— PA----G--RMVQRRA--AATQOVNESQAQEILAKQRIO
5. EUROOR - XM_001824837 MISQKVAQQSLRRLAVQQPYAMRWSLMNS -ATPAAVAMG--REMOTRQ---AATTSNTS DPTK ILAQORLN
6. SCLESC - XM_001597417 MFSORATOOSLRRLAAGOPSLISQLAMRRLAAPAA--IG--ASMOTRP--VTTQKLTPKDSYNILVEORKL
7. SEPTTR - XM_003850403 MLAQKLTQOSLRRLALQ-PSTLRE------ ATPAAIALGNNS FQOQRRQVTAAAVSESHARNEILAKORLN
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RPVSPHLSIYRPQITWYASSFNRITGVALSGGLYLFGFAYLAAPTLGWHLETQSMVAAVAAWPVAAKVAAK
RPVSPHLS IYRPQITWIGSS FHRITGFALSGSLYLYATAYLASPLLGWHLESASVAAAFAALPIVAKVLLK
RPTSPHLTIYQPQIPWIMSGLFRITGCVLSGGFYVFGAAYLVSPLFGWHLDTASMVAAFGAWPLAAKV LAK
RPVAPHLAIYKPQITWYLSALNRVTGVAASGAFYAFGLLYLAAPSLGWHLESAALAASFGAWPVLLQVLTK
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AFYALPFFFHSFNGLRHLAWDVGIGFKXQQVIRTGWTAVGLTVAFSLYYTFLG
FTLAMPEFTYHS FNGLRHLAWDMGKTFKNATVVKTGWTVVGLSVGSALALVAFL
ISIAMPFFFHSLNGLRHLSWDIGLGFKNKAVIQTGWSVIALSAAATLYYSLEV
GFMALPFTYHCEFNGVRHLVWDLGRGITNQQVIKSGWTVVGLSVLSALALAFL

SCLESC - XM_001597417 FSVALPFTYHSFNGLRHFSWDMGKTFKNATVVKTGWAVIGLSVSSALALVAFM
SEPTTR - XM_003850403 TILALPVTFHSLNGVRHLVWDTASMITNKQVQTTGWTVVGLSVASALGLAFL

Figure 6. Amino acid sequence alignment of the SdhC family. Sequences are named by species EPPO code and NCBI gene accession number. Residues
highlighted in yellow in the archetype sequence from Pyrenophora teres f. sp. teres denote amino acid substitutions associated with fungicide resistance at
an orthologous position in any of the sequences. Numerical mutation labels shown above the alignment are based on the position number of the amino
acid in the archetype protein.
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1. PYRNTE - XM_003297196 MAS -SLRPG-LFSQVCAKPQTSQRMLSTSTTSTINRPLAQQVRPAFQRSVIQQSTRI
2. ALTEAL - FJ437068 MAS -VMRPG-LLRQACPPVQQOSQRMLSTAT-STMNRPLVQQLRPAFQRSAIQKSTRI
3. ALTESO - KC517316 MAS -VMRPG-LLRQACPPAHASQRMLSTAT-ATTSRPLAQQLRPAFQRSAVPKATRI
4. BOTRCI - GQ253440 MAS-FIKPS-VIRQTC--LAASKRNFSTKIPSSFPAINKPAGRS TFVRDALPGSMRV
5. CORYCA - AB548745 MK--——-—-—————— RTS-——-——7--""""—-——- PIAQQLRPALERSQAPSATRI
6. EUROOR - AB449815 MAS -IARQSSLLRQSC-—--—-—-—-—-—-—-————————————— LSAFRSPFATRNGAGVSQV
7. SCLESC - XM_001593201 MAS -LIKPS-MLRQTC--LAASKRSFSTKVSSSFPAINKPAVRSAFVRDALPGSMRV
8. SEPTTR - JF916694 MASTALRPA-ALRQLLT-ATTTKR-----—-—-——-——-——— ASTLPAASLLR--TQFTQR
58 68 78 88 98 108

1. PYRNTE - XM_003297196 AAFHATQRNSILPPLPQKIIGTANDPTPVPDPDYTHGSYHWSFERIVSAGLIPLTVA
2. ALTEAL - FJ437068 AAFHATQRNQILPPLPQKIIGTTNDPVPVPDPDYAHGSYHWSFERIVSAGLIPLTIA
3. ALTESO - KC517316 AAFHATQRTQILPPLPQKIIGTTNDPVPVPDPDYAHGSYHWSFERIVSAGLIPLTIA
4. BOTRCI - GQ253440 AAFHASGRQSILPPLPQSIDGTSNDAAAVPKPSPSHGSYHWTFERLIAVGLVPLTVA
5. CORYCA - AB548745 AAFHATQRQQILPPLPQKIEGTLNDPARVPDPSPSHGSYHWSFERAISAGLIPLTIA
6. EUROOR - AB449815 VAFHASAKKQILPPLPOQTIQGTMNDPAPIPTPHPSEGSYHWTFERAISAGLVPLTIA
7. SCLESC - XM_001593201 AAFHASGRQSILPPLPQSIDGTSNDAAPVPKPSPSHGSYHWTFERLIAVGLIPLTVA
8. SEPTTR - JF916694 SGFQTTARRPILPPLPQVIRGGVNDPAPVKEPSPSHGSYHWTMERLVSAALIPLTIV
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PFAAGSLNPLTDSILCALLVVHSHIGFESCIIDYFPSKRVPKTRTAAMWALRAGTVA
PFAAGSLNPLTDSILCALLVVRSHIGFESCIIDYFPAKRVPKTRKAAMWALRAGTLT
PFVSGSLNPATDALLCAAILIHSHIGFESCITDYFPSKRVPKTKAFLWWGLRGATVL
PFAAGSLNPVTDSILCALLVIHSHIVFEACVIDYFPAKRIPAVRKAANWALRIGTVT
PFAAGSLNPVMDAVLCSFIVLHSHIGFQAAIIEYFPTRRVPKTATFCNWLLRAFTLT
PFVSGSLNPATDAILCAAILIHSHIGFESCVIDYIPRKRLPKTRALFWWGLRGATVL
PFAAGSLNPVLDGTFIGMITIIHSYIGFQSAITDYFPSWRVPKTRKLADWANVAAVEL

PYRNTE - XM_003297196

ALTEAL - FJ437068
ALTESO - KC517316
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Figure 7. Amino acid sequence alignment of the SdhD family. Sequences are named by species EPPO code and NCBI gene accession number. Residues
highlighted in yellow in the archetype sequence from Pyrenophora teres f. sp. teres denote amino acid substitutions associated with fungicide resistance at
an orthologous position in any of the sequences. Numerical mutation labels shown above the alignment are based on the position number of the amino

acid in the archetype protein.

The aim is to create a set of alignments that would be stable into
the foreseeable future and would invoke the least relabelling of
mutations that have already been described and published. We
favour method 3 (basing the alignment on the species with the
most currently described resistance mutations), but also taking
into account method 1 (using the longer gene) when alternative
species are candidates. We propose that Cyp51Ais fitted to ASPEFU
(Aspergillus fumigatus), Cyp51B and Cytb are fitted to SEPTRI
(Zymoseptoria tritici), b-tubulin to ASPEND (Aspergillus nidulans),
the SDH proteins to PYRNTE (Pyrenophora teres), CesA3 to PHYTIN
(Phytophthora infestans) and Os-1 to BOTCIN (Botrytis cinerea). For
Erg27, mutations associated with resistance have currently been
described only in BOTCIN, and thus we propose this species as the
archetype. The alignments have been summarised and fungicide
resistance associated mutations are given in the tables. By way of
example, in Cyp51B the mutation Y136F in ERYSGH would be given
the label Y737F. In CANDAL (Candida albicans) the orthologous
amino acid is Y132 and has been mutated to both F and H. The
Y132H mutation would therefore be given the label Y737H. V151
in SEPTRI is clearly demonstrated to be orthologous to 1145F in
PHAKPA (Phakopsora pachyrhizi). This mutation would be labelled
1157F in PHAKPA and V151F in SEPTRI. The other proposed rela-
bellings are listed in Tables 1 to 9.

By examining the species that have amino acid mutations with
common labels, we can infer that positions 137, 148, 461, 476,
483 and 524 in Cyp51B are especially important in conferring
resistance to triazole fungicides. This is consistent with numerous
functional studies.'®" We expect that the alignments should assist
the identification of key amino acids in target proteins of newer
fungicide classes.

4 THE PROPOSAL IN PRACTICE

The system must also allow for mutations to be discovered in
new species. The parameters used to make the alignments are
described below and can be applied to an alignment between the
new species and the archetype. We envisage regularly updating
the alignments based on new published knowledge.

A potential problem with the system we propose might occur
if an amino acid in a newly described mutant gene corresponded
to a gap in the archetype protein’s sequence. In such a case, the
mutation could be labelled as X50.2Y if it concerned the second
extra amino acid after number 50 in the archetype sequence.
To our knowledge, no examples of mutations of such poorly
conserved amino acids causing resistance have been described,
but the possibility remains.

wileyonlinelibrary.com/journal/ps
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: . ; g G : g " Table 10. Abbreviations of species names

1. PHYTIN - EF563995 MGLTGAGIIASVVGILGGVS LSCGGHS S LS LGARSLEV TQF LSAFAMGEV VAFS ATV S LS DTN EWVAV AAG L.
2. PHYTCP - JX905357 MGLTGAGIIASVVGILGGISLSCGGWS SLSLGARS LFV TTQF LSAFAMGFVVAF TATVS LS DTNEWVAVAAG Abbreviation (EPPO COde) Name of pathogen
3. PLASVI - GQ258975 MGLTGAGVIASVIGILGGVSLSCGGRS S1SLGARS LEV TTOF LSAFAMGFVVAFTAIV S LS DINEWVAV IAG
4. PSPECU - JF799098 1S LTGAGVIASVVGILGGLS LSCGGHS SLS LGAR S LEV TTQFVSA FAMGEV IAF TAIV S LSA TNEWVALAAG
& o 190 110 120 13 40 AJELCP Ajellomyces capsulatus
ALTEAL Alternaria alternata
1. PHYTIN - EF563995 GGAGEVIALIGGFM TIFGPYI LI LI TGGLIACY LLLVDAY DGINVF PA DNQ LARQ EFV IAFMITF ELVCCSS R .
2. PHYTCP - JX905357 GGAGEVIALLVGEM TFFGPYI LI LVIGGILSCYLLLI DAY DGVN LE PA DNQ LARQ EFV IAFMIIF ELVCCSS ALTEBI Alternaria brassicicola
3. PLASVI - GQ258975 GGAGEVIALIVGFLTFFGPYI L1 LITGGIIASYLLLI DAFNGINYF PA INQ LARQ EFV IAFMIIF ELVCSST
4. PSPECU - JF799098 GGAGFIVALIVGFLTFFGPYI LVLVTGSI IAAY LLLF DAHNGINY F BA DNQ LARQ EFV IAFM I IF ELVC SSC ALTELO Alternaria longipes
150 160 170 180 190 200 210 i
ALTELY Alternaria arborescens
1. PHYTIN - EF563995 SKTSELENHRFKYIVESAT TGGWMAADGVSR LI DSGAV LS TVAY TSIQ DGGKAAM DGT DASAQTLMFVIWGA ALTESO Alternaria solani
2. PHYTCP - JX905357 SKTSELENHRFKYI IFSAITGGHMAS DGVSR LI DS EAV LSNVAFTS 1O DGGKAALKGM DSGSQ TLMEVI WGA .
3. PLASVI - GQ258975 SKTSELENHRFKYI IFSCITGGHMAADGLSR LT DSSAV LSTVAF DSTQ IGGKAALKGI DAGGQS LMF LLHAA ALTETO Alternaria tomato
4. PSPECU - JF799098 SK T TELENHRFKYV LESAL TGGWLAADGLSR LL DSGAV LS DVAFQSIQ EGGARAVRGH DAGS O TLMFVVWGA

220 230 240 250 260 270 280 ASPEFL Aspergillus flavus
ASPEFU Aspergillus fumigatus

PHYTIN - EF563995 VFVVGGLNQLSMRWGLMCYNRVGAHAQ LGPV EEQMPEL PTGATLPAQ TMTERVR LVC ENCFA TVPAGTAFCT

1. . .
2. PHYTCP - JX905357 VFVVGGLNQLSHRRGLMCYNRYGA RAQ LG PV EEQM PEL PIGATLPAQAMTERVR LVCENCEA TV PSGTAECT ASPEND Emericella nidulans
3. PLASVI - GQ258975 VVVIGGLNQLSMRWGLLCYNRVGAHAQ LGPV EEQ LPEL PTGATLPAQTI TERVR LVCENCEA TVPAGTAECT K "
4. PSPECU - JF799098 IFLVGGLNQLAMRNGLGCYNRVG THAQ LGBV EBQ LPEL PTGATLRPAQV PTERVRLVCENCFA TV PSGTAFCT ASPEPA ASpefgl”US parasiticus
290 300 310 320 330 340 350 360 P .
' ' ' ' ' ' : ' BOTRCI Botryotinia fuckeliana
1. PHYTIN - EF563995 ECG FAMPSEDGN PDVST SQAQMPS VSMNNKGQV P DRWQHV PHRTYMS T TSV DPK HAK EGGV SMK DNGRSTR CANDAL Candida albicans
2. PHYTCP - JX 7 ECG EAMPS DDAN PDVSI SQAQMPSV TMNSKS QV P DRWQQV PHRTF LS T TSFV DPK HAK EGGV SMK DNSRSIR .
3 PLAS\(/:I - GJQZQggg;ss ECG FAMPSEDAN PDVS T SQAQM PS VAMNNKS QV P DRWQQV PHR TY MS T TSFV DPK HAK EGGV SMK DNSRSTR COCHHE Cochliobolus hetefOStrOphUS
4. PSPECU - JF799098 ECG EAMP TDDATPEVST SQAQM PS V TMNNKS QA PDRWQQV PHR TF LS TTSFV DPK ARK EGGY SMK DNGRSTR o
370 30 3% P a0 2 e COLLGR Glomerella graminicola
CORYCA Corynespora cassiicola
1. PHYTIN - EF563995 EMDSGVQGEDGKMS QYN DSTAGVRNYY EPSERSFAMSTYST ANRAAEPVET PNIRKYKMSGS GUF HVFY FGT .
2. PHYTCP - JX905357 EMDSGVQG PDGKMS QYN DS TAGARNYY EPSFRSF AMS TYSI ANRAAEPVET PNIRKYKMSGS GMFHVEY FGT CERCBE Cercospora beticola
3. PLASVI - GQ258975 FMDSGVQGPDGKMS QYN DSIAGVRNYY EPSFRSFAMS TYSI ANRAAEPVET ENIRKYKMSGS GMF HVFY FGT . .
4. PSPECU .\%799093 FMDSGVQG PDGKMS QYN DSTAGVRNYY EPSFRSFAMS TYSMANRAAEPVET PNIRKYKMSGS GF HVFY FGT DIDYBR Stagonosporopsis cucurbitacearum
440 450 460 470 480 490 500 . P .
b g g 4 g : d ERYSGH Blumeria graminis f. sp. hordei
1. PHYTIN - EF563995 AATGIFW LYY LTTMY BQQYFC DHARPTLECS GLP TS ETTGC YSS TVNF DADSGDG YCT KDV PFMS HLMY AMM ERYSGT Blumeria graminis f. sp. tritici
2. PHYTCP - JX905357 AATGIFW LYY LTTHMYBQQYEC DHARPTLECS ELPTSETTGC YSS TVNF DAS SGDG YCI KDV PEMSWIMY AMM P
3. PLASVI - GQ258975 AATGIFW LYY LTTHY POQYFC DHARPT LECS ELP TS ETAGC YSS TVNF DSASGDG YCI K DV PFMS WVMY AMM EUROOR Eurotium oryzae
4. PSPECU - JF799098 AATGVVW LYY LTTHY PQ EYEC DHAR PTLECS SLP PSEV LGC YSS TVNF DAN SGDG YCT QNV PFMSWVMY GMM FILBNF Filobasidiell f
510 520 530 50 50 550 570 1lobasidiella neorormans
GIBBFU Gibberella fujikuroi
1. PHYTIN - EF563995  IFS EFINYF LGLLENFSMWR PIRR GAR YMN DFK P PT PK EQW PTV DIF LCHYMEPV TDS MO TLKNC LAMOY PP p
2. PHYTCP - JX905357 VFS EFLNYFLGLLENFSMAR PIRRGAR YMNDEK P P1 PK BQW PSVDIF LCHYMEPV TDSMOTLKNC LAMQY PP GIBBZE Gibberella zeae
X - IFS EF LNFF LG LLF NFSMWR PTRR GAR FMN DFK P PT PK BQW PTVDIF LCHYMEPV TDSMOTLKNC LAMOY PP . : .
i, gléég\élu .GJ%%%%%Z% LFS EF LNFFLGLLE NFSMWR PIRRGAR YMN DEK P PI PX BQW PV DIF LCHY MEPV TDSMOTLKNC LAMOY PP HELMSO He/mlnthOSpOfIUm solani
0 50 o o &30 60 &40 HYPMOD Hypomyces odoratus
1. PHYTIN - EF563995 ELLHIFI LDDGY TKSVW DANNHFKYTVNTKV I EVAG DLRG DIAR LMHERVY G PVQ DDQS IKS WRRQHSSVRE LEPTNO Parastagonospora nodorum
. - ELLHIFT LDDGY TK SVW DANNHFKVSVNTKV I ET CGDLRGDIAR LMHERVV G PVQ DDOS IK TWRR QHSSVRE It i
:2;, EEXg\%P G‘ggsogsg;; ELLHIFI LDDGY TK SVW DANNHFKV TVNTKV I E1 AGDLRGDLAR LMHERVVG PVQ DDQS LKSWRR QHSSVRE MONGNI Monographella nivalis
. - ELLHIFV LDDGY TK SVW DANNHFKV TVNTKV I EI CGDLRGD LAR LMHERVY G BVQ DDQ S LKSWRR QHSSVRE e s .
& PSPECY - JE7990%8 MONIFC Monilinia fructicola
650 660 670 680 690 700 710 720
MONILA Monilinia laxa
1. PHYTIN - EF563995 LRK EGGKGVQRRDCAVGSLS DDY DYRDRGI PRV TFIGRMK PETHH SKAGNI NNA LFNEGA DGKY L LT LDN DM M|CDMA Microdochium majus
2. PHYTCP - JX905357 IRK EGGKGVORRDCAVGSLS DDY DYRDRGT PRVTFIGRMK PETHH SKAGNI NNALFNEGADGKY LLT LDNTM
3. PLASVI - GQ258975 LRK EGGKGVQRRICAVGS LS DDY DYRDRGI PRV TFIGRMK PETHH SKAGNI NNALFNEGADGKY LLI LDN DM iionci
4. PSPECU .%799093 LRK EGGKGVQRR DCAVG S 1S DDY DYR DRGI PRVTFIGRMK PETHH SKAGNI NNA LFNEGA DGKY L LI LDN DM MYCOFI Mycosphaerella ﬁﬂenS'S
730 0 0 %0 70 780 70 MYCORA Didymella rabiei
NEUSCR Neurospora crassa
1. PHYTIN - EF563995  KPH BKFLLAV LEFF FSEGEAV DGGGRQYS DDISHNQUS YVQ TEQY FEDTEQ LTIMG DECGHKNTI FF DAVQC - p o
2. PHYTCP - JXQ05357 KPH PKF LIAV LPFF FSEGEAV DGGGRQYS DDISWNQVS YVQ TEQY FEDTRQ LTIMG DPCGHKNTI FFTAVQC PENIAU Penicillium aurantiogriseum
3. PLASVI - GQ258975 KPH PKFLLAV LEFF FSEGEAV DGGGRQYS DDISWNQVS YVQ TEQY FEDTEQ LTIMG DECGHKNTI FFDAVOC
4. PSPECU - JF799098 K PH PKF LAV LPFF FSEGEAV IGGGRQYS DDISWNQVA YVQ TPOY FEDTPQ LTIMGDPCGRKNTI FFTAVQC PENIEX Penicillium expansum
800 810 820 830 840 850 860 L o
PENIIT Penicillium italicum
1. PHYTIN - EF563995 GRDGF DSAAFAGTNAVFRRQAF DS IGG ICYG TQTEDAY TGNV LHTSGH DSV YFRK DFEGDAK DRI RICEGAV PHAKPA PhakOpSOI'G paChyrhizi
2. PHYTCP - JX905357 GRDGF DSAAFAGTNAVFRROAF DS GG IQYG TOTEDAY TGNV Li TSGH DSV YFRK DFEG DAK DRI RLCEGAV .
3. PLASVI - GQ258975 GRDGE DS AAFAGTNAVFRRQAFDS 1GGICYG TOTEDAY TGNV LA TSGW DSV YFRK DF EG DAK DRI RICEGAV PHYTCP Phytophthora capsici
4. PSPECU - JF799098 GRDGE DS AAF AGTNAVFRROAF DS IGG I0YG TQTEDAY TGN T Li TSGH DSV YFRK DFEG DAK DRI RLCEGAV

870 880 890 900 910 920 930 PHYTDR Phytoph thora drechsleri
PHYTIN Phytophthora infestans

PHYTIN - EF563995 PDTVAAAMGOKKRWAKGAVQT LIMKNES EVDPDWR PPRY PA PDPK PS L TF PRKMF FY DSVLY PLGST PA ICY

il e

2. PHYTCP - JX905357 PETVAAAMGOKKRWAKGAVQI LIMKNES EVDPOWR PPRV PA PDPK PS LAF PRKMF FY DSVLY PFGST PA LCY PLASVI P/asmopal’a viticola

3. PLASVI - GQ258975 PETVARAMGOKKRWAKGAVQT LIMKNESEVDPIWR PRV PA PDPK PS LTF PRKMFFY DSVLY PFGST PA ICY

4. PSPECU - JF799098 PETVAARMGQKKRWAKGAVQI LIMKNESEVDPDWR PPRV PA PDPK PS LAF PRKMFFY DSV LY PFGST PA LCY PLEOAL PIEOSPOI'G a[[”

940 950 960 970 980 990 1,000
' ' ‘ ' ' ' ' PODOFU Podosphaera fusca

1. PHYTIN - EF563995 VSIAVYY LCTGDAPIYARGTKFLY SFL PV TF CRWV LN LIANRAVDNN DVWRAQQTWFS FSFI TMMAIVEATQ PODOXA Podosphaera xanthii

B T T vy Lo G m YA RO Ly G L T UMy TN E AN Ay NN VAR MGG TWE S FQET ALV AT PSPECU Pseudoperonospora cubensis

4. PSPECU - JF799098 VSIAVYY LCTGDAPIYARGTKFLY SFLPVTFCRWVINLLANRAVDNNDVWRAQQTWFS FSFI TMMAIVEAIQ L. .

1010 1,020 130 1,040 1,050 1,060 1070 1,080 PUCCRT Puccinia triticina
o PYRIOR Magnaporthe oryzae

1. PHYTIN - EF563995 ARV TGKDKSWAN TGAGQKTSW TEI PNV LEFF TLLFSQLVA LVREF EY ENA TN PWN YVS AMFE GFEVMS@FY P

2. PHYTCP - JX905357 ARM TGKDKSWANTGAGQKTSW TEL PNV LEFF TLLFSQLVALIRFF EY ENATN PN YVS AMFF GFEVMSQFY P PYRNTE PY’G”OPhO’a teres

o PSPEOU CIHT00008 At mon Do AT Ok o 121 PN LERE TLLES LA L IAEE £ oA N EON 1V A PSS £ PYRNTR Pyrenophora tritici-repentis

1,090 1,100 1,110 1,120 1,130 1,142 . .
7 i W i g g PYRPBR Pyrenopeziza brassicae

1. PHYTIN - EF563995 MVKMSTTEYCGHDH TAATFTANVF:SLL;VY TVVFVQLWQVYYBGNIQVAQGTDAGGS ARAT RHIZSO ThanatephOI’US cucumeris

BB U OO e St miC Lk hn T TANYE G L VY 1V VLA AL g & o G A A T T RHYNSE Rhynchosporium secalis

4. PSPECU - JF799098 MVKMSI TEYCGWDH TAA TF TANVEGS LLVVY IVVFVQLWQV YYAGN LLVAQGADGGEAATTT TT ..

SACCCE Saccharomyces cerevisiae

Figure 8. Amino acid sequence alignment of the CesA3 family. Sequences SCLEHO Sclerotinia homoeocarpa
are named by species EPPO code and NCBI gene accession number. SCLESC Sclerotinia sclerotiorum
Residues highlighted in yellow in the archetype sequence from Phytoph- SEPTTR Zymoseptoria tritici
thora infestans denote amino acid substitutions associated with fungicide UNCINE Erysiphe necator

resistance at an orthologous position in any of the sequences. Numgrl- USTIMA Ustilago maydis
cal mutation labels shown above the alignment are based on the position o .
number of the amino acid in the archetype protein. VENTIN Venturia inaequalis
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BOTRCI - AF435964 MEDSTIAHTTAILQTLALSSIDLP----LTNVYGN------ KGIRLPGADTAEKLALERELAALVSRVQRL

ALTEBI-AY700092 MAAETYSSVSAIIRNLARQHDPTRDPSFSAQVSANGAKTAVNAIALPGPESDEKTQLQQELSALCSRIDFL

ALTELO - DQ887538 MAAETYSSVSAIIRNLARQHDPTRDPSFSAQVSANGAKTAANAIALPGPESEEKTQLEQELSALCSRIDFEL

PLEOAL - EU711371 MAAETY SGVSAIIRNLARQHDPARDPSFSAQVSANGAKTAANQIALPGPESEEKTQLEQELLALCSRIDFL
70 7 8 o 100 110 120

hoN|

BOTRCI - AF435964 EARAITVNNQ--—-—--— TLPDTPNELGAPSAFADVLTG---APSRASK-STTSRQQLVNSLLAAREAPTGGE
ALTEBI - AY700092 EHKSNHAANQQGQFPLTPAQEPSDEGALYTPAGVFRGNNGPPAQGRRGSNKERAIWVSNWLAAKESNGDPE
ALTELO-DQ887538 EHKSSHAPNQQGQFPLTPAQE EGALYTPAGVFRGNSGPPAQGRRGSNKERAIWVSNWLAAKESNGD
PLEOAL - EU711371 EHKSSNAAGKSGQFPLTPAQEPPEEGVLYTQAGAIRNSNGPPGQARRGSNKERATWVSNWLAAKESNGGPE
130 130 150 160 170 180 190

poN|=

BOTRCI-AF435964 RPPKFTKLSDEELEALREHVDHQSKQLDSQKSELAGVHAQLFEQKQRQEQALNVLEVERVAALERELKKHQ

1.
2.ALTEBI-AY700092 QP --AAALTEEQLNYLRVHLNQQADQIRNQREHIDNLSQEVNKQLTTQSMVE-EHGIEDIGALKRELGKHQ
3 ALTELO-DQ887538 QP --AAALTEEQLNY LRVHLNQQADQIRNQREHIDNLSQEVNKQLTTQSMVE-EHGIEDIGALKRELGKHQ
4.PLEOAL-EU711371 EP--AVALTEEQFNY LRVELHQOADOIRNQREHIDNLSQEVNKQLTTQSMVF-EHGIEDIGALKRELGKHQ
20 200 ) 20 20 20 20
F250
e

BOTRCI - AF435964 QANEAFQKALREIGEIVTAVARGDLSKKVQIHSVEMDPEITTFKRVINTMMDOLQIESSEVSRVAREVGTE
ALTEBI - AY700092 QANLAFQKALREIGAIVTAVAMGDLSKKVLIHAKEMDPEITLFKRTINTMVDQLQEFASQVTFLAREVGTE
ALTELO-DQ887538 QANLAFQKALREIGAIVTAVAMGDLSKKVLIHAKEMDPEITLFKRTINTMVD VTFLAREVGTE
. PLEOAL - EU711371 QANLAFQKALREIGAIVTAVAMGDLSKKVLIHAKEMDPEITLFKRTINTMVDQLQEFASQVTFLAREVGTE
270 280 200 30 30 320 330

1273

PN

BOTRCI-AF435964 GILGGQAKEISGVDGTWKELTDNVNVMAQNLTDQVREIASVTTAVAHGDLTQKIERPAQGEILQLQQTINTM
ALTEBI-AY700092 GRLGGQANLPGVAGIWAELTD-INGMAKNLTDQVREIAVVTTAVAMGDLSRKIERPARGEILQLQQTINSM
ALTELO - DQ887538 GRLGGQANLPGVAGIWAELTDSVNGMAKNLTDQVREIAVVTTAVAMGDLSRKIERPARGEILQLQQTINSM
PLEOAL - EU711371 GRLGGQANLPGVAGIWAELTD-INMMANNLTEQVREIAVVTTAVAHGDLSRKIERPARGEILQLQQTINTM
o = = & s o 5
I365NRS_ V368F _ Q369HP _ N373S8 G403
- i
BOTRCI-AF435964 VDQLRTFAAEVTRVARDVGTEGILGGQAETEGNMQGMWNTLIVNVNAMANNLTTQVRDIAIVTTAVAKGDLT
ALTEBI-AY700092 VDQLQSFATQVTKVARDVGTEGKLGGQAEIAGVKGMWNELTVNVNAMAQNLTTQVRDIAQVTTAVAQGNLT
ALTELO-DQ887538 VDQLQSFATQVTKVARDVGTEGKLGGQAEIAGVKGMWNELTVNVNAMAQNLTTQVRDIAQVTTAVAQGNLT
PLEOAL - EU711371 VDQLQSFATEVTKVARDVGTEGKLGGQAEIAGVKGMWNELTVNVNAMAQNLTTQVRDIAQVTTAVAQGNLT
= o o o s = s

i

SON |

BOTRCI - AF435964 QKVQAECKGEIKQLKETINSMVDQLQQFAREVTKIAREVGTEGRLGGQATVHDVEGTWRDLTENVNGMAMN

ALTEBI-AY700092 RKVEAECKGEILELKNTINRMVDQLQQFAHEVTKIAREVGSEGRLGGQATVHGVEGTWKDLTENVNGMAMN

ALTELO - DQ887538 RKVEAECKGEILELKNTINRMVDQLQQFAHEVTKIAREVGSEGRLGGQATVHGVEGTWKDLTENVNGMAMN

PLEOAL - EU711371 RKVEAQCKGEILELKNTINRMVDQLQQFAHEVTKIAREVGSEGRLGGQATVHGVEGTWKDLTEN VN GMAMN
480 490 500 510 520 530 590

INTINIEN

BOTRCI-AF435964 LTTQVREIAKVTTAVARGDLTKKIEVEVQGEIASLKDTINTMVDRLSTFAFEVSKVAREVGTDGTLGGQAQ
ALTEBI-AY700092 LTTQVREIAEVTTAVARGDLSRKVKAEVQGEILSLKITINTMVDRLNTFAQEVSKVAREVGTDGILGGQAQ
ALTELO-DQ887538 LTTQVREIAEVTTAVARGDLSRKVKAEVQGEILSLKITINTMVDRLNTFAQEVSKVAREVGTDGILGGQAQ
PLEOAL -EU711371 LTTQVREIAEVTTAVARGDLSRKVKAEVQGEILSLKITINTMVDRLNTFAQEVSKVAREVGTDGILGGQAQ

550 560 570 580 590 600 610

BoN |

BOTRCI - AF435964 VDNVEGKWKDLTENVNTMARNLTTQVRGISTVTQATIANGDMSQKIEVAAAGEILILKETINNMVDRLSIFS
ALTEBI - AY700092 VDNVEGKWKDLTNNVNTMAQNLTLQVRSISEVTQAIAKGDMSRRVHVDAEGEIRLLKDTVNDMVMRLDEWS
ALTELO - DQ887538 VDN VEGKWKDL AQNLTLQVRSISEVTQAIAKGDMSRRVHVDAEGEIRLLKDTVNDMVMRLDEWS
. PLEOAL - EU711371 VDNVEGKWKDLTNNVNTMAQNLTLQVRSISEVTQAIAKGDMSRRVHVDAEGEIRLLKDTVNDMVMRLDEWS
620 630 60 650 650 670 680 690

pon |

BOTRCI - AF435964 NEVQRVAKDVGVDGKMGGQADVAGIGGRWKEITTDVNTMANNLTTQVRAFGDITNAATDGDFTKLITVEAS
ALTEBI-AY700092 LAVKRVARDVGVDGKMGGQADVRDIDGRWKEITTDVNTMAQNLTSQVRAFGDITNAAMEGKFT-QITVEAS
ALTELO - DQ887538 LAVKRVARDVGVDGKMGGQADVRDIDGRWKEITTDVNTMAQNLTSQVRAFGDITNAAMEGKFT-QITVEAS
PLEOAL - EU711371 LAVKRVARDVGVDGKMGGQADVRDIDGRWKEITTDVNTMAQNLTSQVRAFGDITNAAMEGKFT-QITVEAS
00 710 720 730 40 750 760

€738 7%

BOTRCI - AF435964 GEMDELKRKINQMVYNLRDSIQRNTLAREAAEFANRTKSEFLANMSHEIRTPMNGIIGMEQLTLDTDLTQY
ALTEBI-AY700092 GEMDELKRKINQMVSSLRESIQRNTAAREAAELANKTKSEFLANMSHEIRTPMNGIIGMTQLTLDTDLTHA
ALTELO - DQ887538 GEMDELKRKINQMVSSLRESIQRNTAAREAARELANKTKSEFLANMSHEIRTPMNGIIGMTQLTLDTDLTHA
PLEOAL - EU711371 GEMDELKRKINQMVSSLRESIQRNTAAREAAELANKTKSEFLANMSHEIRTPMNGIIGMTQLTLDTDLTHA
0 780 790 80 810 820 830
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BOTRCI - AF435964 QREMLNIVHNLANSLLTIIDDILDLSKIEANRMIMEEIPYTLRGTVFNALKTLAVKANEKFLDLTYRVDSS

ALTEBI-AY700092 QREMLTIVHNLAGQLLTIIDDILDISKIEANRMVMEEIPFSMRGTIFNALKSSASRANERKLNLAYDVSYK

ALTELO -DQ887538 QREMLTIVHNLAGQLLTIIDDILDISKIEANRMVMEEIPFSMRGTIFNALKSLASRANERKLNLAYDVSYK

PLEOAL - EU711371 QREMLTIVHNLAGQLLTIIDDILDISKIEANRMVMEEIPFSMRGTIFNALKSLASRANERKLNLAYDVSYT
890 850 860 a0 880 %0 %00

BoN

BOTRCI - AF435964 VPDHVVGDSFRLROQVILNLVGNAIKFTEHGEVSLTIQKAEQDHCAPNEYAVEFCVSDTGIGIQADKLNLIF

ALTEBI - AY700092 VPDYVVGDSFRLRQIILNLVGNAIKLTEPGEVKVAISMAQEQECDPDHYVFQFA\/SDTGIGIRGDKLNLIF

ALTELO-DQ887538 VPDYVVGDSFRLRQIILNLVGNAIKFTELGEVKVAISMAQEQECDPDHYVFQFAVSDTGIGIRGDKLNLIF

PLEOAL - EU711371 VPDYVVGDSFRLRQIILNLVGNAIKFTEHGEVKVAISMAPEQECGPDHYVFQFAVSDTGIGIRGDKLNLIF
90 920 930 940 950 980 70

HON |

BOTRCI-AF435964 DTFQQADGSMTRKFGGTGLGLSISKRLVNLMRGDVWVKSQYGKGSSFYFTCTVRLATSDISFIQKQLKPYQ

ALTEBI-AY700092 DTFQQADGSTTRKFGGTGLGLSISKRLVTLMGGRMWVESDAGKGSVFYFTYKVRLGKPATIQAIQPQLVAYK

ALTELO - DQ887538 DTFQQADGSTTRKFGGTGLGLSISKRLVTLMGGRMWVESDVGKGSVFYFTCKVRLGKPATIQAIQPQLVAYK

PLEOAL - EU711371 DTFQQADGSTTRKFGGTGLGLSISKRLVTLMGGRMWVESDFGKGSVFYFTLTVRLGKPEITAIQPQLLHNK
80 o0 1000 1010 1,020 1,630 1040

el

BOTRCI - AF435964 GHNVLFIDKGQTGHGKEIITMLTQLGLVPVVVDSEQHTILLGNGRTKEKIASTYDVIVVDSIESARKLRST
ALTEBI-AY700092 QHTVLFVDQGNTGFSDEITEHLKTLDLVPMVVHSVEEVP - --ETTKRTDMPYDCVIVDNDKTARELRIA
. ALTELO - DQ887538 QHTVLFVDQGNTGFSDQIIEHLKTLDLVPMVVHSVEEVP - --ETTKRTDMPYDCVIVDNDKTARELRIA
.PLEOAL -EU711371 QHTVLFVDQRNTGFSDQIIEHLKALDLVPMVVNSVEEVP - --ETTKRADMPYDCVIVDNDKTARELRIA
1,950 1960 1970 1,080 1,090 1100 1110

FTYN

BOTRCI-AF435964 DEFKYIPIVLLAPVIHVSLKSALDLGITSYMTTPCLTIDLGNGMIPALENRAAPSLADNTKSFDILLAEDN

ALTEBI-AY700092 ERFKYIPLVMLTPHVCISLRSALENGISSYMTTPCLPIDLGNALIPALDGRAAPLVSDHSKSFQILLAEDN

ALTELO -DQ887538 ERFKYIPLVMLTPHVCISLRSALENGISSYMTTPCLPIDLGNALIPALDGRAAPLVSDHSKSFQILLAEDN

PLEOAL - EU711371 ERFKY IPLVMLTPHVCISLRSALENGISRYMTTPCLPIDLGNALIPALDGRAAPLVSDHSKSFQILLAEDN
1120 1130 1,340 1,150 1,150 1470 1180

ron|a

BOTRCI - AF435964 IVNQRLAVKILEKYHHVVTVVGNGQEALDAIKEKRYDVILMDVOMPIMGGFEATAKIREYERSLGTQRTPT
ALTEBI-AY700092 AVNQKLAVRILEKYHHRVTVANNGLEAFEHIQKKRYDCVLMDVQMPVMGGFEATAKIREWERDNGIPSTPV
ALTELO - DQ887538 AVNQKLAVRILEKYHHRVTVANNGLEAFEHIQKKRYDCVLMDVOQMPVMGGFEATAKIREWERDNGIPSTPV
PLEOAL - EU711371 AVNQKLAVRILEKYHHRVTVANNGLEAYEHIQKKRYDCVLMDVQOMPVMGGFEATAKIREWERENGIPSTPV

1,190 1200 13210 1220 1230 1240 13250

BON |

BOTRCI-AF435964 IALTAHAMLGDREKCIQAQMDEYLSKPLKQNHLIQTILKCATLGGALLEKGREVRQSANEESP - ——--—- N S

ALTEBI-AY700092 IALTAHAMVGDREKCLAAQMDDYLSKPLROQNQLIQTILRCATVGSTMYDHSSEPRYTASSHLPNITLPGKG

ALTELO-DQ887538 IALTAHAMVGDREKCLAAQMDDY LSKPLRONQLIQTILRCATVGSTMYDHSSEPRYTASSHLPNIALPAKG

PLEOAL - EU711371 TALTAHAMVGDREKCLAAQMDDYLSKPLRONQLIQTILRCATVGSTIYDHTSEPRYTASSHIPKLDMPGN S
1254 1264 1274 1284 1294 1304 1318

Hon (=

BOTRCI - AF435964 ONGPRGAQHPASSPTPAHMRPAIEPRAYTTTGPINHGSAESPSLVTADAEDP--LARLLMRAHSS
ALTEBI - AY700092 NDNGGASSSSGGLPSPGKKRPQLEARGFTE - -RGG-AQSPNLLAVDQTDNGSVERLLLRSHSS
ALTELO - DQ887538 NDNGGASSSSGGLPSPGKKRPQLDTRGETE - -RGGGAQSPNLLAVDQTDNGSVERLLLRSHSS
PLEOAL - EU711371 KEKSSAGASSSSAAPSPKKRPQLETRGFTE - -RGGGAESPNLLAVDQTDNGSVERVRSLSASL

boN |

Figure 9. Amino acid sequence alignment of the OS-1 family. Sequences are named by species EPPO code and NCBI gene accession number. Residues
highlighted in yellow in the archetype sequence from Botrytis cinerea denote amino acid substitutions associated with fungicide resistance at an
orthologous position in any of the sequences. Numerical mutation labels shown above the alignment are based on the position number of the amino
acid in the archetype protein.
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We hope that future studies will refer to the archetype by
indicating that the mutation X123Y in the target protein associated
with resistance corresponds to the archetype X745Y and refer to
this paper or a related web page for support.

We suggest that other target genes from medically important
fungi (e.g. the FKS1/2 genes that are targets of Echinocandins) and
from herbicide- and insecticide- resistant weeds and insects might
also benefit from this approach.

We commend this scheme to the community and seek comment
and support. And we urge journal editors to encourage authors to
use this new system.
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