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|l ntroducti on

1. IWhy doesi stance to fungicides mat
The gl obal human population surpassed 8 Dbilli
to reach nearly 10 billion people by 2050 (
chall enges to safeguard food security whil st
changing climaseng@ndosms nom nat uruasle efcoorsy st en
agricultural production (Searchinger et al .,
associated with substanti al yield | osses in

Average yield | osses f raovne fbueregna le sp-b &datt epda tahso dle

but vary between pathosystems, andeadieitypica
withgfawtng populations. Yield | osses are cur
the applicati(ofmi sohferf uentgiacli.des2012; Oerke, 2006
Steinberg & GQlIrirmat2d20®hange is likely to incr

infection and to drive emergence of new pl a

geographic ranges of ClealicndrngeRpaaehso geet@ 8211 .;

202.0)Maintantnhioealg of fungal plant pathogens i s

of

food security.

0l ntegrated Pest Managementéd (1 PM) approache.

options for di seassecaftpr odul tiinvcalrusdi wmigt h r es

pat hogens and <cultur al contr ol met hods, to r
However, fungicides remain the cornerstone of
and are an i mphoer oa@etl PoMarttoodfbox. I n particul ar
a vital role in maintaining disease control i
(te Beest ,etamd ufse20h3) educing selection for
virulence against culti@anmolhaoomtetr easli st a7 ;ge
Cunni ff e, HoOOWe3vae)r , the use of fungicides t o ¢
threatened by the emergence of pat hogen str a
(Corkley et al., 2022; Lucas et al., 2015)

The risk of evolution of resistance is part.i
pat hogens which have | arge population sizes
(Gri mmer et dhese26€déhomically damaganhg patho

1
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Chapter 1 Il ntroducH

te Bhygoaphi{hondsiahesbogtPdhakopsedtr alpachyrhi z
ey nBooutlrdy t(i 3 icm hnreamry crops Pybamlophomeat telr@tsc
pl e \secnatbur(i a )i(hearecqousaploirsa | eaf spot (Cercospc
gar beet , and sept oZymmosteptta)ciia nbtlmwitecenti ( ST
creasing | evels of resistance to multiple f
en reported inwittheksa epathegpasding decline
sease contyotherafvfiidecettddut egygieci Gdeés |, 2023;
, 2018; Hel Il in et al ., 2021 ; l vanov et al .,
20, 2023; Ml | er et al ., 2021; Nasonov & Ya
ngel et al ., 2020; Rosenzwei0d 7et Salfi and82@:
23he pipeline for introduction of new MoAs
pid increasansdithiakdaes tosdevelnew aancdt irveegi st
bstadini msreasing ieegquioktdefbofti nd new comp
mbine the required | evel of field efficacy
Xi ci t(yBrpyrsoofni.,Feh@22) de resi stamrcat empineasyy eanea t
erefore needed to reduce selection for resi

ture yields.

2How does resi stance evol ve?

sistance may arise through mechanisms that
action (MoA), wusually involklsviitneg -6niuateagteiton s
si stances)i teer otveerrgeextpr essi on. I-thna regoentter ast |, g

sainscte mechani sms such as enhanced ef fl ux ar

Il tipl EeDadwoiAgsan et al ., 2023FumMaiwkii hess ewi taH . a
de of action ( MoA) af f ecsiitneg, aguscilnogdee pat h
tside i nhi bictt mrat e( Qale)h,y drsougce(®d@Bleand nhi bitor
met hyl ati (OM) fi mimg ib¢itde s, ar e at a higher r
vel opmentsittheanf umuditdi des, as a sreguétmutat.
a moderate or high | eveHolblfomesi &tBmert t 02 @

e driving force for the spread of any resis

nat ur al Heslellcemmdan o& :Brpeantth,o g2M09)t r ai ns wi th

crease in resistance to the action of a f
esence of that fungicide than strains that e
d with repeated applicattamins storfaitnhse ofuutncgoin
nsitive strains and increase i n proportion

e sensistHivged.iyet rAssi m he frequency of resistant
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the overall sensitivity of the pathwamen popul
den Bosch et al ., 2011)

Within a single season, the epidemic of many
i ncreases primarily througphodasergal hapkopr d

pycnidi 6Epbkeen & ,Muwmnik,h 2003) apping generatio
reproducing t he s ame all el e combinations ar

understand evolutionary processes within a s

consider the epidemic in terems of bOtbHeoweh rcap
(n of each strain: a numbeatri nwghi £tha gceosmbo fne $ e d
establishment, growth and sporulation into a
strain at a given point in ti me. The rate o

determined by the difference in mgreomnwt ht reat es
more sensitive st r(avianns dienn tBhoes cpho pEuhleaatirocra 2 84 4 a

the difference in growth rates, the faster t he
A

= Resl s/t ¢
pA str | N
Q

©

c

Q

(<14]

()

-

rey

L]

Q.

Time

Fi gunleNhen fungicide is applied, resistant str
sensitive strains, | eadi ng t ot haen pianchroegaesne i
popul atimasitdhtaant s

Resistance mptadthiOgresgeinnome may already be pre
|l evas sO6standing gemet(de nd@vwudt at i om&, may occur
chanckawki ns et alff.ung2iCd Yeppptltradintsh t hese

mut ations do not have a fitness advantage, an

is | i kely .t oRerseinsatianntl olw neages at l ow frequen
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Chapter 1 Il ntroducH

ance (a stochastic pr ocessf uknngoiwsi dagsp loiged et i c

e strong fitness advantage conferred by res

nes are |ikely to increase in frequency and
me t alleemmivmati ons to become fixed in the poj
mergence phased of Tkhkeiemangendevphapmens. f

a 6selection phase6 once a resistance gene
unli kely to be lost from the popul ation by
bbel en et al ., 2014).

B3What i1 s a resistance management s
successful resistance managemenrtp sotfr ategy
sistance to f unpgdpculdaetsi oinns pfaotrh oagse nl ong as p

intaining adequ@aCer kli espase a@albntrda022; van d
14a; van den BoschA&t &dtlilé galmat 260018y accomg

ese goals without the other is not a succes:
r exampl e, stopping applicationupofoffungici
sistance to f unrbguitcidiese aisrededdamtirteell ywoul d b

thout fungici(dde eiimbramgy &y Gars hi 20&06ul d not

ceptable resistance management strategy. C
se in order to compensate for -taerdmctld mitei ¢ n f
mai ntain adequ@$traw,i s2;G&; cwaan2bédAaBosch e
1,8)but it is likely to accelerate selection

ould not be viewed as a r(esni dgdteaan o sman &d e md |
1.1)

evious anwdeddpesgi ménésal have considered a ran
anges to fungicide programmes which could f

nagement,ast matveegwed by van éd)enanBd s@adr kelte yal

al . (2022) . Depending on the change made,
fferent pathogens, such changes could eithe
sis{Bhceh & Shaw, 1920;18E| Horbfbied lech ettt all ..,
aw, 200&; CUdagi ®bpep,va@02den Berg et al . |, 2013
al2020:140b
T Change the fungicide dose at each applicat
T Change the number of fungicide application

T Change the timings of fungicide applicatio
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T Apply two or more different fungicidal mo d
|l andscape.
T Apply two or more different fungicidal mod

alternati on.

Van den Bosch et ale.ach2 ®©iXf4 at)h ecseen ssitdreat egi es

6governingofprseteptéeéosn f odrburn ¢ gii atganan swarak nb
Mi | gr&Forny (. THh&8%) conclude that the cumul ative
rates of the resistant and sensitive strains,
can be reduced imomhirreeset iwary,sof otrhel t bwee)

1. Reduce the growth rates of both the sensit
2. Reduce the growth rate of the resistant s
strain.

3. Reduce the time sparkemxsv erl avehei o he xspeolseuatei an n

Van den Boschaetsuarimar(2@14 hese principles us
equation:
iY@y p

whertries the selectiontdhee fgfriowitédintr,at ei of the re
is the growth rate oY st hehes emnxspiotsiuwres sttirneei ro,f ar

popul ation to a f Ufnhgeirceifdoer.e Reedduucciensg t he r at e

resistant strains i n t he popul ati on. For e X
applications of a fungicide increases exposu
i ncrease selectidobbelrem esti salance2011a; van d

2014nadreasing the dose rate of a fungicide ap|]

the cumulative difference in the growth rates
Sso increase sel ec(tviaonn dfeonr Broesscihs t@bnncved r. 5 e 12y0,11)
model |l ing and experimental evidence suggest t|

sl owed by -appkyifmggatides in mixture with a
MoA that the resistantHoshbalienrs etr eals.e,ns2Q@1 vbke;
Boseh al ., 20148, s20k4duxes the difference in

resi stant and sensitive strains.

I n practice, the effect of fungicide on strai
foliar concentration of the fungipdiachea decr e.
metabolism and the abiosokcarenvadaoamebnal linclu

(Fantke & Juraske de20Bdsc.h Rat haolg.e,n 290rlodwet)h r a
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may also become | imited by densi tgy odve mgndence
season, if there is |Iimited healthy | eaf area
and existi(hwan nderctBosnnch .& Toid | grgawmt h 2r0Dt8¢ o f
ORO atc amemédenote.d Bepu@rtiamhdre adapted to repres

total sel ectwiotnh-otaieme hgmpat hogen growth rates
iy i o i 0 A 4

There is an important distinction between str

of resistance alleles in the first pl ace, and

As the selection (phaisei mmpyedbvemnr.ay it2tD 0t8Hhe wus e
resi stance management tactics, the greatest g
which fungicides are effective may be achieve
resistance management strategy shoul d bal anc
st rai ghtlffortwaerodnut ate tis&kmeepshgnpat hogen popul @
smal | Sshould reduce the chance of a mutation
occur(rMingr oom,EnMeOrogleence odnheséfsormamclere sl owed

l ardgeses in | imited dihreoyu msetdaunccee st he pat hogeil
sufficiently to r e(sMirkahke rmudzaet i ettio adelv.e,u ppd@® 7 )s
mi gda¢ccamlay dose rates in excess of the maxi mi
conflicts with increased selection for resist

action that are i(nMitkhaeb esreil dezcet ieotn alh.a,se2017; Vv

al ., 20d0.Mi kabr4i dze et ad. tlhadroddle7s)e sc ownocul | udd

accelerate emergence in most ebvieonl ofgolclad wiyn gp |
fungicide treatment, t he popul ati on si ze (art
di visions) and genetic diversity of fungal fo

|l arge that the rate iosf uenvloilkuétiliyotnteaob fibgr emmu tsa taina

supgMg Donald et al ., 2022; Mi kaberidze et al
Resi stance managemewmlitdst makegues of resistant
other | PM(HMagmssen et al ., 2014;0 Traeyduocre & Cu
the growth rate of the pathogen and therefore

bet ween sensitive Bhhmdar g eisgd sd amitsistofaiewol uti ol
resistant cultivahest thesrss&nces  baveri $ odue |
of many quantitative resistance genes, each
resi stancieest hdat wa jed r ¢8newn,. 2Qull5t)ur al contr

measures are often aimed at reducing pathogen
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buri al or covering of wheat stubble and pot e
SstrategiesZ.taan@&duwdefiersacawmlsum, and | eaf shred
useful stratewy ifnoaré Geaoanktersoelt oafl ., 2011; McDona
2016; -Hwepiktizns et al ., 2023; SViactegtextalado , i it
elimination of weeds and volunteer crops tha
pat hogen survival after harvest, or that play
cycl e. For ex®Bwpbe,ppsdgrb s an i mportant host f
wheat stRunc aiursitaf(gtsaphitiior sexual reproducti on
overwintering teliospores. Contr ol of barberr
control strategy in aré¢d8arweshectold. wi 2010 ; weé
201.8)A sofyrbeceanperi od has been introduced in pa
mi ni mi sing green Pri doaed ygamd Kioeddowc ientg al ., 201

Yori nor.i ,Us2e0 20lf) crudst itvoarr e wcteu  Kseasoef peesenr

et al.an®20@PBdice of tol erant cultivars whi ch
di sease piBRsgemeen et al ., 2014cavamal denbBoscl
usef ul as they enable a reduction in fungicioc

resistance.

I n genttaakings di sease <contr ol measur es reduc
advantage for the pathogen of evolving resis
(Corkley et al ., 2022) ; a diverse disease con
on measures advdlowteironm i wiktl loefsdfeomdce resilient
to evolution FaofguReBHoweaactéheefgi ci de resistanc

managenbeemte oif t snany | PMameasuregentl|ly unquantifi
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Fungicide
programme
choice

Cultivar
resistance

Cultural control

Figurkd PM pyramid for disease contrbilsaaseresi

control shoul d rnmedays uroesst ahte alvoiweyr orni sk of resi
|l i kely to include many cultur al control me as u
(bottom segment of the pyramid). Cultivar res
control, especially if many quantitative host

butther e itshpatrhiesglemegvhalvy r ul ence (mi ddl e segmen
pyramid) . Al t hough any application of fungi
fungireisdes t ance, choice of fungidéimié@hphogr amme
rate of selection for resistance (top segment
1. 4Addi ti onal chall enges for resista
when resistance I s lewoltvwomgomcoma@mue r €
fungici des

Strains Hiunlgi enudl ¢ i resi stance nhuavief phgan obser
pat hogewrcd Bdi ncgi,Wer é ama,eCguableitsi col a,anfL. pachyr hi

t ri(tCihaipman et al ., 2011; Chatzidi mopoul os et
M¢el 1 er et al ., 2021, Omr ane et al ., .2017; Ru g
Both generalist resistance mechanisms such a

combiningi ttearmetati ons to mul t(ipPalel uModts alr e,

2024)The avail-raibski mul toifsiltoew fungicides i s ir
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Chapter 1 Il ntroducH

rough regulation, and the rate of devel opmer
|l ess flexibility for diseaste icsomtortolc | aemd rwe
e best strategies are for managing resistan
des of action (MoA) at the same time (O6conc
tuation i ntr odafcfess. cTohnep | keexs tt mos#diegmh@etgy f or o
present the optimal strategy &€obor(abl.1seeecond Mc
owe dmit>htaur es of a DMI fungicide and a SDHI

r resistance against t he DMI fungicide, b u

ngicide was not reduced by mixture with the

e use of mixtuwdfsntifodeseasttamaee i s evol vi
th Modug)e. | ny eanamsy, mul tiple fungicide appli
kze.e ptbreiltoiwcidamagi ng | evels of severity, so
litting the total dose of a fubgptitdéeiagras:
XLnP&ped i tting reduces the dose of each MoA
e exposure time of the pathogen to the fung
l ection. Model ling studies predict that the
| ectgenewally outweigh the effect of reduce
some menxteali id eenvcaen den Bosch. eHowdl\her ,2014a)
fectsspfitdtoismg on selection for partial fun
atefafreeon g emalfluenrgi ci de concentrations have n
addietcieamn, experi meobal showdemcefdect of do s
sel ¥cun@net() ahere2i021t herefore a need to be
w f ungircipkea ti es (efficacayndamae tdegay amdate)
gnitude ofdetsi mitmemctehe effect of ,dose spli
help identify cases wheptettionmgrabl enbabhéEeurt
uld be beneficial

ere is also a need to understand how strate

plitting and mixingd of two MOA compare in

f oo u brlees i ssttamti ns when resistance is evolving

Mo
t h
al
di
of
or

un

AManfyungal f ol iuanrd epragtoh osgeexnusa | reproduction a
dii f e . Sceyxcul ael reproduction wil/l produce new ¢
|l eles through reassortment and crossing ove
versity and pot emttihalgleyn priadui misng@rndéwosting
rar e(rClsdam a& nMc Donal d, 1996 ; Mc Donal d et al
potentiallyedisuanngsdoaibhe if there i1s p
treated, more sEeHsl ps vet. lpwtpliud rak fin@rdgt ant

9
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t onvesttihgeateef f ect s of sexual reproduction on t
of resistance to(fTwypl or &oCenMbobAfe, 2023b)

-

X No mixture effect

©
8 X Higher dose of
S each fungicide X Longer exposure time
3] per application for both fungicides
cC

c

o

-

(&

9

(]

7y}

Alternation Mixture

U . .
8 \/Shorterexposure time v’ Mixture effect
_g for both fungicides 7
o) (one application each) Lower dose of each
o fungicide per application

Fi guleA bal anctirnagdfeast of alternating er O0splitt

ri sk fungicidal modes of action

1. 5Model s of the evolution of fungic

Model s of pl ant di sease epidemi ol ogy attemp
processes in complex systems encompassing th
pat hogen | ife cycles, crop development, the a
physical 0€agnaphyg et Madel <20Mmbd)ati ons that
governing principles of evolutionary Dbiology
programmes, r e aingdt gpmad eh oggeeme sh,i ol ogy can be use
effects of di fferent rraetseigsmeasn cke maBageme et a
2014afField experiments can be costly to run,
and yiesarwgwregluliywednder stand biological process:eé
vari Mbdel |l ing enablmasnyoxssli dl &t isam adfegi es and

t hamay be i mpracticmaét Hiexplanegbsvegate using fic

As noted by the statistician George Box, dAIll

are u¢Bbul cA9lydl)ance bet ween model real i sm an

10
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is required. One benefit of using model s is

syst ems, to better understand the effects of
simplifying mod el assumptions iegxicdadi hg i mpo
di fferent mod el results and conclusions. For
dependence and competition for l' i mited host

effect on mopdeh desuBbsch & Ghll iigpaan,us2008)
ot her wi s e, of( Shawe halOdd ies vy o f spati al het er c
(Cunni ffe et al ., 2015; B arorud Idl ad ts oalb.e, c2MG4 ;d
However, it mu st be recognised that mo d e | par

system that are cur rcearintel w epo/o rilGyw ewnrt cad res ted o da |

2015; Shaw,bult9xd)ul d still have awWhlearegveeri mpact
possi bl e, models should be parameterised and
dat a, including data from field trials, to e

resul ts.

The representation of the action of fungi ci c
i mportant influence on the ¢oaol deinomBoseh @&o
Gilligan, Smé&8model s represent the average e
pat hogen severi(8haw, gtoiv@ibh radame be directly
from experiinfe namd adsastumnfefse ath adf tithteec dmustgarct de
over the period between application and mea:
Model s that explicitéydeecpy ¢x=ma tvtblieentad ii oindé nd o
the effect of the fupngykeci dBaanemorté es wpiatt ehlolge n |

model | i ng cases wheme ntdbeer e i nsertacnei on bet we
affecting sel ec(tfimorm nfpd re rHeodibsetleamcet . al ., 2011
2007; van den Beireg edtf exlt. ,0f2®1 F)ungicide on th
rate is a result of the combined effects of
cycle processes, such as ger mi nagttiho no fr atthee s p
| atent phase, which protectant amdlgeystemic f
is represented expl isdiutdieyegiombedbmae modal l.i,ndO0:

Mi | ne 20t0 7al .v,an den BerTgheetr egplr.e,sen1ald)i on of t
fungicides in mixtures also affects model COl
effect of two f wmrgincuildei(sMidirss a&d,d dliex7d8/;e Pavel ey
200,and whether there i s a(nSyh aswy, nber9g@y® )or tamd ago
fungeisdodnt action of fungicidesiwitaamcienowomphl at

a MoA is not adequately represented by either

11
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model s, but i's relevant for some i mportant Mo
SDHI s.

1. 6Pr o] a ants

The aim of my research is to investigate whic

effeacteisuest ance management and robust di sease

resistance is evolving to two or more fungi
fungicides with different modes of iaction (M
vari abl e resistance t o fungicides -with t he
resistanceodo). | aim to use model simulations ¢
range of scenarios tof i mpeodvNmadadeld yteandinnagan:
concurrent evolution of resistance and inform
1. 7Model |l ing approach

| m hi Besi s, I use model s d@ddroibwed efnr cemy taHe &g R2pOr?
201)l btovest hgateéfects of different resistance
the rate of selection fovermparsametaamrcies edl hasda
validated with data on disease epidemic progr
and have subsequently been applied or adapted
(Elderfield et al ., 2018; Hobbelen et al ., 2 (
Berg et al .., TRHd8mbi2mgl 6gpproach describes the
response curve as a combination of the foliar
to track the 6effective do®ed amrmdiai hengffhéctan
that dose on pathogen | ife cycle parameters s
period, measured as "@.f et iianmpaalc tr eodu ctthieo nf,u n
the pathogen | ifel arggffedf @ect svgrdasest where t he
effect is defined by an Oasymptote parameter
decreases with reducing fungicide doses is def
type and magnitude of fungiitcs def frescti sbanthbhei
response of pathogen, staediumnisng ot hdheasympt c¢ti @ ec
par ameRiegddd Compl ete resistance means that t
have any effect on the growth rate of the pat
resi smiagtlcaek e t he form of a reduction in the ma
on the pathogen glronegfdi ecai e eedoenseat or a red:
ef f esmabeffefrect i Me redtsheesstocases as Oasymptote
curvature shiftsoi mghepgacdiompeddyte depeesenpons
curve.

12
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Figu#ddeungicide dose response: effect of asymp!

concent®©atomnt he fracti'@naf patbobeonrycl e

par ameQeiresxpresspdopsesraion of the maximum perm

dose (as defined on the product | abel).
I mo d e | two economically damaging :Poliar fun
pachyamd.zitr iTthiecsie pathogens are important cas

ri ghmarMfagement of fupngbotdemangsbstaheeevol utic
I consider in my thesis are also generalisabl e
|l ife BPhakepsor a ipsacahny rohbilziigat e biotrophic foli
of soybean <crops, of epornocdeur cni nign rmegny ns o) mecd n
BragGddoy @e16pnlt,h@&s a rapid population gr owt

reproduction and can cause severe defoliation
untreated, especially if infec(tDalnl ao clcaurras eetar
al . | 2015; Hart man et al . ,Fu®@il¢gi Keisnuain ei a evi
of di sease control in Brazil; due to the rapi
based application of two to five fungicide sp
(Beruski et al ., .HoOweOv;e rY,o rtihniosr ir,el20a2nlc)e on f un

to rapid evolution (odbfalflwn gliacniad ee tr easli.s,t an(cle8 ;

2016 ; M¢l | er . Zeytmoaslept o282 loknrei toifcit he mo s t cCol

13
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wi despread and damaging pathogens affecting
l reland and Europe. When wuncontroll ed, it i S
guality and yibadld@dBUrokses e& Dbun e, 2008; Fones &
Steinberg &, Gdue,t @034a0yeduction in the green
available forZypymos epgtyoitnhfe@esdtsiian caf t he upper |
proceeds mostly through asexual pycnidiospor
ascospores through (fexkaslenr &p rMaudhikgt i2d0r0 3 ; Shav
198%Z)y moseptorsaat highty adéapcdbhal ga&hdMgedt ,

201&nd has evolved varying levels of resistanc
D MI and SDHI fungicides, wi (t Bl ai knmep aectt salo.n, da (s
Cools & Fraaiije, 2013; Hel Il in et al ., 2021; N
20009; van den Bosch et al ., 2020)

1. 8Kkey research questions
I'n this thesis, I address the following resea

1. a. Wh a't information does existing research
fungicide resistance manamgtamenli arsrtireatse gpreesver

uptake of fungicide resistance management str

These questions are addressed in a review p:
exi seaxmegri mental and modelling evidence on the
application timing, mi xture and alternation s

Therabusdeavntdence to support resistance manage
evolution of resi-rsitakncfeun ¢ii deitvdsel, @ gltuet abh whi ch

strategies are |likely to work against concur
economic and airmnfipegrrenvaetnitoinngb f ul | uptake of fun
management strategies are reviewed in the sec
2. What is the value of phytosanitary cul tur al

management ?

| PM measures have value ftgpidibstgswerconskol ha
fungicides from ewovo@ladthiomre no fadragpdiagtiaamce | PM me
directly suppress pathogen growth rates wil/|

growt h rates of sensitive and resistant str
advantage of resi stant st rtaoi nfsu nagnidc i tdhee rreefsai rset
management . The fungicide resi stance managen
cul tural contr ols umpeprheosdss pahtahto gdeon nprtowt h r at es

of infection is |less clear. However, delaying
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reduce the maximum severity of the epidemioc
trol required for adequate disease control
tosanitary cul tur al contr ol Phmek dpgdaosr ai n  t |
hy(AWstian soybeanregsst)jance management of
i stance to an SDHI fungicide, in combinat.i
h wvarying dose rates, number and timing
el opment and parmpnerntteme rstateée mind erhiPal aEi c al [
hyimictiudi ng parameterisation and validatio

amet eocsmnerocm al field trial dat a.

How does the impact of dose splitting vary
type and magnitude of resistance?

e splittimnagdféfs faor k enyvodagreanernrte nt evolutior
istance, as if multiple applications are ne
Il d require splitting the total dose of a fu
driaeiatobnvin the efafr@ots wel |l dosneespt obd
vious modelling studies have predicted t he
tner wi || increase selection for strains
reased exposure time timamelaslewsi @l telte | dos en
|l ication timing reduces selection. However

ection for resi stance have been observed i

e splitting on seleathnenwfbobh pacurahbhlyrees
wn . I n Chapter 4, I use a codpatrtraone mtcal ep
estigate how the effect of dose splitting

gici de vari es wi t h fungi aindde npargmp d rutdiee so f

i stance.
Which is the better strategy against conc.
ernation or splitting and mixing?

address tlhis&. quaes td ccmgde dthwkytigate the r
ectionrteerstdaobl etr-ai sk WMbAnatwoent her mi X

ssepl i tting) or al tsepriniattieidc g@witex o dbnh d do o e

d
e
S
S

S

el developed in Chapter 4 to include the e

guencies of-reenstanvergenssdiisttgandbli esd a ati me .

ults reported in Chapter 4 show that the e
i et avraxr i es wi t h fungicide properties and
i stance, [ model scenarios of concurrent e
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range of combinations of fungicide dose resp

curvature shifts.

5. Can incompeststamosswithin a fungicidal m
useful for resistance management ?

The success of mixture between fungicides witdl
absence -oésicsbasce between MoASs. Mi xtures of
MoA and comglestiestamacses do not contribute to re

Existing models of the joint action in miXxtur e
growth rates typically wuse either an additive
survival model ( MS M) , arsessuingitnagn ce o noprl ett lee cao @rs
absence safesicsoamect i Mewvgver, i n some cases

resistance is only partial within a MoA, f o
demet hyl ation inhibitor (DMI) group. I n Chapt
mat hemati cal popul ati on genetic moa e | t o ¢

management beneffuagoftichest wreh bhe same MoA v
crorlsessi stance. | investigate how the resistanc
of fungicides with the sarmesiMothAanbcuet vianrcyo miilteh
number gafcifdes and t her asiggteancoef bcertonsesen f unc
included in the mixture. I compare the perf

mi xtur e, alternation or mosai€ewiitshiamca . MOA w
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Chapter 2

Fungicedestance management
Maxi mi sing the effective | if
protection products

| . Cdr2k3B.y ¥r &Nai Hawki ns

'ADAS, Wolver hRmphamst éd. Researctuni Nerseénden,
of Reading, “ReEABjnGambKidge, UK.

The following review Ppaapnetr Pwaafhiofd &lfl9inshed i n
Sept embelts Malrdxiesti ng reesastcl@anocr management
strategies, coveringatéeée, edpplct satoifomdosiemi ng,

mi xtures or alternations of different fungici

The review highdagknsalt heaod ep aorftundliMci de
resi stance manabaeadthéenyg, culatnudr aus ec oonft rrodsi st ant
cultitwareduce pathogen growth rates and the i

requ, rtelder eby reducing selection for resistant

I nformation gaps f orcotnhceu rmmaennatg eenveonlitu toifon of r €
are identiinfcitveaddi algi | ibteymnweifnt shef mi xture depen
mi xture compaamédatcg of model ldamgheewiedendceve

benefimisxtafre and afdé¢eirtadanoem mdsnageiment strat

fungalt hogenas Iwifteh cycleexmal udépgoaducti on st ac

Theootent imilxtfuores of f umayr tcii ale s rivé 2tdhon ¢ e
contribute to resi ssahcedmdprdgpmenment al evid

revi eemoedmodel ing evidence was found.

I al so wamrsiie@res to uptake of resi sitmntclee manag
section OPrinciplRorVessace shrfandttii cgtéarues,t the

economic, practical landchadresiadgnemtalcydht eldear | y

2. 1Abstract

Effective crop protection is vital to safegua

on a | imited tool box in the face of di ver se
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protection methods need to be developed, but
effective |Iife of existing products through r
Some core principles in fungicide resistance
modes of action and | imiting repeat applicati
l ong established. However, other aspects have
hi gher eor dbew r ates, mi xtures or alternatio
protectively or only if a disease threshold i
Continuing research into these questions wuses
model | i ng, experi ment al trials, and ongoing

Mol ecul ar di agnotshriouwug hap utownohnigthoerri ng and ear |

emergi ngncesiResi stance management guidelines
updated as new fungicides, and other crop pro
Howevesjgding opti mal resistance management s
stobrggcaassetrategy will only be effective i f g

is more difficult whoefrfes thhestrvee eanr er ehdaurcdi ntgr asdeel
resistance in the future and achieving great e
where t heaiece sbeat wehen a strategy that would b
one that minimises the risk of control failur

with fammarspeicd aof resistance management that

2.2l ntroduction

Over a third of potential chapvpsodtot pestwon
di seai@esr ke and Dehmea,t h2opOe4M)adbgen spoil age a |
contribut-hagveéesot pbedd wast e. Without effectiwv
been estimahadvedhtat! pseecCPowppl @t doalub| e2013)

Crop protection against plant pathogens relie
to varietal resistance. Heiweeefungepedeesed wi s |
same mode of action (MoA) can |l ead to the ev
economicf croessti st ance against all pesticides in
billion USD in 2005, primarily due to additi

pests resistaaftf doot ipree(vBromestityeht s2005)

The fispecisfite fungicides were the methyl b
(MBCs), and in their 50 years of wuse, resista
pl ant pat hofelawlkiprsi aad ;FRAL|, j €,02[Dd) 6 o me

pat hogens, resistance emerged a(fGreirmnjeustett wo
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, .2RAZ®D) e resistance has been (rFeRPAC,t ed i n

2020b) n over (6 schoeurnteati e@di.nomlRd 1@yt si de 1 nhi bl
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i stance has been repo(rRFERAC,i nalfa2l@m)st wd 0 s
ades of wuse, but in one pathogen, resi star
Gri mmer et RésisRP®&816¢ has evolvaedtagainst
gicide cl asses, and in theotdayeicf cimer ga:
i stance agai nsitdel 5cldaisfsfeesr emds fluemegn cr eporte
hogen ($F§RACI e Hathbn),ana0 rde si st ance to seven
i on i n s(iFegrlnea nidseozl aQretsuno et al ., 2014)

h the |l oss of effective fungicides due to
ut potenti al environment al and health i mpeé
reasing focus -omendecvadl opomgr ononmeasur es
egrated merstt (MamM)geBt rahegit®smrlt.gt 2dOtllal . ,
.7)However, for many <crops, chemical contr ol

—

of crop protectfiwtng Peoprp,t h2ed @fl of ruensgei eca bdl ee
i stance managememe¢ depladopegdes n mostder t 0o €

ective |ifespan of available products.

cerns about resi stance, and the need to d

i stance management, |l ed to the formation o

mmi ttee ( FRAC) by CroplLi fe I nternational,

mp a rbieecsa,ms €t i pl e companies produce fungici de

1

r

e

action and so coordifiB8redtgainde Hohé ® mane 2
addition, ,segh casUKkBiA@Butplse Un{ Bedn&i hgdom
BN NORBARAXudsk, i 20X t)e -Badbt dc cirnecgliuodne
earchers and regul ators as well as indust
ional Pl ant Protection Organisations (RPP
iterranean Pl ant Pro®RRQ@)taroen iQrtgearng osvaetri nonme I
anisations producing guidelines and regul e
luding resist{&PP®O, m2aadHé ment

maj or cl asses ofTafbiggieali adreg wairteh |tisdierd tiar
reported resistance mecha&sismancenampbte
oss fungicides with({HMeaney ngtl eablmmo,d ¢2hGed Oe)a c t

some exceptions. For azoles and succinat e

( SDHI s), some target site muesitsoasceoadros s Nt

group, wWith some mutations conferring higher
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compounds but | esser -roers iesvteann cnéelgeaot ad avkeh ectrsoaslis.
2000, Sierotzki .afcCdonS8Sealkligt, samed3pffl ux pump
drug resistant gOemathepet. ald . MDRO15)

The term Afungicidesod is used throughout, bu

management strategies apply for compounds use:q

such as powdery mi | dews and potato bl ight,
carboxylic acidaamrg eaireesrsattCiAArs qui none i nside ir
( FRAC, 2020a, ,FRAMCd <dmB@d@dbhungicides such as
multisite inhibitors are active against oomyc

downy mRPllaewopara wvesilsaoshmceen reported again
fungicide classes includindFRAERyY 2OMEMBDbde s, CAA

broadly, similar principles apply for all/l pes:

2. 3The AOne Healtho Context

The AOne Healthd framework recognises that h

health are inextricably I|Iinked, in areas inclt
et al ., 2016) , and it is now increasingly re
includednt 8ouf@gen et al., 2019), since plants

ecosystems and for human nutrition.

Anti microbi al resistance is a universal probl
heal t h, including antibiotic resi stance i n |
pat hogens (Robinson et al ., 2016; Sundin an
resistance i nenfsunogfal hupnaatnhsogand pl ants (Fi she
Pesticide resistance can af fect insecticide:
herbicides as well as fungicides (Jutsum et a
(Al'l en et al ., 2017 ; Hsaiwkiilnasr eotptalons 2®X9)r,e
management in practice, apply across the dif
(Beckie et al., 2021; Jutsum et al ., 1998; Ra

Crop protection also directl y( Saswfafnetcotns ehtu naaln.
2011)Crop diseases threaten food security, red
| osses, and reducing food access, safety anc

spoilage and mycéSaxbny peoduwldhdroen?2 ©1 &) pat hog

control failure due to the evolution of fungi
pl ant resistance wil |l eMabenhhteahtesS¢e ubeobt
201.6)
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Fungicide group Ex

of
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fungicides

ampl es Target site Resistance mechani s ms

Benz!m!dazoles Benomyl, dTubul i n Target site mutations
benzimidazole c¢c carbenda
Azoles(/demltshleebU(.:onaCYP51 (steriTarget site mutations,
i nhibitors) EIOOX'Condemethylase'efflux paral ogue numb
Prothioc : '
Strobilurins [/ Azoxystr Cytochbh(qumeno Tar gétt e mutati ons, AOX
outside inhibit Picoxyst outside Dbiniconfiirmepm) aef &l ux
SDHI s (succinat fB:xafen, guhccdlnate Targeéett e mutations, eff
dehydrogenase | uxapyr deny ro.genasparalogue number vari a
fluopyra (subunits B
: . No field resi s(tpaonscsei h-lne
. . . F ) ) )
Qils (Quinone |Ae.npllchicxtsioggb(?imﬁndoire5|stance i n -eexfpfrl eusxs ipn
mi-su " straiangpept SSite mutatio
| rOCIionosl(histidi
Di carboxi mi des b signal tran:Tar ge,t efiftleux
vinclozo ‘
osmoregul at |
Fenor o ierg2 and er .
Mor pholines [/ a np P reductase a'Unknown (very rare)
spiroxam.
i somer ase)
. . . , Chl oroth :
Mul tisite 'nh'bFoIpet Mul tiple Unknown (very rare)
, Di met hom ,
CAAsgar(boxylic a(MandiprOCeIIquse s'Target site
. Met al axy ‘ .
PAsphényl ami des) benalaxyRNA pol ymer iUnknown (polygenic)
g 1l lustrativecemmmpherssiond y;FRACavad2abdbpeegment updates
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However, t here have al so been concerns about I
products on fhH&Gwmant berakt hRéseanr®dhnl)s ongoing i
potenti al role of agricultural use of azole f
to clinical aMAgpdrugiglallu(avrduwrs igjanteutseapeci 201 9)

i n hetarveialtyed cropping systems dWbDwumnaes eftl awer,
2013) the associated compbathng(Jdéedahgest de
al ., ,28mPpyoving resistance management and | PM
have benefits beyond plant healt h. Concerns

pesticides on humans (Aadcti ¢ hhkeaneen \bglreovmement 2015
resulted in some active substances being | ost
the chemical diversity available and increas
di fficulty of resistance managemé®HDBpr the

2020)Conversely, thesposisf iod shdamgped yrod aegéest anc
would only |l eave compogetisewiebtwi dArbobaader t

protection options is needed to safeguard fo
sustainabl e environmentally and durabl e i n
popul ag Bomsesh et al ., 2011)

2. 4Resi st ance Ri sk

The evolution of resistance is a potenti al r
resistance and the speed at which resistance
fungicide cl asses. Resistance risk also varie
agronoméms syse to differing intensity of fung
affecting di 6Baeprt papdsHoklBPiol,, 220105 Kk

Sigatoka pathdgemrr cos parsa rfaipjiiddrnysiesvol ved r esi

sever al fungicide kbéatssesopasbanana, i's typi
fungicides up to 50 times per year. However,
may have different |l evel s of resistance risk

Ramul ar icygmasl oapi dly evolved resistance agali
groymehfus ewhalr Bag2hChdD)spori thmscomrmynenedi um
resistance risk. Cereal powdery mil dews have

rus(tBsr ent and Hol |l ambhou@©® 07 b3 tl ofwumgis kmafyo rn oatl

fungi ¢Odleser., Rx®GBl4)tance tends to evolve mo r
specialist, polycyclic pathogens, and in pat/|
rat her than ouGrdiormmers yeitt eanls. , 2015)
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Resi stance risk i sspkear fihda ghéan f ol tsiidiet e fu
di fferences in resisisprce friics K ulmagti we edlre tcH e sssiet
harder td Gprmhect et. adungi 2084 with higher
complexity, or higher molecular weight as a s
resistance risk due to higher specificity in
changes in the target site camgicaude ki rddiarsd
(Gri mmer et al., 2015)

Experi ment al met hods for predicting the resis
i nclium e vsietlreoct i on, ulotfrt &awi oWMtmu tl a ggehnte s s . Thi s
generates a range of potential mutations,; reac
with very high resistance factors can be indi:
not al/l mut ations identified irmgel dmortaiteorfyi emu
(Hawkins and .FrMudiajgee,nexs0ls6)i s generally more r
screening in the case of fungicides, since fun
site resistance has been found, vohvmo$tr omases
de nmubations rather than sel(edawlkinnsf retm alt.a,n
2019)with very few( ESnewmhauxer.péeti oals., 2019)

In the case of the SDHI fungicides, mut agenes
site mut atB,onCG ainnd sbdht hat subsequently emer ged
some highly resistant-Hhu2Rtidind, noootabdpiydlisy hC
frequemcitéhse field. Experimental evolution, in
within a competing population, demonstrated t
penal ties: H152R was only selected at high f

other mutiamter mevditdht e resi stance but higher ¢
not sGuitv-®rorgzo et.Lall. veR®HdHRéeéd a functional
genetics approach to demonstrate fitness pena
mut ati ons, mo st -H2t7rr2dRkn g lbyu tf drheydhB so found sor

compensatory mechanisms so fitness penalties
from emerging. However, the relative fitness
depend on environmentaweeondiffenent vareldg s
year s, asHabewhy@@®tf7garl . CYP51 allelesitincithe s
b

| ot ch payrmogemt orias twell ciasr deanmde efni elladb

conditions.

Once the first case of resistance has emerged

a h-rghbk pat hogen, the time from introductio
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emergence of resi stance, and the | evel of res

ndi cation of the resistance risk for further

cl asses, t he MBCs and Qol s ar e considered

di carboxi mpdedi ctainodn s for nehn g@i Irsi,s kar eazmd i
medi um ri sk; morlpohwo Iriinseks, naenddi umo | t(iFSRAICe, i nhi bi
2020a)A high resistance risk means effective
essential, otherwiserl ogsyofrapobdtypol bwillkven
fungicides can |l ose effectiveness over time s
Europe, the European and Mediterranean Pl ant

Standard for Resistance risktaeakregsistaomer ir $
that would be posed by Aunrestricted useodo, whi
such as | imited numbers of applications per s
needed to reduce the r(iBKPQ,0.20RLR)ickepmnabde ¢ t ke
resistance fraecstiosrtsancer opsast t er ns, and fitness
thereof) associated with the most | ikely resi:
class are all i mportant in determi memg the mos
strategi es.

2. bBResi stance Management

The ideal resi stance manhagement strategy woul
and spread of resistance, whil e maintaining

theoretically achievabl e i n l' i mited cCircumst
resis{aanwkins and ;Mi aabjeej d26 1L, &toralnegazldivé)

crorsessi stance between(Biéheramtd Hohdiomodes 20
many cases these dual aims -ofefSulEvém iam 1 &l &tci
favour abl e <cir cunmsctea nmarsa gfeome nit @ s ifsutnag a | pl ant
have proven to be immensely adaptabl e, develo
overcome fi(Hewki teosasd ,Framnijower20mBhg nega
crorsessi stance through a(ldahmatLixddd me cehta nd Is.ms
200.2)Large population sizes and numbers of gen
provide an ampl e (sMiplpdlyerifd ma t &tt maams, pRafggmpt i C
aim for fungici de resistance management , t h
emergemdcesparad of resistance for as |l ong as p
necessary | evel (&6hadvi,vy@@89&@ enoBtorselh. efthel ., 20
effective | i fe of a fungicide against a path
seasons for which it continues to provide <co
continues to contribute to control in combina
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Effective fungicide resistance management i s
enemy, with the greatest gains in effective |
resistance while the frequency of the resista

a resesgeame i s sufficiently common to be detec
data on its sensitivity phenotype and fitness

-

apidly select for high f((Mgugnoioes aofd tFheg, r &

van den tBoaslc.h,. e2Holwea)e r , advances in molecul al
| owering the detection | imits, enabling ear|l
all ¢Deshia et al ., 2021)

set of general resistance management pract.i
f evolution and tested against experimental
wide range ofveomthdosyBoeaeamis aetodall |, n0 B4 a)di

A

0

a

demonstrate that strategies that mi ni mi se th
growth rates of resistant and sensitive stra
season thereby minimise s(eMielcgtriooonm faonrd rFersyi,s tla
van den Bosch2@ap&@hiGs |l tagabe achieved by reduc
rates of both sensitive and resistant strain:
resistant strain relative to that of the sens
of the pathogen to tdhueifgndgihei de,ngtthherodby irme
di fference in popul gtviamn dgrno vBtolts crh& ied sl rad x i, s t290 1

2.1) .

The first pillar of fungici dechemiicdalanxcaen tnramla
met hods, such as resistant crop cultivars, to
need for use of fungicides, and therefore re

(Rr gensen et &lowev2014)n many cases fungici des
for disease control, parti Brudemrsen ient halg.h, p20el
and also to reduce selection for pathogen str
resi staaf<aubtan et lanl .des2@Ini)ng a fungicide p
resi stance management in mind, decisions incl
applications required, the timing and dose ra

to use and whether differen(tBrilort wand HMel Imo mer

2007a)yhe evidence available to support each o
the following sections, and the main compone
programmes ar e FswnBeer i sed i n
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Differences in resistant & sensitive Epidemic growth
epidemic growth rates drive selection
for resistance

No No difference in @ Sensitive strain

fungicide growth rates . "
® Resistant strain

— * (completely insensitive
No selection to at-risk fungicide)

for resistance

The greater the difference in the growth
rates of resistant (R) and sensitive (S)
strains, the faster selection for the
resistant strain proceeds.

Large difference
in growth rates

\

Fast selection
for resistance

Solo at-risk
fungicide

Solo at-risk
fungicide

Pathogen density

Resistant strain: proportion of population

> Mixture: low risk
a plus at-risk fungicide
Smaller difference K]
in growth rates §o
. o
Time ¥ g
------- No difference in R & S strain growth rates Slower selection
——Large difference in R & S growth rates for resistance Time
---Smaller difference inR & Sgrowthrates |  — Sensitive —— Resistant
Fi gwRnl:e&Gener al principles of fungicide reselsea@amicen mamamgesnesitantr eslturca int
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Fungicide choice Reduce applications
A X |
=B AN
Abc ! | /
‘E? ﬁ . *
Mixtures / alternations Disease-resistant
' varieties
== = ¥ =
. YV
Resistance
Optimal dose rates management o
strategies i
: . o Y \
Y. | Y o
v -

Opiimal speay imings Regular monitoring

Fi gkre&ey el ements of fungicide resistance man

2. 5D0lse rates

A consensus has not yet been reached regardin
evolution of fungicide resistance. Theoretical
popul ations smal |, reducing the supply of new
emer gemnrcees icsft domloleel en geMi laglr.o,0 n2 & 4149d9%eOn Bo s c h

et al ., S2aG1 %k}t hal doses could also increase th
due to-isduesd mutAmamaemadasa and .Evler haddi,t i200nl,6

hi gher dose ra¢esheouvi dkreflupol ygehBi entresi st a

and Holl omonwheenOé® 7ahe accumul ation of mul ti pl
gradual increase in resistance; this could be
high to el i ariensaitset amdar tpiaakhdyglem cet faioms .a r ange
other systems supports these principles, in p:

of calnFcoeor and Miamdrof 28a0) bi(dtpiad owe ki s ted n cad
201Roberts etScalr.a,g 200vdhle.r,e-d2ols@lh) short regi mer
have been shown to reduce the risk of resis
enabl ed development of inclLeasiumgirhegypdliusn of r

experiments, whereas higher herbicide doses wc
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carrying each single resistance gene before
(Manal il et al ., 2011)
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wever, there is |imited evidence in support
ttings. | t has i beebutdemoh s téiroantf@,ldanhehda t

bl et hal doses of S 0ome fungi ci-idredsucean i nci
tagenesis in {Amgabhdpsahagdn&vlkemalaelt ,ad 16
en, .20Al3Y¥)educed dose rate of herbicide was s
a fiel d Aemap eardiama@antand ,Evkeuthatrhe f2WILI6)] abel
t used for compmpadiosens. tds&i of Inieterozygotes
sistance, i n cdmlkeian &tdi one f wigtila @GN a source
mozygote i mmigrants, has been credited with
sect ( peashni k et Haweyenr2018pr many fungal
ngicide treatments predominantly take pl ace
cl e, so intermediate sensitfvanydem Besehoz
al .., A20mMold)el I ing study showedr athas dowglhd ir
pressgemag orresi stance in cases where there i :
to the population, but that in most cases t
stead be increased by reducing do$es where
redel ps et. aHx.per2iOnle7n)t al wdzZv.o bterhibteiecd t hat

gher dose rates selected for mut ations con

Gut i-®roregzo et . aManuR&dtZyrerséb recommended d

e

neratl wtsa | evel that ensures disease cont

Brgensen et &lut, cdnp71)ete popul ation kil can

o

o

nditions, so these dose rates may be equi v

me cl imi sséthurdare s .

ere are also mechadbsmsrbhyewhitohl di ghcr ease
r resi shaghkleywi Ftoant strains hibglheseé o, sur vi v
creasinwgiltlhei dlosease the difference in growt
d sensitive strains, | eadi(nvwga nt od efna sB cesrc he veotl
, .20Mbhl)addition, many pathogen popul ation g
ply of host tissue for infection, so highe
i stant rse dwd inrsg byompetitisemsiftrioume fautnrgdicn s
tening bot hanedmesreg eemcaa ot HMmwlzel en et al . | 2
den Bosch and HEvdnigamn, s2088ns consider e

i stant, t he doses required to achieve full

O uw S »nw o »uw T

ommended full | abel rates, so overall, sel e
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by wusing | owéMi klakerirdaze seA nmodel 200f17pol ygeni
controlled fungicide resistance predicted tha
approxi mately independently of fungicide conc:
are high enough to exert some asseeldecdn oan pres
assumption that the proportional di fference i
presence of fungicide is indepPE&madwe,ntl DFY9af)ungi
Furthermore, resdsitspteande cadaingstci des -i s common
site mut ations with high resi stance factor s,
where polygenic metabolic resi s(tHamcke nap peetar s
al , .20b9mddition, population size may be so
suchzZastritthiaci mut ati onal supply is not i mit

(Mi kaberidze, edspaelc.i,aldyl79)i ven extensive gene

Wi

Th
hi
20
t o
o f
an
ev
et
cCo

re

Al
fu
an

co

der Gardnmsult et al ., 2021)

e majority of experi mdrntdld sviude rese, siumggles
gher fungicide doses i ndrveas ed esne |Bgocstciho ne tf oa
11, wvan den Bo.scSuceht eaxlper i2ndelndtaa)l evidence i
the selection phase, tracking known mutati ¢

resi st an(cBe amuqtuaatrit@m sg@@ar9i)son of the speed o
d spread of resistance in different regions
olutionsbed pasgee where highefGafrinmaildi de r ¢
al .JRr Re0m2slen et dowev2017) he effect of dose

nfounded with disease pressure, as higher r
sponse to higher disease | evels.

though the choice of dose rate per applicai
ngicide resistance management, advice that
-raitsk fungicide should be minimised (whilst
nt soaér and is supported by wevidence from

(Hobbelen pvtanalden 2Belrdgvaen dén, Ba@o®4b.,;, et al .,

Each application increases the exposure time
therefore i nclr esaesleesctovoenr aduri ng a growing sea
dose of a single application is o6splitd into
most cases the effect of increased exposure t
dos(evan den Bosch etonaslider2dhda)ypi cal dose r
halving the dose usually | ess than halves the
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There is a need for i mproved understanding o
determine whether higher or | ower dose rates
of botdgemaj and polygenic resistance for each
for whicéintal suhfifglhcidose to keep the popul ati o]

be achi-evedd, nwithout i ncurring unacceptabl e
environment al and economic costs,dosree t he b
strategi es. Ho we vcears, e tihn spriasc triacree,| ye stpheeci al |y

mut ati ons ar e associated wi t h hi gh resistan

pat hos-gpeemfic evidence on the relative risks

weight of experiment al aned snuogdgeelsltisn gt heavti, d ei nnc e
hi gher fungicide dose rates increase-the spee
field, and that the use of the | owest dose re
unl i kely t o be detri ment al iamidd emaryesh st breae
management , even i f it i s rlecwenmendheach ddhee me
(Rr gensen et al ., 2017)

2. 5Ti2mi ng

Fungicides can be applied as a prophylactic,
establi shment of i nfection, or as a curative
Whil st unnecessary fungicide applications can

a di seaeseing Pr once a certain damage threshiq
t hat when treatments are needed, they wil/l be
preventative ti mepoint. Applying fungicides
consequences for Db(oAnhgediostetaiské tckoanltato;, 2014 201
Sa

nat kar etandal .r,es2GIm)nce management, and FR.
resi sta
S

nce management recommends avoiding cu
poss{(BlFtent and Holl bmoma, cRBO@G@Vaye situation, h
be required to ach(iBelvaek ed iesteCassthee nc ot I &l 1. , 2018
increasing selection for resistance, and s o0me
fungicides may only have protectant tactivity,
benefits of mixtures. I n addition, a |l arger p
before the treatment is applied, increasing
therefore the speed ¢VWamesiesnt Boseheméer gbperce?20
case of the azole fungicides, i ncreasing | ev
option of curativ-eetmembmehnbri wgt ehbwhgg a st
in curative activity compared Zt.o tagrsiothkiecsis ant ac

sensititwepegemaxccumul at e( Blnak e eetpoglu.l,atd ®In8)

40



Chaptkerte@rature Revi ew: Fungicide Resi

There is I|Iimited experimental evidence to va
minimising curative applications. A review fol
selection in some experimental trials but dec

appdar depend on the characteri(wstincdeof Biosaihvi
et al .., R&®Mr4:m9gme fungal Zp atth oagesngsir,ay ntcil nmidngn gt h
protectant for newly emerging |l eaves wil/l be
di s toinn cbteit ween prophylactic and curative appl:i
spray timings on selZecttirmdiiidcatred etsh att aemarel i er
reduced selection, but atvarmedeaemsBerog eatedalc.e,d
The authors concluded that optimizing the spr

help resistance management by achieving contr

The opti mal spray timing for disease control

depending on the environmental factors affect
support systems have been developed for a num
appli¢camiog an(déent detsealwi,t h2@h3)eshol ds for
relying on an eséel b €8 geanskem tehtgtr8b est 286020 a

al ., ,26G0EMragp p Roger s et al ., 2009,, Westaand K
combinationi of we@atomem and( Bé hean d2002&lt;f alkct or s
Main et .alThr 90dl)ds f orc atrreefaythnmeyn ts pwpgto pbrd at e
indication of O6highd risk can | e@dntoeunalkces
201,3)but a high threshold for treatment may i
applications, a factor which may have contrib
resi st ¥aptuiina (@ppé¢@l@Bcdachk er man et Ral i abR615)

di sease forecasting would ai d di sease contr (

enabling fungicides to be applied @anly when
protectant timing. However, with a changing
models will need to be evaluated on an ongoing

application ti mi(rSamarté&kmai retomtli.mal2015)

2. 5Mi3xtures or alternations

Repeated use of a single mode of action ( MoA)
use of mi xtur e of t wo or more MBAsnt oandlter
Hol | omon, MDR7ahje offers dual bene(fvarms for r e
den Bosch et Eli rstk9l4diwhen strains with resi
sensitive to the second, the difference in the

strains is reduced, therefore reducing select
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rate of each mixing partner may be reduced wi

further reducing selection for resistance. Mi »x
against | oss of disease control if resistance
| e than anticipated (Shaw, 2006), but the ot
sole effective product in use, increasing the
fungicide too. Mi xtures are also used to gi Ve

pat hegembut for resistance management purposes
0

ne mixing partner is effective against the p
I ntroducing alternations as additional appli
number of spriaghk bBMOAtwWwiel atnot reduce selectiol
there is no overlap in the time of efficacy o
in dihfef erence between the growth rates of t he
during the perriiok MdhAti & hexeratni rdge ns eBloesacthi cent  a
2014a)yhe only potential benefit of such an al"
additiemralsedcontrol, reducing the overall pop
initial ri sk of resistance mutatnhosgcobconorr il
2.5. Yeducing the population size also reduces
the implications for resistance management ar
alternation is implemented byiskpMadinghans wp
reduceumbheer nof applications and therefore the
selection for resistance occur s. Evidence fro

distinction between these (wantdpaesBofchl eéer a

2014a)

Whet her mi xture or alternation is optimal wil
mi xtur e requires splitti ol thegiddsle afcr as sh
applications, the increased exposure time may
the reduped dppekication, so altef(wahi das may

Bosch et alA,madedldlad).n gtaiBtoigegii ph ec ommpgart iomg

t he

rel ati ve success of mi xtur e and alterna

management showedhtehat hminxtaldtermati on maxi mi s

i f

the dose of each mixing partner was optin

(Elderfield et al., 2018)

The mixture partner may either be-sateul tisit
fungicide. A multisite fungicide is at | ower
but a fungicide with higher efficacy in disea
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ucing the selection pressure exerted by ot

I mi se t he -rdiosske fou n gai chiidgeh, applying only as
ease control, whilst ampipdkifmgnai enacke mupr awi
géseceive | irfies kf drg Etghdee rfliegen ;F eetn aamld.o, e201 8
202Model ling has shown that i f there are
tur esr iosfk hamgds K ofwungi ci des i n an opti mal r
i evesedicsoenat r o | whil st avoiding selection
kaberidze et al., 2014)

both mixing anttnerusngarce desngltéhere is a |

|l ving concurrently to both foudrfgi caisdetshe i nt
i mal strategy for one may not be opti mal
allsy,i ngppa mi xture of t he DMI fungicide er

gicide isopyr azadn strreisteidctis@icectiooepioai cona
not slow selection for resistance to isop
mi xtures(Oompewgert dlIn. suzhml&lases, setting
h that the | evel of control provided by e
help to balance resi  cFRAJXKe mBORDHJement for
t her mi xture or alternation i s preferabl ¢
i stance also depends on the relative effic
ture partners. A modelling stuzdy ttrriatcikceid s
ul ation containing a strain sreenssiisttiavnet t o
ains each resistant t-neenstamnttbéra@t mer | tamn
t use of a mixture would result iyn a | onge
ough obenhteotresfssangl etrains, but both mix
|l d achieve a | onger effective |life than a
bbel en et Hoaoweve201383his study did not consi
roduction, which may harseseins ttahret esmerragiemsc et h
ombi(nGhteinonand Mc DOmarn det 1DIMan2POBdnt of t h
current evolution of resistance to multirg
reasingly i mport aret usse muwsl triesdttrei cftierdgiryi
nges.

re may be further benefits to mixture if t

tiplicative ¢8hawr .1 0%Bodbelrd dihtei vaeddi t i ve dos
effects of the doses of each fungicide on

h that, on a normalised scale of fungicide
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could be substituted for the other and the se¢
thought to apply for mixtures of (fMomgieci des w
1978)The multiplicative survival mo de |l i nste
reductions in pathogen growth should be mul ti]
t he mi(X¥Ptawred ey et tahi.s, i2s00t3hought to apply to
modes of action, especially if they affect dif
or | ilfeshawg .19T8h%b )more multiplicative the joir
mi xture will be preferable to alternation for
can be used. Experi mental work to measure the
aspects of patulcchgears Wgiealmdi ya,t ison, infection, ¢
combined wi t h an exploration of t he sensit
assumptions about which aspects are affected
could i mprove chtwource pdr topern snafiomixesi stance |
Bot h additive and mul t i pliinctaetriavcet i m@gd eelfsf ed & S«
interacting effects are also possible. The i
(achieving greater control than expected when
each mcempoeent) or antagonistic(Kosmanol i s
and Cohen,| 19@€&3es of complete resistance, syr
of the sensitive strain but not the resistan
resi sthinkareritda)] . Sh2W)14H2ver, synergism ma
enabl e control (wShtahw, |. dv@8H8rB yckao sed vy, antagoni sm
mi xture partners reduces the difference in r
rates and therefore reduces selection for resi
control and is unlikely toveur@di &abromidezal ey at
201 8&8haw, .198Bé&se t heoretical conclusi ons hav
experimentally for (€hai bi oBtbi7c)aMrhegs i &ft famctes of
synergistic or antagonistic interaction in thi
compl ex, depending on the nature of the chang
curve.

A major factor in the choice of mixi-ng partne
resistance to the different -rfelsn gitaindces .beltfwetem
two fungicides, then strains that are more re
resainstt t o the ot hreasi Ptosnde vies cmaosts common for
the same mode of action and Hehaenreeyf certe atlh e s2a0n®
but resistance mechanisms such as enhanced ef
di fferesi(tOnerlaanses eet. aHungi2c0ildhe)s wirtelsi sdoaaincieve ¢
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e not suitable for mi xXture or alternation w
| ect for t he same resi stance mec h-ani s m, w h

sistance (sometimes rréerstandeo) asr emmemdmrals

Ol i ver, NZ2@Ilg)i-wes icsrtoasnsc e , in which the strai

sistant to one fungicide are more sensitive
sistance management, but rarely f®&und in pr
neirreiat i al | yatsihwevedsmeggancd&d-phenhweenr bamat es

d benzi mi dazoEle df venng iadHiodveest ®8 8 ) when a mi xtur
ngicides was used, the F200Y substitution coc

asses was rapidlvvardelne atnad.Kiarn sathea dl 99 3)

siti wreescirsotsashce may be compl et e, meaning tt
rrelation between resistance factors again:
rrelation is weaker or |l ess cohAsi stentcibet
ows a pattermnegfi spanmcticalbgai oss azole fungic
th diffetbdametshelr@se 1@CYRGSFIr)aah § gl oetty peaels. |, 2
gensen et Laroux2e20@if ,tR&O0@umber of modes
ailable for use in fungicide programmes agai
rtialecirotsance may also be of some benefit

xtures of azol ed. i nopaindbpiaerde dc othna rsodl cofazol e aj
field trials carried out (Brgremsssenseverall. | E
1.8)HoweverZ. | erveiestibsctbafnce t o all azole fungi ci
th some strains cosnbtieni mgn ssteiveaitrsard & ttiaorng ewi t |
r-giete overexpression( Hwnfd ethnhdhlcgad2 @8 | ak. |,

1.9)Therefor e, even when fungicides individi
rtial or -negasitwecerosbeir combined use ma

neralised resistance mechani sms.

addition, resistance to additional fungici
re quicklyVinasq@kdéinserofand aM Macroixl, i mRidad 1)

uct(iLamml aand Schinladbtel have®dO08B8l)ready devel oped r
related mode of action, despite similar i ni
ggesting selection for increased mutabilit
sistance to additibdalbef Wdmugi ctiodeisn c rTeha sse dc oi
tation r ytcd e a@rhariatéerci stics such as short
creased sporulation that increase the total
pul ation. The potenti al for this mechanism

olution should #dei humbbHell i ngestabataetory a
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to understand how widespread this is and how

are affected.

The effects of timing on fungicide efficacy s

mi xture partners, ensuring that all/l are effec
exampl e, S 0me multisite fungicides ar e onl vy
Fungicisdestpace is also an important consider
partner s: if the mixture partners have very d
one mi xture partner is sustained at | ower con
wi || be ledti welty ngoled fonce the effect of the
decayed. Therefore, mi xture partners with sin

(FRAX, 20210h)i s is especially important i f bot
ri sk of resistance devel opmen-ti skf -roihsekyl| owe mi
mi xture partner shoul d have(l Shiami, | alr9l8®tb ) | onge

similar persistence is preferable since it [
management for | ower risk fungicides.
2. 5Codmbining control measur es

I n addition to mixing or alternating multipl
combined with other control measures includin

principles apply as wbeaorsessomliamitn gfhuéenwyo c ndas

additional control measure decreases growth
strains, so resistance selection is slowed, a
in which mutat(@{i©arsolcaann ear i®hee, h28QtYy) reli ance
fungicides and consegqblbems r as iSibd atnklea prob
Pseudocercospasabktiepnpi ansrés$buted, in part, to
and | ack of effective(lhoszaretsiaslt.anc201ié) bana

As with fungicide mixtures where concurrent
fungicides with resistant crop cultivars risk

both fungicide resistance and host virulence.

resistdneerahence alleles have been detected
Z. t(rHatritcmann eatn Baylr.e,n o2p0hlo@fFal |tweoroeds et 4anl ., 2019
t riitsiodiates from Denmark, differences in fungi

were seen between two different wheat varieti
pat hogen adaptation to(WhermndorvfiaretetAgsli ame2 0218
soybeaPhanlkepsor a hpaasc hewrolivzeid virul ence against

resistance genes, and r e s(iLsatnagnecneb atcoh .neutl tailpl,e 2
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of resi stant varieties means effective c

gicide doses or fewer fungicide treatments

rease the selection pres(sGareolfanm et rall.ent2C
refore, the optimal combination should be
e of both components, and monitoring progr
fungicide resistance in the pathogen popu
virateremethbedcombinati on of fungicide an
ect for t hose strains, and so both altern
ferent genetic basis of resistance would b

h resistance/virulence management .

n combining multiple control measures, <cCcro

—

resistance has a very different mode of

cts of resistance mechani sms are possible
beemn tsohowontri bute both to reduced func
|l ence, l' i kely due to efflux of substrate

O < o oD

nce compounds. Transporter genes associ at
virul ePd&F 8meltuediet r-nar wostt Panhaedgéeén i um
i t(adteumELmaomonel | Ata MFISI5AI 2@t @hr i(alLiad t er nat
al .;, BB i nerdar which virulence effects
efflux of the fpBlghoahébriek .eésaérat 2601)

er mechanisms contributing both to virulen
eralised stress response pat hway s, such ‘
hoRgeammu(nZhu et .alB.gi n2e0rlggd nes i n the HOG si
nsduction pathway are involved in response
esses; the target sites of both the phenyl
involved in osmotic signal ltvreand du cbtoitohn;

gi cide stress greensipcoiataygsebandHpae®@20) i t i s |
ar whether such responses would be differer
if they are involved in a more gener al hos
ativefffsaaee al so possi bl e, for exampl e

ociated with fitness costs including reduc

n reportedesnstfamigiicsdeEka(hkagernt ys oamed cMusnedst
6)but this i s likely to be a gener al rec

ressiveness rat hers pgeiainf itch ec d mpast iolfi Iciutly.i v
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The most durable crop protection strategy <co

within as wel!/ as between (Bacoahgugpeedf atont 2
Resistant cultivars should stil!]l be treated
resistance should be based on more than one
achieved by pyramiding of resistance within v
are oftemambMen dtu,, 2Mull8&)i pl e resi stance genes
depl oyed through culhtiswarf ami xXthirse sh,asalbtetecud e ¢
practice due to agronomic and mar ket requiresl
phenol ogy and produce quality. Mi xing variet
selection for fUKpgistdefersesdamamdtr,at2i0ng0)t h
increased diversity across al/l control measur
each component.

I ntegrated pest management is widely promoted
although definitions vary as to -Waséd preci sece
spraying is not always beneficial for resista
mor e c uarpaptliivceat i ons,j nasedit%.olwbsedas combining
wi der range of control measures, including cul
exerted by each singl e measur e. Cul tur al CQ
management Z.0o t{ridotdvwaial d and, Muemovi 20 169l unt e
pl ant s, or covering potato ®isc¢carf(@sgdakdness wi t h
et al .,, cadlY)educe primary inocul um. Di sease p
by changes to sowing dat e, cropping density,

til(Brgensen et al tho2@h4) her eofwisl Iwibteh syoimeel d.r

2. 6Measuring Effectiveness

Resi stance management strategies can be desig

but they must be tested in the field for eac
Empirical evidence of the effectiveness of re
come froml Siefddtffarent di sease control pro
monitoring of resistance |l evels in pathogen p
Previously, testing for resistance has been a
nNow morempprieve screening proédaammestand .iin2pR
carried out by the fungicide industry and re
Action Committee, by national bodies such as t
Devel opment Board (AHDB), by agronomy compani
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Di fferent monitoring strategies are needed t

resistance or to monitor f ur(tMaesrsis eelte catli.on 2t002

Resistance can be detected by phenotypic te
di agnostics. Phenotypic testing can detect S
mechani sms involved, but testing individual P
screenedgoahdomopl ant mat esrpoaoarle itmo cowll ukne,d tsa nf
assay resul t, can take considerable ti me, esp
bi otrophic pathogens. Standard assay met hods
resistance ffafcaroamst flraobms dé&MRACc 2 hp E)jvaeml e n

S
pat hogens that are amendabtiett o nfying peédmatthar ou g

confirmation is needed so resistance factors
be correlated with impacts on di stastmic¢ibstr ol
in azedvval HEs measured in | aboratory assays we
in control in ther ddiedtdantwhies ®last ead | werod hi ghl
sensitivity assaysondutolt Heossevear itthye offi ed d de
freqguency of resistan{(Bisa&gkatresain,tBe61B8dpul a

Mol ecul ar assays can be used for bulk popul at

detection (while stil!l at | ower frequency), b
once the |likely mutations are already known,
al dgaemerged in other pathogen s p(eBairersesor ot h
et al .., NeOwvea) met hodtshrimuwcd hupduetn énegxthti on ampl i co

sequen(cPiinegc z u l and Wasadiwgik@aluI2®KRegt, aaln.d, 2018)
i sothermal awmphl édenedt aoerd | sotdteiromaMP ampl i fic
(Duan et aHr.aaijd®l5;nd . CEarmlch, hZaGkGl3di fferent ad\
suiting it to different applications. LAMP is
on DNA purification r-feigauli dsemeednidfisiec agnPdC R ahpaisd bie
devel opedhia et dlgjitaD2PLR and amplicon sequ¢

detection |imits. Amplicon sequencing can be
SNPs within the sequenced gene, but some phe
needed for |l ess tprgeét et artbheddeei, ateecchm ni s ms and
phenotypic confirmation of resi stance | evels
initially detected through mol ecul ar met hods.
Resi stance monitoring in the general pat hoger
preval ent management practices, over t he S [
popul ations mix, are selecting for resistance
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a |level likely tdqRBaddresdn dets eddnaeyec2edrz,0m)lo as s e:
the i mpact of specific treatments on selectior
management practices, requires experimental t

| evel s of resi stance selected under each trea

A muwletair tBrciianleiroefavi neyards compared treated an
I ncreased freqguencies of resistance against t
the treated plots. I n this case, an observabl e
place in untreatedepbopsenal nhdesaabBgciated wi
cost of MDR effl ux (Matmps ionwssk e x@h lelsésri o204l ; ,

201.7)

AZ. tfriiglicitrial compared various different
di sease control and selection of resistance.
of fungicide doses, and mi xtures or alternat.

number of saprtarpsbdfegbeteween reduced selection f
fewer sprays and more effective disease cont
diversified spray programmes, both mixing an
reduced the sel ercetsiiosnt amfceamutamné on whil st m a
|l evel s of d(Beiasck ebnakro] 2017)

l nocul ated field trials could be used to | ook
of i solates rather than the naturally occurri
used to test selectin ftRanbecibagopesipakriasabdor
anB.commuore susceptible, partially (rzZlsamtant ai
and McDonal dA, sZ20nid)ar approach could be used t
fungicide resistance alleles under different

Experi ment al dweelosteidont ohaisnvestigate antibio

strategies such as mixtures (comb{Nathoh ther

et al ..] n26osleflyecct i on experiments for fungicide
focused on potential (GCesi-®ramee ete,calhwntj sthd 17)
there is also potential for testing fundament &
such as fitness costs and compensatory mechan

alternating awmaess iditfafnecree Bsacd d nuareitosain. pl 2G2 1)

pat hogenic fungi
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2. 7Principle Versus Practice

Any strategy for resistance management can on
i nto practice. Numer ous stumbl ing bl ocks, i
i mperfect understanding and conflicting prior

on f ar m.

Such obstacles include market and regulatory
seed treatments can contri(lButeamtt e tFoxllteesrt 1@ 9f

et al . an@0@ferefore count as an additional
resi stance manadg(ednetndh epnureto saanlgd. , s 02 0l1li6ke any o
fungicide treatment they should be applied c
necessitatéeébamhehhanseseetHoaé.a,e MeCIs9 )may not hav
the choicetnwatuse ®eds, for example in Austr a
seeds must dHeebhttedi @aisdea bi p¥@cudet Womeasur al
2021)Regul ations also restrict the range of f
recommended degree of mixture and alternation
of fungicides registered for use on mi nor c
(Lamichhaneaetanatdl. t hk8lmay become more common
crops as c<ompeumwdthdrawn due( Hiod lmewksyreg@gowllat

Ni shi motespeoela)ly affecting 1dsower imdsibst anmc

(Anastassiado,u end ads ,r i29i2Mg costs and regul a

pipeline of new fungicides (Bryson and Bri x,
The number of available effective fungicide ¢c
evolves against ever more fungicides. Pat hoge

a particul ar Bcoinrcerikanaeit sclhumee ,Ze.t t@rCmriacgio 09)
et al ,SclRON&Y)i ni a( haame octa rRpla. oYY O h f us et

al ., RO1OORelf us etanadl.. ,fiFRAp@Bdmragan et al .,
2014)This can | eavMo Alor faerw cedtfiemali vier ogr a mme
and alitngrnaRor i 'k ghengicide groups, t he numb
permitted per season is | imited inMmomAder to r
(EPPO, ,20W5) her l' i miting options for mi xtur e
fungicide cl asses. Further more, fungicide pro
l'imited to those fungicides that are avail abl

be highly eenfyf ercéaquwier ead ti ming but al so at wver
i tsel f, nesgprelcyumagticf de$s e have medium or high

whereagsi s$lowmultisite fungicides are often |

51



Chaptkerte@rature Revi ew: Fungicide Resi

Therefore, practical gui delines must be devel
effective products, and wupdated as avail abl e
change.

Similarly, recommendati ons to reduce over al
approaches favouring resistant v-amemitdcals, cul
measures can only be followed when such alt
avail abl e, pr afcitciiceanbtlley aenfdf ecufi v e; ot her wi se

chemical control WiLlalmi £thihlainelb)e.tt aé .def2®UI5t

Recommendati ons must also be updated to refle
Qol fungicides were initially predicted to be
fact resi stance dgvalcoape,d 20e@r3yu pgtua kcek | byy gr owe

voluntary resistance managebBwemnmnetgui AeYw 1hles W

change in guidance around dose rates would re
recommendation to use the | owest necessary dc
widespread recommendatnbobniesand | @gaslomeeuwiur e
adhere to full | abel rates. Use of- dose rat
recommended dose i s(Brlgremmasceyn witd dadupgr,e @D 7 hoi c
is |likely driven mostly by cost saving rather
I n addition, increasing dose rates is a commoil
to maintain control in thdvpnegsemca&oasfchparnt ia

2020)but this O6adapn ateonBpbabedta ada.t,t e2 0 lolf)

resistance mitigation rather than resistance

Some positive progress towards uptake of resi
been made. I n a survey of 590 grain farmers ir
that they combined different modes of action

devel odBderetiro et @ahe, h2gBO) evel of uptake m
explained by the benefits mixtures can offer
including risk management agai fsthatwhe 2f08®i6l)ur e
and bspadtrum contnolpl agaoignBrteqennband Hol | omor
2007a)n a smaller survey of Scottish barley g
of respondents indicated that they were conce
resi sté@mneeki ewicz Atsatvey20f18252 members of

industry revealed a high |l evel of understandi:
principles and awareness of FRAC MoA codes ami
(Olive20OdtL al .,
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However, i mpl ementing resistance management
management complexity with associated ti me ¢
uptake of herbicide resistance manddeamant in
and RisselThi2918g9gmpl exity is increased where t

pat hogen is not suitable for another. Qol fun
for brown rust Z.ontcroiotkiycoibu(i MRAM e f @K 2L0a)t e
sowing of winter ewheatk ddc rad espeievdeectiih c but <can

increase the risk of pow@d@rgye nmielnd ew. and ,y el0ll

Removal of crop debris can reduc2. ttimi i inoicul u
whe&@McDonald and aMdreoptt osdP2bhe@)y ia madwsledmds rape
( Van de Wouw gt wheéreas2a0@ilpi mum till age may

suppression of the whBBpoldasi s sasned eifdiokhed oh &t c h
Gaeumannomy¢tbentanaitcietBiaols.ecu20068vmaasur es t
the spread of invasive diseases may also col
gui delines if the aim is elimination rather

requiring treat men(tVen dad |Wo ump.oertt eadl .s,e e2d0 2 1)

Further mor e, when di sease | evels and forecast :

is not necessary for a particular pathogen, [

of other diseases, and so all pat hogens prese
the same fungicide selection. This incidental
of resistance in pathogens that were not t h

fungicides. The emerRgcoklydglma s epepambogemaj or

pat hogen i ns,r ebcuetntasyeiatr rose to prominence it
resistant to multiple fungicide groups, havin
when those fungicides were applied mainly to

Rhynchospori uni Foorunnteati nbel .oettthhael sel 224 n of r es
in -hanget pathogens -riespdritkeed,y gion dbee ruensdiest anc e

programmes tend to focus on key target pathog

Conversely, in some cases the same pathogen s
crops. FoB.cexa&imgelaze, pat hogen of vineyards, var.i
vegetables and ornament al plantdunghdi ddere

resistant strains movi ng( Rueptpweeetn. adB.if,d £20emé&) h o
pat hogensPyrnopmziazsa baoarssiicfaeect both oil seed r
acre arable crop) andScégebpabhe abamr stienfoactpr am
oil seed rape, soya and a range of vegetable c

This presents challenges in applying resistar
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thogen popul ati on. For exampl e, mi nor crops
oducts authorised, increasing pressure on t
l ue and ornament al crops may be treated mor
smetic ddmageseowmhjor financi-atréosseps whe
e |likely to comprise the veasbsmaneatedg of h
ea. The availability of r-etse mit @aanlt candttr ola
asures will als®. differ between crop

is also important to acknowledge that resi
growersnakdegi siwbhmnch is |ikely to be weigh
siness viadbveérngiyomnidn rprs&kt ecting valuable ¢

f ectmivxt ur es and alternations may require
ngicides within a programmer mMprrodgitsatbanade yc
maxi mi sed by maintaining or even increasi:Ht
pl i c(aBuironnest;a,n @M1 Bosch, eadspadci,al2l0y20i)n cases
e quality and valwue of the crop is strongl
ampl e powdErysimphe)emoef¢ atiomre (g raap ewinn eBso s ¢ h
al .,, o202Q)r fgrass diseases on golf courses
ee( Swodedd| Gel e @t this wild!/ i ncrease fur
sistance. Additional ly, t he ongoing viabil
reatened by heavy crop tavegesse ifrmranesisngnlag \
apply higher fungtitceirdne edcoosneosmitch aonp tti hmau ml, o rnt g
ainst years in which disease (steeveBddgygyt iest mu
, .2C18®p insurance schemes would need to be
ey currently require farmers to show that a
ve been used, rat her t han reasonabl e measu
sistance maniamgedmehebyuée det Rabk, a2@15) on col
so bet erd thiyg i mproved (dti s eReses tf ogtaoals.t,i s0sl 3)

duced by the use of other control measur es

me growers and advisors may wunderesti mate
ofitability posed by resistance devel opment
1 be developed to replDaoé zimhos et |Tahdits, t @016

i ef may only <change once farmers have exp
ntrol: for exampl e, foll owi emgi sctoanmnttr od o tftaoinl
| I wbeIlm c(over p)a iar mAugsetrraal i a, farmerso6é percep

I PM strategies (hvivies eitmpalo.v,e B arOmedr)s may al so

ov

erestimate the financi al benef it of fungi ci

5 4



Chaptkerte@rature Revi ew: Fungicide Resi

term average effect of fungicide treat ment 0|

l ower than the expected yield response indic
agrono(m$tseatski ewi c2049 al ., 2018,

Further mor e, S ome far mer s may believe t hat

management and | PM guidelines, but their acti
of upt ake. I n a survey of Scottish spring beas
farmers r epnogr thea dy hsleyl ecetsii st ant varieties, but

were mostly not highly resistant. I n the same
stated that they wused crop rotations, but t wc

often or alwawstéeewshamel éyeld for two or more
(Stetkiewicz dtn alnot h201&)ur vey, onion far mer
using action thresholds to determine treat men
t
(

heir application timings appeared to follow
Leach et. alngcomrd9ildt)ent gui dance can | eave ¢
resi stance management guidelines are: for exa
permitted number of applicameohecpbrggidwl hge:
even |l egal | imits in some countries specify a
difficulty in identifying mixing partners wi
pl ethora of product names, espteecsi aadrley lionw,c osuon
members of the industry body CroplLife I nterna
MoA information (icons and FRAC group number :
Ongoing communicati on, educat i,oni nacnl du de nngga guesnee

of commiuindrc t echnology such as smartipdhhone apps
l i kely to improve implementatidrmneafchl RM and ,r
201Racilly et al ., 2019)

Farmersé motivation may also be undermined b
nei ghbouring growers are not following good r
an individual farmer bearing economic costs of
term may nmott hbeenledngeri term if resistance evol
poorer practices. A |l ack of <cooperation and t
|l ead to a 6tragedy of the commonsd where each
own stheorpmofits af flheteostvol tEveamsofetr eadi.st
201Bl ewel l yn and 3dmenpetVd6gdsadbopesecbt as k

myosur)o,i dlessve | i mited dispersal bet ween fiel d:¢
is correlategewtttdehappHrclkesal enasmd .f, ar2mMelr8y

can expect to see a direct impact of resistan
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st, resistance i n pathogens with airbo
d at a |l andscape scal e. A modell ing st
ide resistance in pathogeoasuwms tah a | ar

I 1 et Aalst,at2G6Gd)c al maZdeltrégigednde 71 e

itoring data from France showedthlkat the 1

a
e
c

regional ceamaleads urhaet & rvaictthh on of crop area spr a
e
o
s

ensity ofovbangégidealusecal e, whil st smal | €

were insufficient to (hGarnmcawalbtl yetdedlay, r282 -} a
A eoadinated approach across government, i ndus
to support adopti otho mdé¢r & aspée rgaot a otni e tavreck n f ar
on this O6common reg®Barcet poedtrdvapnr cebtl2ed¢nt 6 |, 201
Successdpdr actoi on bet ween farmers may be best
| ocal grower networks, with(Gaplpodret.falom, exd e
Thi s may be mor e challenging for broad hos:H
coordination acrosseditbfegiehtatiagni cobtdrahclu
or sub(sBarireestt et oal chafBf@éé)to fungicide | abe
recommendati ons b e Bmen entat nPdeap?l @otyli) n g resi st anit
management strategies over wiicher eapat italei scC
effectivanmsedel ling study concluded that if a
scale is not treated with fungicide but man a
evolution of resistant strains ¢(®ardebé st owe
al ., .2006)

Far mer so decisions on pesticide applicati ons
i nformati on and advice i ncluding ot her far m
servicesi,nfoorlneantdi oaipeci al i st apdbldiecati @oms supp
syst.ems survey of Swiss fruit growers found t|
by advice from public extension-cshewriacad wer e
preventative measures, and | ess I|ikely to use
invasi Deopephil athanudgiriomfel uenced by advice f
extension services adpgpl{iMarcepdewi eh abdtatdbdDae)
survey of Danish agronomic advisors found tha
l' i kely to recommend | owaffdbsat ¢é®eddvbans sup
et al ..Howe¢8Yy, even whenentbdeyedto am@mmi ssi on
pestici dhhedvs dsloes, empl oyed directly by far mers
ri sk averpgiiare, i an ditrloedauncd,nogr oapt he dealrvrees.s t hen
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Ther efsorregsiast ance management is a public goo

advice are essenti al

Deci sswmport systems ar e of t en devel oped Wi

unnecessary fungicide apapsl iwedtli arss ,anfyore nova gto n:

or

resistance management benefits. However, a

di fferent decision support systems has revea

systems, depending partly on whetler ctolsdy ar e

or

fu

margin. I n a study Zcompasrtoiinmeg rfeisvuel tseyds tienmsr ef
ngicide use comparedutoosthaendan e@ealpe ®gf Bmmiee

and Dunne, 2008) .

Therael $e a need to ensure that advice to grow

based on new knowledge but al so due to <chan

example, climate change may result in the neec
(Kaczmar ek ;etKraelmer 2p0tlideol o,ptd0nlad8 spray number

t o

bal ance resistance management and disease

Emerging pathogens may take over as the main

(Fones &et, ato, ne@lapgedcd owirlelf | ect the resi st
gener al bi ology of these pathogen species. Ho
new threats, new control measures are also be
management guidelines will aeawedohbrbk theaslpp!
in order to maximise their effective I|ife.

2. 8New Crop Protection Met hods

As new crop protection methods are developed
solution to the | oss of ftuhneg ipcriiodfiec rtpos érsetsa nsctea n
management apply to any <c¢crop protection meas
cul tisvianrgssl,e maj or resewslt mmrcablgeentee rapid brea
evolving pathogensspjecdtfias fasngglcé destare hig
profile case of the breakdown of a disease re
virulence in theopatilsogemre plgPwl artace of stem
Pucciniafgrtarmitneiési ecting all wheat varieties r
for stem rust resistance (Wanyera et al ., 20
other stem rust resistance genes had been bro
the only effectiwedeeéyi grawonevageneties (EIIlis
key resistance gene overcome by Ug99, Sr 31,

combination within other r € shies toatnhceer greenseiss,t amn
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genes in the stack had broken down, with Sr 31
in the Ug99 rust |ineage (Jin et al., 2007)
Similarly, Pspoaycbheyapno priudksiatt i ons in South America
with virulence against al/l current major resi
varieties, but pyramiding multiple resistance
(Yamanaka et Thails. ,ef20lcht)i.veness wil/l onl vy be
resistance genes within the pyramid are effe
di fferenti al sets of soybean genotypes have
2020)ast h fungiciitdei snmi xmpharktsgiptiehbapartners ar
effective, and monitoring programmes must <che
component is being masked in the field by the
These previous experiences of wvarietal resi st
combining multiple effective resistance genes
necessary for durable resistance. However, | u:
relativef mmr xitsg or alternating fungicide mo
ongoing into the best way to deploy multiple
stacking (or pyramiding) multiple genes in a
varieties withndefigenest inesiesnpor al rotations
wit-hiaeld varietal mi xtur ecGBoour gdiieftf eertenal .c,o mp
Mi kaberidze. et al., 2015)

The need for durable deployment wil!/ continue
whet her they are introduced throudhemewtcr oss:
al , ,2®Y8) hr oug(hZ htur aents gaern.igede@el 2)di ti ng techno
(Langner et Parle.c,i s2i00ln8 )br eeding can rapidly int
gene into the desired genetic background, but
resistance genes in a sindlJeneasrieet mwltq i20drdg
Genetic control of plant pathogens through ge
for example by releasing a gene drive el emen
popul ations in place of a gene necessary for
However,ceesosggane drives may emercgereimniger t}
mi smatch mutations i n tnhoeditfairegde tp artehgoi goenn ipno ptuhl
or byhonnoonl o gojusi reiNflgcalf) DNA cl eaved during the
process itself OlUMdlel esissketofalmi,smatch mutat:i
reduced by selecting more codereirwed rtesigsettanc:
would need to be managed in the same way as a
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combinati on wi t h ot her effective contr ol m ¢
reproductive-drawve ofksigethant as wel |l as susc
indi vidualtsy peA snti xdtueey, mul tiplexing guide RN
may al so beClhpomperbl et &lurt h20mdy)y e, gene dr i v

through sexual crosses, so clonal pat hogen po

Anot her potenti al future coiwtars&lomeért ead ails , RN
2016) throiugkbdubedt gene silencing (KloG&) by tr
et al .., Kdb&h3)et al. (oOUuRBliea 20d3&RNAY @ sd r uct

comprising stacked fragments of three target
genes wer e paral ogues wi t h some functional

necessarily des-irgeedt arsceanstarnattiegy. Mor e wor
guanti fmbeheomumut atd obse tnhhatedvoubitenfer t 8
resistance, and to undersctpndbi hetynofi soime
spec(ikest tl es andawhet?2@19)nitially susceptibl e

similar mechatnairsgnest ef aresnocnt ance.

Whi chever crop protection measures are devel
principles of resistance management wil|l appl
exert a selection pressurreel i ance e ®ins taannyc esi n

measur e, andnluPsket rwaittehgyn. a
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0is the primary inocgyDamareé etalsee Iremdfe arted iimn
of infectious hodst piasdyad i misedthead kkyr e sensi
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resistant to the $DdHANnMespree tttirhaamisyni sasnadn r at e
of the sensitPvepanbyrkisastraemgspecti vely at ti:

295 ° oq 2 6 Of 0 <fmd O o
a6 P 5 s P Im [ 5/ mo Of C

The area indices of hosP. tpachitfer dianniee ntt h gt | arf &

sensitive and resiDsamditretspethieveSIDyHR., i ncr ease
pachyshorzes infect healthy crop area, and dec
ti ssue senesces, or transitions to infectious

period (in dayspndto ftarmet he sensitPve and re

pachygsthi aiins respectively:

D [ mO Or 0 A

D B ~ O ! U 0

O O P m Ny O

@ [ mO Or u ) A

T = 0] — U T

Qo Ny O
The area indices ofOam®ecitnonunsatheosds tliastsairet, | y
host ti ssue transitions to infectious tissue,
senesces, or reaches t he end of t he i nfecti

determined by the inflectwihouwcwdh pver iacsd umen i da yuNn):
byw hepplication of fungicide

g0 o O .

— — — OA v
Q0 N0

go b O

— — OA

Q0 By o ] ¢

The dose o0fQQfsngxpi edesed as a proportion of ¢t

i ndi vi dubafluldo slealge Id eda meed, on t®e ,pracmducits | abe

assumed to decay’:over time at rate

Q0 'O

'Q(‘) X
3.3Primary inoculum arrival
The primary inocul utn d,eliesas@® dvhpd rewheetr et i me
i s the time aPR. whaackpdhhesif(iprsitmary i nocul um)
t her eafssrueneP.t hmdachypyobuktium is completely absent
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of spores that initiated@ftoee eapicdoennsitca natr rriavtees
spore influxoisg:assumed,
5 o 0
4D 0 Y

3.3.Trasmi sainan lrmnattemt period

Theransmi s,g,j oinsrtahe conversion rate of inocul u
LAI of infectimusomlmishattiicrs uwi) hi rptrd mlaa tye ri tnloy
infectegdi $ At hansmi ssiinont hreat@®@bsence of fungic
transmisssonedated by the action of fungicide
Fi, is descri-bedpbgsa fdoseti on, wifphanadsymptot e
N which define the maxi munm rfamsmii ofiade .rreadtuect i
infinite dose) of the sensitive and the resist
parameters for the sensitive a@dantdh,e resi st a
defining how quickly the fractional reducti on

dose of the fungicide decreases:

[0 [ P fyp A @0 w

[0 T p hyp A% p
When a fungicide application consists of mo r
applied simultaneously in a mixture, we ass.
fungicides is described by Bd imwsl t il®@I3i9¢c atPiawe | =
al ., RHODSJ on the efficacy of each of t he
transmissobnthat eat hogen. The equation bel o

transmi siss onarawtleated for the sensitive strai.
consists of two Fantgii c@&:)dsubdsn gincffigdse 2

o0 T p fyp A™® pof,p ARR pp

The | at enr peariiondc,r eased from tme ydefhaeul t I a
application of a systsintie Shhhig,i cDMIle.anmd eQasli nfgl
are assumed to act systemicaealiltye, dwhehrieoacsa rtbhaemar
and chloronitrile fungicides aPe pachiyreli zio |
| atent period. The action of fungicides on th
transmissiwni mTtppma,eare®s(i deally individual

offlan®woul d be fitted for each of the transmis
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there is a |l ack of data on the effects of indi
parameters that could:inform such an approach
n o L PG
p i p A
0 N po
P A p A

3.3 Dis4ease severity

Di sease sev@Z(,tt)y satcatlicmeé at ed as -déhreepa@®portio
LAI that is infectious (latent host tissue doe
shortly before the (ebhanelfl it h& Rsait sl natt2 doietd itoids s |
is unlikely to be inclPudedcibrgvfhirezlids)assessmen

0 0

WO O 0 0 0 © pT
3.3Chamge in frequency of the resistant strai
At the @ndof( each growing season, the proport.i
is res+stanupdated to the proportion lof infec

is assumed that the pathogen overwinters (or
there are two growing seasons in one year) Wwi
— The fraction of the primary inoeulum that i
i s therefore calcul ated as:

0o

—_ U
006 06 P

3.3Da2t a and parameterisati on

Four datasets were sourced from various exper
and validatTea bt3higde. mdvadted s gt A, meaosnprrd md mtgs LfArlom
pl anting to senesmtedsaadoimatari ng soybean cult
(Moreira et al ., 2be5)soywaeasanusedoptagr bivt h par
0 ,i,rand.Datasets BincCl whad Dmeasurements from
assessment Pdatpeasc ldg fsteiazsie asegsesbey, based on 8
di agrammat(iGmdegaleea .Rdt as e2t00B,) Pc o rpparcihsyirrhg z i

di sease severity progress in field trials of
absence of f wrsgidc R.de gfacthvdogyhiciéze paodo amet er s
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and . Dataset C was used trpanh®fitorf uexgampldes pafr a
sever al fungicide MoAs: an SDHI (benzovindif|l
(cyproconazole), a chloronitrile (chlorothal ol

Dataset D wadiudgsdteh®®cB8) DNl The values of the
ratvoe, for each fungicitche adred atuhé¢ nl,eanagrindd @fer i o

i nfecti olus weerre obda,sed on @daabIiBderature search (

Dat asetom@ri sed al l available Prialashwi hihzime:
di sease fscelvleaowitnygg appltieeawirczazmxroefsmdm fungi ci c
dose rates and an untreated control, as regq
parameters. Dat aset D consisted of trial dat
inclusion in Dataset C (so tilwe wdl itdhaet i doant adsie
available for me asme & endPin ¢ Pptaicddny)s:eiazie severity
foll owing a@prmd i cra tzieoncsedosf at es of a sol o fungic
where the treat ment programme involved two o
severity in the untreated control. Trial dat a
a fungicide e hmzavi ndiaml upyr, azoxystrobin,
chl orothalonil and/ or mancozeb had been appli

Parameters wer e ufsiitntge dl etaos tt hseq udaarteas opt i mi sat.i
gr owt h meotdwegli,o-ypeci fi covalnues amfd valiues of

angcommon to all/l maturity groups were fitted
onl s. | mét . (&EllZhlov) in R 3.4.4 (R Core Team, 201
(Soetaert etusatl. foRO0O1he sol uWe oas sourmetdh et h@QDE s
soybean emergence occurred ten days after pl a
timing of -ztehreo fmerasstu rneorme nt s Mofr eli Ala ceotl ladct g d2 0K
The parameter va-maear ifrog dtulet i miad Rere wused
pachythfei cycle and fungicide parameters, an
simul atiPang.achtyd i eycl e and fungicide par amet
the function 61l sPeurav d feidt & eisrc r MApTL LoBr.s of how

in tkaenepari sation process 3&r e provided in App

88



ChapteEBff 8ct of dose splitting on sel

TabBkDatasets used in model fitting andatalsiedathi conef stengficsdgbpana
measurements from planting to senescence. Hatpaascelityss BBa, g EC saenvde rO tcyo mpr i

progress over ti me.

NumbeNumber of Number

Dat a Source of 1t site/yedatapouse of dat aset
Mat o Gr osso, B
A 200200 1Ar.ops pl e 5 5 60 Parameterisation of
Oct odbed Novemb mode&l,0 ,i,l and.
(Moreira et al
Parameterisation ol
B Syngent a, Bx(0alz 146 6 8 9914 b yP. pacihiyr hi z

o and .

Parameterisation ol
C Syngenta, B2(0alz 20 17 820 fungi ciPdepaoihylrihfiez
par amajtaenr® or each

Validation of fungi

D Syngent a, B2r Galz 31 19 1219 parameterisation.
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We uskRéaind root mean squarsed emverasrur @eRMSE)t he o
model fLAIl tdat dei n Daltisseats eA saenvdertitey data i n
The fit to individual trials in Dataset B was
observed and fitted AUDPC, and comparison of

(%) at around soybeRhehgrewwhl shah@sdRbeen show
to be a good predicPR.orpadhWsdlteilali Uaomrsas. datuealt.o,

Since Dat aset B did not include observed gr
assessment on or after 80 days after emergenc

DAE, was used as an estimate oft rRi6altd mimgt h aVe
north and south of Brazil , swiatthe sé nMirntansé Geornapir:
Mat o Gr osso, Goi 8s and Tocantins, and O6sout ho

Grand&ubDo Paran8 and S«o Paul o.

The model fit for the fungici dRFaddsBMBEsponse
for the disease severity values in Dataset C,
observed and fitted fungicide efficacy for ea

expressed as the proportional reduction in tF
cur vVA&UDPrC) i n -tfruenagtiecdi dpel ot s rel ative to the un:
3.3Valldation of model parameterisation of fu
Dat aseftabB®( was used to validate the paramet

effiktmadyvi duad wafduwer eofesti mated for each tri

di sease severity data from the untreated cont

3A (Seg@8nidh) . T-bpeei ftird apar ameter values wer
combination with the fittetldaldB@hgtioi pge odlitiec ac
mod el predictions of the disease severity on
each trial and fungicide programme. Observed
was compared, with fungicide efficacy expresse
3.3.2

3. 3Mo3del |l ed scenari os

The model was used to explore the consequenc
programme and inoculum arrival times on the e
evolution of resistance to the SDHI- over up
maturing cuilttiraolpog tiTloae ofh primary inoculum re

at the beginning of ,+hewdd Isdit0dado misrygnpd ed £0 n

parameter for the efficacy of the $BDHI agai nsi
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™™n a 50% O60sensitivity shifté. The comparis

foll owing sections.

3.3 Cd»mbarison of resistance management benef
partners

The resistance management -Béehneficthsl oo D niutsriinlge
dithiocarbamate fungicides or the DMI fungici
+ Qol formulated mixture (6Elatusdé is a formu
azoxystraobli:n2 irnati o of grams active ingredier
compared for programmes with two fungicide ap
the 6Medi umd i nooul=umibamheEveaflf adtmianfg varying t
of the SDHI + Qol formulated mixture and the n
of full | abel dose from zero dose to a full d
of t he SDHI + Qol formul ated dogséuratandwi hl

same combination of dose rates wused in each a
3.3.U0I3mpact of the timing of rust inoculum arr.
The interaction of t he t iomi),ngs porfayr utsitmiinngo caun
fungicide dose miaxst uerxepsl oafe dt feorSDHI + Qol for

mi

n

and the dithiocarbamate at, tchorreree sthoosnedi mat & oc
ni nhuanbdeols(ed6 mi ni mum recommended dosed) and f ul
c

each product

a. SDHI + Qol formulated mixture at full dose
dose rate.

b. SDHI + Qol formulated mixture at 67% of f ul
at full dose rate.

c . SDHI + Qol formulated mixture at 67% of f ul
at 50% of full dose rate.

Each dose rate combination was simulated for |1
application in a season and programmes with t

at the same dose rate).

Value® dfetween 32 DAE and 52 DAEdawere si mu
i ncrements, and the date of the first fungici
day increments between 32 DAE andarc® fDIArEst f or
fungicide. applti pabgoammes with two applicatio

application was 15 days after the first appli
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3.3S82n3itivity to model par ameters
Level of sensitivity shift to the SDHI

The effect of a range of sensitivity shifts w
Qol formul ated mixture and the dithiocarbamat
75% and 100 %, where a 100% sensitivity shift
resiast to the SDHI .

Reduced mixture partner efficacy

Due to covariance between the fungicide dose I

error (S. E.) for these parameters can be re
uncertainty in the fungi ci®aendeffofri ctaltey PMIr,ame
chloronitrile and dithiocarbamate fungicides
mi xture partners was explored for a conservat
each fungicide was the minimum of tatea.l i kel y

In this scenario, for eachQWasigfiiciaede, att he Shi
bel ow the mean fitted val ugwasnrdeftihtet @ad ygnpt eon
fixed Walwiet mft he me pP¥BIL eadd viadruet lod sensi tivit

for reduced mixture partner efficacy.

SDHI decay rate

Fungici de deowaey er gpptagsa,met eri sed using an aver
l'iterature review -bfvemeastowdvémwm,iahe htbdbfFiar
haliffe of a fungicide can be very variabl e

environment al Famtnkde t eo,nsadnd t20€elrde i s usually
i nformation on the foliar decay rate of new fL
avail abl e. Therefor e, we explored the effect

parameters for the SDHI usingClhhamreg odt tale. | 02 @
and shortest (4 days: iE@HA,al 21®ls4)r efpwlritaerd h al fl

benzovindiflupyr.

3. 4Resul t s

3. 4Moldel parameterisation and valida

The fitted modes$cipiabiamgt 8 o g baeradh icrrfoefc tgiroonwtbhy

pachyarhe zd u mmalraib8.2d Tihre fitted parameters for
of crop growth and senescence achieved a clos
(R95. 1%, RMSE=0.321; Figure A.1). The combin
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descr Pbi mppc hdyrsteiasie progress in the absence

achieved an excellent fit??=t9b . B e rRMSE =Bi. Bl e
and AUDPQ Bfe, =R 8. 6 %, RMSdEay9s8). .8 ¥Over al |, mo d e |
di sease severity aFi RBAbewd=R 3v.e7r%, JRMSE=@B. 78 %) ,
although there was slight overestimation of ol
range -42%% and slight underesti mati on of obs
approxi mate-l0aa%geDBS&ase | evels were higher o
the south of Brazil, compared to the nort h; t

regions.

The fitted fungicide doJabl32e s poncsecespbubmgt
represented t he rank or dFemgudkg. f@wmgriaxlildet ted f
parameter sagn favwdrealgeasacross al l trials for ea
good fit to Dat aset C on di sease severity
(R=80. 6 %, RMSE=13.0%). The <closest-siftes were
fungi RRFdrd: RMSE values for i ndi vidual fungi c
AppemdAi X Td3A%)dhe validation using Dataset D co
fungicide dose response parameters gave a goo
efficaaclyoiaand mi xt uFieg®B@gr ammes (
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TabB2Fi tt

fungi cPdepao.AS.rEhi zgii ven
covariance

P. pachwpfbttion

Cha

ed model

i n

and

par ameters

parent heses

fungicide

pt BesBstance

describing the

for

mat r i c e s3A.20c landiepda rianm dAtpapreamid dnxeetausroinn g

efficacy, and

management

gr P.wtpha cof gy tkshotylbee aenf fl eecatf
t hose

cul tiwvar

mo d e |

benefits of

phyt
oA
a

pa

parameters-fitted

used for

simul ations.

Par amet e

Description

Value Y)( S Dataset/ citation

Growth of sbybean LAI
0 I nitial LAI on da 0. 08§94 03 A
i Rate of incredse 0.1®4017
[ Coefficient contr O. 0§®.101}) -
senescoefncleAl?) (day s
Mi-d o Maxi mum LAI . T06. 17)
seast g Ti me of compl e(tdeayl2®G. 2)
mat ur
Earl 0 Maxi mum LAI 3. 108. 20)
Seast 5 Timecomplete sedayl1005. 2)
mat ur
Lat e o Maxi mum LAI 3. 9. 12)
Seas Ti me of compl e(tdeay1306. 4)
mat ur
I nfection PRof pcarcchpy rbhyi z i
n Latent period (da 9 Danelli & Reis, 209%5; MMe l
a l , 1979; Pivonia & Yang,
et al ., 1982
1 I nfectious period 28 Mar c regt,taill 975; Pivonia & Y
1982
Earl o Ti me at whPchpadle 32
Medi o spore@simary inocuygygy
days
Lateo ( ys) 52 B
Primary inoculum 4.6x%10
r Transmission rate2.78 (0.
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— Initial proportiolx12®0 Noapplicabl e
that is insensiti
Effett fungi Pi depaclownr hi zi
0o Ful I | abel SDéls e +r 5

formul at d (mgi.»xat. ar.

T ' Decay rate (days 0.0745 Chang et al., 2023; ECHA,
(a) Katagi, 2016
n n Dosreesponse asymptO0O. 2634
sensitive strain C
M Dosreesponse curvatleé.
0 Ful | IabeIS(ﬂ)@i;eJ_rrgo
_ formul at d (mi.»xat. ar.
o ’ Decay rate (days 0.1980 Chen et al ., al0.0,4;2 0Fladn;t kkeo
o 2011 a; Hou et al ., 2016
n Dosreesponse asymptO. 0534
QM Dosreesponse curvatilo. c
0O Ful |l | abel dose r 45
— ; Decay rate (days 0.1540 Fantke etPapadopMaWoli dou
§ 1995; Wu et al., 2015
n Dosreesponse asymptOo. 3092
M Dosreesponse curvat2. 36 c
© 0 Full | abel dose r 1500
; ’ Decay rate (days 0.0990 Fantke26tt4al Hpbbelen et al
— N Dosreesponse asymptO. 4761
S QM Dosreesponse curvaté6. 22 c
© O Ful |l | abel dose r 2250
g ’ Decay rate (days 0.1333 Fantke et al., 20982; HKgime
Agar wal , 1992; Sar kar et ¢
- n Dosreesponse asymptO. 4751
t ko) Dosreesponse curvatl?v. (6 C
)
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management benefits of
a. 3000 - b. 100 - +>fe§<+
g x X *
2500 - = 2 g 5 7

g % s .

O 2000 - A 2 L%

= . < 60 .

< 12\ :&Q‘xx

3 1500 %*{?&‘ S LA

c e > z;#?:

[4}] R % 40 b +

2 1000 { - R o

@] il o % Xx

E +
500 | iggjx % 20 xxxx»&x %
w o £ 7
o o
0 : . ; ; . . = . . . ; .
Q 500 1000 1500 2000 2500 3000 0 20 40 60 80 100
Fitted AUDPC Fitted severity (%) at R6

Fi gBle&scatter plots of fit{( éawsy).d dhs esrewed ia.y

(%) at R6, for .Trriiaallss cianr rDaetda sceut Bimeemrt h Br e
6x 6, trials i n sout h Brazil plotted as bl ack
1.0 - s
//
,/
0.8 - . x
N +x + X
O S %
a . X
@] + p
2 0.6 1 * Lo X —1:1line
X / +
= N X x .S x SDHI
o ++X / +
() + / X+ % Qol
E " X/ +
8 0.4 T +>(+>5/ X)(++ X DMI
o X o * + Chloronitrile
+ / X
o £ 4 + Dithiocarbamate
0.2 ke XX
//’/x
g X
// XX
O-o/ T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Fitted rAUDPC
Fi gudkzeScatter pl ot of fitted vs. observed pro
relative to untreated trials (rRYHPBCL%for fun
RMSE=0.138.
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/
X /
S
10 / ~ 1:1line
X x
x x SDHI
v e
- = Qol
0.8 - xote e 7 y « DMI
. /'x + Dithiocarbamate
O . S
o o L . - SDHI + Qol
a o /
2 1 P e, * Qol +DMI
% o ] * . ' //.. ’ T + SDHI + Qol + DMI
> . t oo ' + SDHI + Qol + dithiocarbamate
@ - at . / * +
g % x . x + SDHI + Qol + chloronitrile
© R s - Qol + DMI + dithiocarbamate
7 x A
. par . > Qol + DMI + chloronitrile
0.2 A P T -
. e = SDHI + Qol + DMI + dithiocarbamate
:A;A-/ g N = SDHI + Qol + DMI + chloronitrile
’// - A X x
00 T A T T T T T
0.0 0.2 04 0.6 0.8 1.0
Predicted rAUDPC
Fi gBB8e&Scatter plot of predicted versus observed proportional reducti

fungicide trials .IRF6Val2i%d atRIMGBIE=Datl®dstet D
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3. 4Mo2d e | simul ations
3.4 Ndbtes on interpretation of simulation resu
We report the model out put as(t hembhembef gkar

growing seasons for which a fungicide progr

6effectiwe ddmtmeo |l BNt i | 50% of t hwep ptopud ati on
maxi mum of 20 growing seasons. However, t he
predicted by the model depends on model assum
of primary inoculum resistant to the SDHI at
seasen,the type and | evel of resistamde model |
the use of avérapgpechpfbapayvybmeters, in additio

effects of the alternative fuBgi chdeupumgramm
considered in the modelled scenarios. The res
as the relative effects of different fungici de

on selection for resi stance.

We assumed a |l ow starting freqaeaenhey SOHI resi
fungicide, as is expected to be the case when
are used at an early stage following release

usi ng -aai tmd lumiex partner and reducing d-i sease pr

free periods can enable use of the SDHI fung
necessary for effective control, reducing sel
SDHI and therefor ec anamd md ¢sd megn tr elsd rsd faint s . Ho we
mut aPnt pacbByrhins conferring partial resistan
now widespread iin Blrhaeziflun(gFiRcACd e 2d0o2sd4e) .r at es |
mai ntain effective contr ol foll owing the spr

depend on the | evel 0B. 4 aniddtpaeamiBFBE(Ki( gere Secti o

3B.B. Control of other diseases is also an i mj
dose rates and timing. We highlight results wi
on the current product | abel for the SDHI +
100% odbdluldode rate; a maximum of two applice:é

3.4 Cdomparison of resistance management benef

partners

The use of a mixture partner sl owed selection
both T50 and(Feffi3det iTvhee Imifxet ure partner supr es

rates of both t he resistant and sensitive
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mul tiplicative survival emond«lt uaeplpiaes neEqu &diut

di fference in the growth rates of the resista

re
s h

(@] o
® O »w = o o O X O

—

an
ra
Qo

fu

d
0

S
e
e
S
e

it

e

e
e
0

e

n

uces selection f(orant Me nr eBoissitha nettS Gatlwa s n2 0 1
rter for higher doses of the SDHI , due to
i stant strain: the higher the SDHI dose, t
growth rates of the resistant aofd sensiti
S bHyle tahletr maxi mi sed T50, this is not a pra
required to maintain effective control i n
rage disease pressure season (6Mediumd in
hin thesesanagned osfprdaoy progr ammes that provid
first season, use of the minimum effecti v

the mixture partner maxi mised both effecti

ed on the fungicide efficacyizO0:Vefbelpdr am
eriments, the dithiocarbamate and the chl or
resi stance manadge yeBmie. t Gamp d&rhiengDMdr ogr amm
t provided effective control in the first
dithi onarbamateeffective |ife by up to 18
143% respectively at the 6Mediumdb inocul um
due to a combination of the mixture effect
trol offeregaby ntehe tmi xmaumtain effective c
ommended hdkosSddDHdf + Qol f,orrneudluactiendg nsiex teucrte o
ains resisthoant asoptrwadye p3P DHtirlaemm&DHIf + Qo
mul at eadt ntilkg ulreewest ppéccecmmeoncded ade (67% of
e) , addition of t-1h0e0 % i a fh i fowclalr bdaamsag er aatte 5i0n «
approximatmdlIxy ux4e€%ef Qohef SDKMU lwa tt hd emit hteur e
chloronitrile or the dithiocarbamate cou
rage disease pressure season even when the
% sensitivity shift) had exceeded 50% of t

effective | ife represents the balance be

trol . For some | ower doses of the DMI, ef f e

he SDHI + Qol f,ordmel dtoe d mmirtverde contr ol of

d
t
I
I

partially resistant strains by a higher d
e of selection. However, the effective 1 if
formul ated mi xtombe nwd s olnengessingf drhe DMI a
I ko swei trhatt he mini mumhef fS®OdHtl i vte Qoo s ef oorfmu |

mi xtur e
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Effective life T50

DMI dose (grams a.s./ha)

Chloronitrile dose (grams a.s./ha)

Dithiocarbamate dose (grams a.s./ha)

0 45 9 135 18 225 27 315 36 405 45
@ (9 (18 (@7) (36) (45 (54) (63) (72) (81) (90) © @ (18 (27) (36) (45) (54) (63) (72) (81) (90)

0 45 9 135 18 225 27 315 368 405 45

Formulated mixture dose: SDHI and (Qol) grams a.s./ha

FigwBa&ef fective |ife (years/ number of growing
t he popul ati on i s insensitive -atpopl t bat iSDHI

programmeSDidf +h®ol formulated mi Xtburle with a
chloronitrile or dithiocarbamate) at varying
active substanxdies/ habeThesehxws the dose of the
the Qol in brackets (the SDrHdc winwnatidrerii@o Ingar e
0 = MDIWIME An effective I|ife of 20 years indicse
mai nt ai ned tthrer pregh owt si mul ated. A T50 of 20 'y
popul ation did not reach 50% frequency of th
simul ated.
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3.4 1l2mpAct of the timing of rust inoculum arri
Effective | ife and T50Pwapaphwbbiogiedt by r debh h
(Fi g3.b)e. Later inoculum arrival reduced the ex
the fungicide, reducing the | ength of time for

advantage compared to the sensitive strain ar
resi st andiet.i olnn, add sease pressure was | ower wh
|l ater in the season, enabling effective contr
recommended appli8RkHIi o Qalkt ef of mupheet et imaIxIt yr
even with a singl eFfgg.@)e c iKdeee paipnpgl itchaet i SoDnHI( d o ¢
number of sprays to a minimum reduced the str
the SDHI and increased T50 values. Prompt f un
i mportant for disease contr olgrwhweinn g nsoecauslounm a

with slightly greater flexibility when inocul

For asptrwaoy pr odgrheemnseDHdf + Qol for muhat edwens X t U

recommended application rate (67% of full | ab
50100% of full dose rate, with the first appl
timing for inoculum arrival (44 DAE) increase
to O0Earlydéd inoculum aritRvdhy €@elrawppnoxnmatkuu
An additional del ay of approximately 8 days |

increased T50ebtyo28Barlkyatiwocul um arrival

For asprney pr ogrhaeemnseDHdf + Qol faotr muhat edwens X t U
recommended application ratdel@ad®w ofhef dliht hd os a

-

at e, with a choice of spragnttriani nfgort htathe pfr wl
seasons simulated by the model, 6Medi umbd i noc
bet weéh3 %4 and O6Lated inocululnw,arrrdlvatli vbey thoett
twepray programmes required to provide effect

arrival

Selection for resistance was increased, and T
first appl isxprtayonpricngraamme, or the timing of t
a osgray programme, more cl os(eFiygurad cHh,e dF ii qiorce
6), as this meant that the fungicide dose was

popul ation was growing most rapidly due to a

However, closely matching the sprawedti mi ng t
di sease conefromde ainnlcntéhaesed effective | ife ove
selection was of fset in some <cases wher e an
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control made it possible to reduce the dose r
SDHI + Qo l formul at ed mi xtur e. These result
conclusions of van derrBéetgtbee aksi ¢28n186¢.

benefits of del aying inoculum ar fipvaly wer e |

programme with spray timing approximately mat

enabling effective control wi t h fsthrogitceirdee x pos

dose.

Effective life

Timing of first fungicide spray (days after soybean emergence)

Rust amval time ( days after soybean emergence)

FigBb&ffective |'ife (years/ number of growing
the population is insensiti vaep ptld otalxed a® 2HI (TS
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prograemmé&stvlarying rust tingeuvbhaomh a&abMmi hale
first fungicisecoanpdp | apgalti oat i on made 15 days

ApplicaSbkins+ ool formul ated mixture with the
SDHI + Qol and 100% dithiocarbamate full dos
100% dithiocarbamate full dose rate; c¢c. 67% SI
full d ofsne erfafteect i ve | ife of 20 years indicat
mai ntained throughout the period simulated. A

popul ation did not reach 50% frequency of th

simul at ed.

Effective life T50

Timing of fungicide spray (days after soybean emergence)

L L . L L L L L
32 34 36 38 40 42 44 46 48 50 52 32 34 36 38 40 42 44 48 48 50 52

Rust arrival time (days after soybean emergence)

FigwBeeEffective i fe (years/ number of growing
of the population is insensif@ippeéitctattioa SDHI
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mi X tpurroegr amm&ar yi ng rust tiinfwe yd udn tairmiival of
the fungici.BDHdppl iQodt if om snp p bmtietdh nihxet ur e
dithiocarbamate at a. 100% SDHI + Qol and 100
b. 67% SDHI + Qol and 100% dithiocarbamate fu
and 50% dithiocar bAmae fef éd wt il ve olsief @ adfe 20 yeal

effective control was maintained throughout t
years indicates that the population did not r
strain in the period simulated.

3.482n4itivity to model parameters
Level of sensitivity shift to the SDHI

The greater the sensitivity shift, the stror
resistant strain. Therefore, relative to a se|
sensitivity shifts of 75% and 100%, and | onge
great the sensitivity shif$8DHIt h+ef offoniuH eart etdh e d
mi xture and the mixture partner required to
resistant strain has become the dominant strai
i n App38ndiFx3®durlg .

Reduced mixture partner efficacy

|l nsaenario in which the efficacy of each fung!
range indicated byt hteher easviasitlaanbclee nthaantaag,e men't k
mi xture partners and delaying inoculum arriv:

reported B8ndam@ledol@aBbeit with a slightly red:
rates and spray timings that provided effecti
the results for the dithiocarbamate than for
chloronitrile, a greather diamgecaff bdmmae er avee &
to maintain effective contr oAddiotri cand |l gdeotwa inlgs
AppenddBiP(i guXBes2B. 4)

SDHI decay rate
The pr elbitatseds | i ghtly increased| byeusahge aansdtho
réditting parnamettuts in this scenario the rang

spray timing combinations that were predicte:
slightly reduced. Uti hgeg habbobhberAdBpHBE iomell £f f e
details i3B AppuedsBadbR. 10)
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3. 5Di scussion

3. 5Moldel parameterisation and use to

alternative mixture partners

We presented and validated a met hod for e X
effectiveness of fungici ®aas MmMedmodli Ssage neev e
achievabl e #aoararkteterprmeadwcts, inclu®umg in oth
approach models both fungicide efficacy and s
predict which fungicide programmetserameby i kel y
comparing the effective |Iife and T50 of progr
SshoweadP.t pacbyohiotti oesi st an<ciet ¢ of wangii migde coul
sl owed, and fungicide programme effective | if
mi xture ofsittlee fauinmgglce de with other effective

Model validation is important to increase conf
Our valdiadatsiedn consi sted of data that was not
of fungicide effi-afafc ybhetawed dirnegs ear wirmgledat a f o
maxi mi sing the size of the trai Ovegadatasdadt f

validation showed that our fitted fungicide d:
prediction of average fungicide efficacy 1in
mo d e | fit to disease progress curves was eXxCcCeEe
mo deBa(t chel or edl aPant € 98t7 KalB.s,i e2 ;et6 al ., 2023
al ., 2005; Ya)n,g eltbedlt. ,will%h91sl i ght underest i

severity values >70% for both treated and unt
attributable to measurement errors in the asse®e
Godoy et mbte(2006hdency for overestimation o
assessment, even with use of the diagrammatic

represents a maximum severity of 78.5%. Val ue:c

t o di s tHrnagnuciesshc:h i sbweld. tha02@everity values
were nearly all overestimated by visual asses
on an al most completely defoliated plant wo u
whereas the model estimates the severity on a
The crop growth model was parameterised using
infectbted pagwhi bhziwere | ikely to have experi el
and senescence as a result. This may cause t
healthy area duration (HAD) |l oss compared to
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e
e
t

c
d

r

f
p
n
[
r
d
r

r

g
n

r

X

al |l vy, t he model of canopy growth would be
r the course of the growing season in the :
aset is available. A mechanisticPrepresent
hyirmfiecti on could i mprove model prediction
el complexity and additional data for para
comparison of the |ikely disease contr ol

alternative mixtumrdowadrattnevche nand ed EDHIr d tuen
used i nambkher efedutf pibctiidvee, it should be poss
ective control in an averagé®. seasbgrbsing
ul ati on has evol vetdhep a$Bélad v ersei ssitrsatnacnec e t
agememndrlidscioelduce selection for any new hig
ch may etnoerngieniammids @ etsh es tlaenvwcerli tof Sumgil ei des
as | ong eamachoomstsrgobll ¢ o be maessareedeiasomisg
cases where curatihee bessitstodndes memad g man
ategies may not be the most profi-table opt
m costs of rapid development of resistance
profitability considering( AluMad pdte ali.s,e az®’
hlighted the eorpmeffiittabifloirt yi oonfg | i mi ting th
gicide efficacy.

results show that it is a good resistan

i mum dosei ek mi kowre partner with the mini

eriask fungicide required for disease contr ol

u
e
n
e
t
r
S
1
e
t
I

n

dii Hsbbel en et Hdowegvenllbhis tactic needs
ci fic pat hosystem requirements, i n part
agement with t bPAd vess tes Mdelc.lgeodiOraotl; g1 ., 202
economicall yyo&EpOipmbid) dosei es with the st
hogen popul ati on: a higher dose wildl gene
tial resistance devel ops, driving an incre
i stant strains are ¢preseat (vahae &E&eOpBDsmlay
8, 2020) . Hi gh or unpredictable disease pr
st et al . | 201 3; van den Bosch et al . | 201¢

O account the potential oneedt dlor cacmuaartns
ating to the wus-sei bé hugbi dopdes OAyenl et al
, 2011) , and requirements for control of ot

gicide applications.
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rrcomparison of alternative mixture partner
ncurrent resistance evolution, but the ri sl

ngi ee DMI fungici de -stitaen ffuonrgitch e eswo Omu lt thie

rrefnitc aefy al one, our resul ts suggest t hat
| oronitrile are stronger mixture partner ch
e DMI fungicide. Cyproconazole, tebuconazol
e earliest fguredgiicindes aomt ibvee dienpl oyed agains
azil. A substanti al popul ation sensitivity

rst decadhd | af Lavea )t bault. ,avela8ge contr ol e

xtures containing DMI fungicides has been st
nsiti Biaryoskitffallf @9i2ng our met hod to mode
i none inside inhibitor (Qil) fungicides as
udent to simulate obotuonenfTheesmiosedncdraeaex
re can be extended for application to syste

cluding systems where competing strains ar
ngici de, and/ or where a straid@Bdywyl oirns&nsit
nniffeTh20Mmdel could also be expanded to
ivar resistance and the evolution of wviru
needed to repr esoefntc uslutiitvaam wPdtshpes thél nkceec t

fe cycle, especially cons( Megriingolainyetr odle. ,0f

—

d mat ur(iMoyr egirroaupet al ., 2015)

5Re2si stance management benefits of

e value of sanitation practices for disease
ed alone to control p&®lLypuchiyouhipah hbgeas as.t
gh epidemic growth r gtZea daorkds a&% sShcdireti nl,a t1e9n7t9 ;p
0.7)However, -theespghbicead has proved very succ
e i mpacpaotigréeogbean y(6bdeyiatBahzjl2016; Y
2la)Sanitation does not need to be compl ete
ed i n @onmbiitnhatfiwngi ci des and cul tR.var resi
chyrhi asiegetative or early reproductive sta
maging (tDal yiaelLdana et al ., 20185p &umnmedagi i af
fection is economically wuseful. | mportantly
ditional -fwallgubeaisaded nanni t ati on practices suct

ee period for fungicide r-®@ErHaytamrceg mamme eanfe

t h&@DHI +f oQomul at ealt mtilxéd urewest recommended apr

an

d the dithi o@0 % a odfootsieeu latta t 50 the i mpact on 1
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day delay in inoculum arrival after the R1 gr
to the impact on T50 of wusing the dithiocarba
Selection for resistance was reduced by | at el
exposure time of the pathogen to the fungicid
| ower when i noculum arrival was del ayed, en
mai nt ai ned WwWiutnlgilcowe i ntensity and substantia
programmes that provided effective OQuaontrol fo
modelling results are supported by recent e X
sanitation pr acsthirceedsdisnugc hc aans rleedaufic e sel ecti on
DMI fungici desveinnt uap ml d Meactipp &(i ins et al ., 2023
The I ength of the delay in i-fnoeeal per iacd i ovannda
be measured precisely, as the timing of the e
a combination of weather conGddadyonet aanld. p(h2yQ 106
compared rPeppratchnwefhdence in growing seasons L
the introducti-bneefpéehieodpybkehustrating an ave
onset of infection of approximately a mont h.
simul ateddcoougbpbpynto growth stages R1 to R4,

range of approximate inoculum2@iei altern mihg
i ntroduction-fafeet persoyWleamMmvoiding infection
of growth before R1 is known to be important

show that delaying infection onesertesaifstteancRel o
management. This evidence supports efforts to
free period, for oemxampnae atghermewngh oifmprol unt eer

results also indidaatelimat t mposewdi ng some st
mi ni mise earlysowhectops by hiagle densities of
to be of value for resistance management .

Weassudhen 8t pachywobiutium is completely absent |

s p
i n
pr
sp
wi
f o
wi

fu

ores that initiated .tlHe aepliod.ni gaearya fviezsi a'
fection is oprepsemhylpadtoirc tooprays would exer
essure than estimat e kaysomedmadelonsésanlt s,

ore influx from outside; tthiei cropt €ainoplyi Kol
t h met eorol ogiAnalr adeneitt iadns, 20,09b utWen et
'l owing initial infection the epidemic is |
thin Weeatsopassumedaamsmosshamtheababsence of

ngitci,devher eas t hi swiwihl Ipliamtf (aead ivMearayfeta cad . |,
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2017)wiatnld weat her c otnedmpteiroantsu rseu calh dasdg wetper i od

al ., ,4d4®9@1roul d interact wi.tFlactowosuladmeati ngal
transmi scsowihdralteo i mpact on fungicide decay r
experi ment al data would be needed to support
complex interactions.

The resistance managemel.t penleyd Risz iiodn dved raegy i
maxi mi sed by wusing the minimum number of fun
effective control. Enabling a reduction in p
contr ol through wuse of alst ear ncaotriev eaicno ndfr oll PM,
sanitary practices playing apwpeamporthobhgenl er c

q
o

tation can reduce the number of fungicide &

blight (iGugiaro ot ®&Ih. av20@ge, growers are est
one | ess afpiprddicaitdeon pesubtasebntfre ea prlbre aord,

|l eaving an average of 2(Yorappolriic, ®@t2rCo2nlsas)p et s s €
suggest tthatmead sveh@§l e fungicide application
control i n combi naR.i opna cwhigtohb utkhuem daerlraiyv aolf t hr o
soybtaee peri odP. Hpavevgem hbaisa devastating path
prompt application is needed to maintain contr
grower s t askveerae riaghRrmoach .2012rm@mnovi ng grower
confidence to keep the number of fungicide apfg
for effective control is thereforefPcruci al

recasting t{ibrdudbonmedebshtd. be2086d t o hel p

0
0

pachyarmd zot her di se@¥®rsi drasnody dikgragved di seas

fo
O minimise fungicide intensity and maxi mi se
f

the Sogbepari od.

3. 6Supporting I nformation

AppendddiFxurt her details on model parameterisati

AppenddBiFxurt her denaitsvohy of model results toc
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Chapter 4

Dose splitting increases sel
targete anarmgent e fungici de
resi stitanmedel |l i ng anal ysi s

| . Cdor2k3re.y Mi K abNer iPdazwdealne yd e n® ,Blo®Wc h§Aa .
Mi Itnh e

Net Zero and Resilient Farming, R®dhmarst ed Re
of Agricultur e, Policy and Devel opment , Uni v
3Sustainable Agricultural Syst é€3nsst aA hAaD,l e Wo |
Agricul tur al Systems, ADAQGuankiidgrmt Moet HBorop @,g)

Epi demi ol ogy Group, Pl ant Pathol ogy Departmen
California,®DaviasnabBaA. Agricultural Syst ems,
UK.

Dose s praiyt thieng equiredmiatanaebl efusdéefdberent M

increasing |limitation of the number of MOA av
existing Prerevist@asncmodel | ing studies have pred
wi || i mereasieon f or dirce sshheotwd mc & ,heb wetf f ect of d

splittiwigft vmagiiceisde properties and the type and
The bal ance efeftemcetesn arhesel ecti on of increased
dose splieidtuicnegd dose rate of each fungicide af
and dfhfeect of mi xing difwhretemdar Mol iwtitlilng edred
is beneficial for management olfn ctohicsu rcrheanptt eerv,
| i nvewdariigaltiel i t y dionssep higt &foh g cripsr oowfe under st an
t hkeyr aodfef mhomgement of concurrentTheevol uti on
foll owi ng mapnuubslciisitpetedn wwa $# a7tdho)l: eldlybiZMa r ¢ h

2025

4. 1Abstract

Fungicide resistance management principles r
splitting the total dose applied of a fungici
applications per season (6dose splittingd). H

be needed @waomhkr proven resisapptéecmanageiman
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mi xture with aprdacftfiecelnlty MocAhi evabl e, especi a
there are | imited MoAs available for di sease
splitting on selection for resistance have be
its efsfedcetctdmn for partial resistance in fung
An i mproved wunderstanding of whet her the eff

fungicide properties and type of fungicide re

compartmenthobgepademodel of segyvmobaplteafabl o
tr)yttoiinvestigate the effect of dose splitti
partias$sitar gtedlr-ghiwtne resi stance. To measure sol
dose splitting, we restricted the analysis to
notecommended in practice). OQur results show
in general, it increasikdesaeatharcgi@toen rfeosri sbtoa nhc & .:

Wi thin t he r arnegsepoofe dpaeameter s expected f
fungicides, dose splitting i ncreased sel ect
mechani sms t hartedrueegdlotn iim d&ungicide efficac
concentrations but not Wat phedhctobhbant datsieo s«
succinate dehydrogenase inhibitor (SDHI) fung
for tsdrtgetatnar-gnimtne r esi st ane3b %y bet ween 20

4. 2l ntroducti on

The effectiveness of fungicides for control o]
evolution dfCom&«dieyt anclehle. r i Z3&k222)f resistance |
high for polycyclic foliar fungal pat hogens,
(Zymosept)riim whdadt Bogrreyyt ifgo wclhdhm@ameyw hosts, po
|l ate WPPhiygltpht{hor)a, ianfdesnedtys Bhopbohb)r dantder es

powdery Blidmemw H tHdbsdases of barley. These pat

popul ation sizes and many generations per y €

resi s¢g@micmmer et al., 2015; McDonald et al ., 2
cause |l arge ecoRampgccidesesesi stance managemen
mi ni mi sing the dose and number of applicatior
di fferent mode (odor&dteiyonet ( MwolA), 202 2; El der f
Mi kaberidze et al ., 2017; van dtenalB.er g2 0elt4 aa,l
2014b)However, the number of effective MOA av.

restricted by regul atiten fegpecidalsl)y amfd melst i
has already evol ved. Thi s poses chall enges

resi stance matneagieerse.nt stra
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Fungicides with a MoA affecting a single path
of resistance devel opment because a single poli
gene (-thegekesistanced) may conTamrgaett d ar ge f
mut ati ons may confer eithet fcanspibhteeg entuotra tpiaornt i i
substantially prevefnotrs efxuanngp lcei dteh rboungdh na@, char
shape of the fungicifdékblgitmdiengesilueé art lmirseaary

and tesanla high |l evel of complete resistance.
preveni sone outside inhibitor (Qol) fungicide
b mitochondri al protein, restoring its functi
Targeétte resi stance may involve a single poin
mul tiplensmudmti he target gene, each conferri

potentially Il eading to highly resisZant pheno

t r ihtaisciaccumlltatpeed mwtati ons in the CYP51 gene
increasing |levels of resistance to demethyl at /|
Fraaije, 201 3; Hawkins & Fraailjne,ad2d0i 21 ;0 nL etroo |
tar-giete mutations, ofhegi eanecdhaniesimst arice i n

i ncludesitteer geverexprestsairgiefte andsinsotnance such

increased effl ux, detoxification and alternat
Hawkins & Fraaije, 2021, Hu s&msC hneany, c2a0w2sle) . i
partially or highly resistant strains, especi
with -sargetesistance. Met abolic resistance pa

are also i mpdrugtecsinstmankttifungal, s2x0%;ns ( Kr

Omr ane et al-Leckalve Patay., 2023) .

To predict the impact of fungicide resistance
hel pful to consider pathopeen capiideamfi csncnease
or O6gr owt hofr agaedcdh (str ai n: a number which combi
of |l esion establishment, growth and sporul at
success of a strain at a given point in time.

action of a fhegi groevthavetkisgin the presenc
than straaiensetntsatti ve to the fungicipdea. The gr
capgtawth rates of resistant and sensitive str
for r egivsathandceen Bosch €ltheali.mpaz@l1ldd) any gi ven
dose omert hegmowtah rate of a pathogen strain c
models by its effect on i mportant parts of t
reduction in the pathogen transmission rate.

decays exponenti alsliybloevetro ttirnaec,k itthei so epfofsect i v
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at any point in ti me. The i mpact of the fung
greatest at high effective doses, where the
asymptote parameter 0, and the rate at which

f

ungici deefdiosed by a@ O6curMhat efd egdar ametrersd st a
the dose response to a fungicide may be obser
e

reduction in the maximum effect of the fungici
at very high effastiave edas¢es on in the effica
doses of the fungici diey.peWe owi Irle sriesftearn cteo atsh eb
shifté and d6écurvature shiftd respectively, to
respohisgud(easd .(b) ) . Resistance resulting from
sometimes referred to as O6type 106 resistance

curvature shift a(sg | &dteyrpfe ell Id§ r2e0sli8s;t aMhickeaber i d
Tayl or & Cunniffe, 2023a)

Let us consider which resistance mechani sms a
asymptote shift or a curvature sdiifdct ISy neo f u
the enzyme active site: for exampl e, D MI fun
CYP51 protein which catalyses(karsgrepv e neteralo.s.
201, 9ccupying the P4pOewent veg sstlestamalt e bi ndi
site mutation that causes a small to moderate
for the fungicide wild.l reduce fungicide effic
not at high fungicideecbasceheratbooasbedhisepr
cuatvure shift. A curvature shift wi || al so b

mechani sms that reduce fungicide efficacy at

over whel med by high fungicide <coneseintter ati ons
overexpr esnsomhanr-gah é, met abolic resistance mecl
increased expression of efflux pumps and deto
could resul tsiftreo mnmuat attairogne tt hat reduces the ma
dose rate of f unglilco dteesr iwhad digp édinnddi vaehy t o
enzyme. These fungicides change the structure
enzyme function or reduces access or binding o
site. An example is thlk whihobaicsylaeed pheinmma

ofFusardmpec{¥Wsl | enberg .etThael max20uln effect of
fungicides coul d bet pragi@tieal rhwt ateidounc ewdh ibcyh ac h a1
shape of tfhuen geincziydree compl ex, pdwmumicaliloym.restorii

Mul ti ple fungicide applications per year ar e

damaging epidemics of pol ycyclad.c tfrofltifabre f unga
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number of MoA available for programmes is | inm
splitting the total dose of a fungicide acros:
dose of each MoA per application but increasir
to eaalyi ¢i de, with counteracting (but not n
selection for resistance. | f resistance i s ev
at t he s ame ti me, t his sitwow&afisonf oir ntrreocsd usct easn
management. Whetheranvndpmi xingé is a good or a

for management of concurrent evolution of res

bet ween the effects of mixture and dose split
in the effectsnot des$é¢t wmihietdeino @disch et al . (
hypothesise that dose splittirmgrwilnls, wovdér alnl

asymptote shift against a fungicide. They hi
that support thistthbéordy,sebuwtplihei efjyf ®en sel e

resistant strains with a curvature shi ft has r

model ling studies, to our knowl edge. Field t
2020 to measure thiengfdrecdelod-muioasrt St h 8 BEd
variabl e resul ts (Paveley et al ., 2020; Yo L

understanding of how fungicide properties and
effect of dose splitting on as alse dtsi onne efdcerd rteo

inform tactics for management of concurrent e

To investigate the effect of dose splitting o

fungicide resisZ.antcey eosod pttdirosnaocitne i of cit he mos

common, widespread and damaging pathogens af f
UK and worl dwi de. I't has evolved resistance t
Fraaij e, 2013; Dool ey et al ., 2016ni Het et al
al ., 2009), with a corresponding delchlei ne i n di

model siamulygptiecsal UKT @B riscemibd ngf the seasonal g
senescence of the upper crop canopy of winter
conditions in the UK, key ©processes in the
infection and growth) and Itnh aihmi ithkiad ria atf iecn i wi
of wheat Zcr oopcsctubrgsi i n autumn or spring through

or by -dipdmesrhsed conidia from wheat stubbl e.

stomata, the fungusgdeveyopsoml eswsyl duent per.
which necrotic | esions form on the | eaf surf:ze
pycnidi ospores which spread to the wupper | eaf
spl ash, driving the majoriint y hef ggeova mdya rsye aisrofn
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the potenti al for rapid (Ponooemasesnkobonetdi sa¢ase
Suffert et SNV ,asxMIicli)ated with a reduction in
|l osses of up to 50% if wuncontrolled (Fones an
Through model simulations, we compared the ef
Z. tsrtirtaiicni of applying a fungicide solo in eit
rate or in two applications, each at half the
use of solo MoA is not recommended in practic
tosedosplitting of a solo fungicide enabl ed wu
dose splitting, rather than the combined effe
clear picture of the drivers in variation of
the model to investigate how the effect of do
depends on: (a) fungicide p*rHapgeer;t iaessy mpftoltiearar
cuawvure dose response parameters for the sen

resi stance (asymptote shift or curvature shi

asymptote or curvature shift.

4. 3Mat eri als and Met hods

4 . 3Mold e | background and approach

Oumodel has the same functional fet mahs one
(2011a, b). Howe wern,e stcheencreatien aafhat model was
using data onHesrpddwnmg MWwlodadred én et and ,t RéO1lla)
simul ated timiocgudid senpastcewmanemodel predictio
dose splitting on selection -parameséestiaeaetd the
model Sesde¢d4.on. AIsing a dataset of grez2n |l eaf ar

t riitnifeceicti on of the top three -yea(viisl noref ewwheat

al . ,, 20®8cribed &8 8Patha set alod; 2009)
We follow thegHalppeloarc hewofal ., 2011b) , model | i |
(LAI'; a di mensionless measure of | eaf density

sided | eaf area? ofpern henictan@)pagnudf an nafredcat i (oom by

t r iptyiconii di ospores on the top thré&eeldavessof t
due Zt otocicturcsi due to a reduction in healthy |
the resulting loss of interception of photosyl
upper three |ledveésidgrindegd @ivel of disease o
a good pfedietBatbes et al., 200Bun&ghawdé& Royl

applications EZar tpeiee dcheeg eifrosrte mostly applied
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canopy. Although there wil!/l be some fungicide
model |l ing results suggest t hat it is on the
resistance pfKivmaridey ®&8ecgret al ., 2013)
The dynamics of the epidemic in the model 3
senescence of the crop, which determines the |
the effect of a fungicide on the pathogen | i f
pass sequhernaugah | fReal t hy, |l atent (infected bu
i nfectious (spdruUleattiima)s asntdgpeosst heal t hy and
al so senesce due to | eaf age. The infectious |
healthy | eaf a@nenal aTles mboeéell Al of both the |
stages of a sensitive sZ.r atimi tain@di a resi stant
4 . 3Mao2d e | equations
4. 3.G2Zowth and seneseaficeaobpwheat
It is assumed that the growth rate of the tot
affectze.d tlwydwuwarciity, so the total | eaf area 1in
healthy green | eaf area indexHo(b®leAle)n a&erte atlr. a
2011b)Yn the absence of disease tOheandtebeof ¢
total heaOt hay eGlgAlve(n by:

A  mh 0O o

B 1o b o P

A"Or (60

N 0] 0] (0]

N) C

mh 0 0o
x EAOA 0 0 - o
T T —— <A h o o0 o

o] o]
whemod s the time at which |l eaf 3 emerges and
commenoesi,s the maxXimumhleAlgr owt h r &dtdte of the |
is the rate of G&@niessctehnec et iamte toifmeod siest of sen:
the time at which the caheppdhas ftokfyiserass
controlling the rate at which senescence occl
after the onset of senescence. Time s measur e
degree daysobd64.(3e®& Section
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hfz2cti onZyrho e mtporbiya tritici

devel opment of the STB epidemic is descri

of | atent and infectious | esions of the r

s assumed that the epidemic on the wupper
es from infectious | esions on | ower | eave:

r l0eavdesni ni shes oyerastilnmeweat |reatvees senes

ctious |l esions on the | ower | eeavlehse r each

of infectious | esio®nds drm Ilcawerul lag ewe sa sa't
66 O6A T

aeti,onof the Ofnriotm allowenf [luexaves i s assumed

he resistant strain, —withp t-he.semnsiitsi ve ¢
me d— t raante- are not affected by fungicide a
t of the model simulation ®&tarmaxdSBar The i nj

sensitive and resistant strains respectiyv

influx), ohhndponésctious L AQaroen ctohnev eurptpeed c

new | atent | esions on thei uppetrhe annvopryal |
at which infectious |l esion density is ¢
n density ofLaheatthgsl eaf maeare into infe

ons,],ahedhPiratehe aver aglenfladteindu s elrd vidans

‘“,r awlee'ries 1t/he average infectious period. l
nt LAI, but not infectious LAI as the | ea
ess of | esiong Hoddbermiemg eitnfadct i @4 1b; Ke m:

foll owing set of equatio®ds trnachttlyei afea
nd inPeceabuar éa baed dteinmd,i nwi ttthe area i r
atent Oamsdarhse amd ecti oafs tamear e nidetxant 3

itive strains respectively:

75 [0 o T o0 - § 0 O o © v
D
- . 0O,
5 § O O 707 ov Q
AD .
~ 0. 5 0 1
5 § O O jJu T ov X
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AO 50
— V)
5 U]
A"O‘]" o
AO
The final fraction of the resistant strain in
is calcul ated as:
0o
— pm
Oo Oo

4. 3 The3 effect of the fungicide on pathogen gr
Fungicide effects Zanmidtrhex istiwou Isatread nisn otfhe mode
a dasgendent reduction of pathogansmi $§ei @ry cl
rat e, Equatiohgtbeandt@) aanavhich | atent | esic
sporulating |l esions, Equations 8 and 9), sl c
pat hogen popubateordf.uniogbdes are assumed to

transmission rate and tha riamtfeecofi onenv ®r sipornr
| esions. The infectious period of sporulating

by fungicides.
Theungiciat tdiO@edecays exponentiably over ti me

0Q ‘h o &

0o ) 2
Tih 0O O

PP

whe®Od s the appitpreassoedeas a proportion of the
i ndividual dose (as defOinaddoms thetmiemeéuotf | a
fiappl i Otiison.he o6effective db.skxfo arefaeddietdi d ma li
application’,i e madmaoiatei fgom thediappaddadi on a
tohe newly applied dosleu®dAE@ml cul ate a tot al

The fungicide reduces the panhifibgema Frhetcygnol e
"Q0, which changes over time depend®dm®mg on the
The dose reQopobdfoe(Fofuwnear,(b)) is described b
combination of an argynwhtiocthe ipsartamet emaxi mum f
reduction of the pathogen I|Iife cycle paramete
a curvatureTQpaWhalméhtiale,s how quickly t he fract

declines from O exsymmstest:e as
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Qo6 1 p Q PG

Qo N p Q po
The asymptote parametend, atbedeoovatdume paranm
asQan®, and the fractQomalDorfeadructthieonssenassi t i ve
resistant str.&acés pespegeinveélye cycle paramet
fungicide i sp m@d ttioplriepd elsyent the effect of th

growth rate of theFpratdoagmml|l @,0ptuHeattiromns mi ssi

sensitive ®trdi n satcalicnel ated as:
-0 - p Q0 - p Ap Q pT

wheres the transmission rate in the absence o
there are no fitnes3$x0 c ®Q0t, s wdefe srietsyi sotfarnchee. r esi

strain wild.l increase faster than the density

increase in the resi &1l atptoipsutlcaaiimnf.racti on of

4. 3Ty pses of fungicide resistance

We simulate two types of fungicide resistance

sensitivity to the fungicide (6sensitivity sh

! Asympt ot-e 9hirfajimest ereduced relative to the

f Curvature pht B8®esteaereduced relative to the

We describe the | evel of sensitivity shift a

asymptote shinfft MeHBastihbhtresistance could ta

either an asymptote shift or a curvature sh
asymptote shift means ©Olbatg ati mes te ftfheec tr ecsfi sanmaynt
of the pathodemdittecay pdulEed 4 curvature shift,
effect of a high dose of the fungicide may st
|l ess effective against the resisthBhgusérain t
41( b)) . The biological significance of asympto
i n Se&L£.td on
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= 1.0 -
o
- a
S (a)
= 08
i
O 06 A
S5
8 04 - smaller asymptote, gq
©
5 021
B
© 00+ , ' . .
L 00 02 04 06 08 1.0
0s | (€ o8] (d)
N
S A
— 0.6 A 0.6
Q -
L‘T s // \\\
—~ 044 ¢ 041 / =
N . \\\
— ; .’I ~-
WL 02 4f 0.2 |/
: i
B i
OO T T T T 1 0.0 T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 10
Fungicide dose at time ¢, D (¢)
—Sensitive strain
50% asymptote shift 50% curvature shift
----- 90% asymptote shift —-90% curvature shift
Figunleffeasympt ot-e samidf cur v-at wme t flei fdto,s e
response to fQungi(cai)deasndlosfeb,t he fr a®bd, onal redu
of pathogen | ife cycle parameters for differe
curvature shift respotiQwel v.he(a)esadd i(nd) ds Hd
i MOof the sensitive strain compared to a resi
shift or a curvature shift froers pae cftuinvgeilcyi.d eDowsiet
n ™ BQ pmo$id bldaoccske Irienssponse oDaséesdsitive st
orange lifbe:Dotted pummd e Sloil ne: o+r anfpe | i ne:
Dashed pufplwéo | i ne:
A 100% asymptote and a 100% curvature shift
represent strains that are completGd.y resista
Ot her wi se, for a given percentage sensitivity
a more highly resistant strain than the same |
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by compari 4g( &) Yl(rik)s) . The difference in the f
of the sensitive strain QoOmp@opedi sogt batestiat

high fungiQdder dasgmptote shifts, and great
fungici@Qefdose@artial (<100%) 4dclced.fplduye shifts
4. 3Calzul ation of the selection coefficient

We used the selei¢ctitomn coaegfafriecitehnet ,r ate of s e

resistant strain in(k®Macdreomn&rFoysi ma8 &t edan

et al ., ThekeO 1dal)ect i on coefficient i s defined
bet ween the resistant and sensitive strains d
where fitness is measured biy,ofha peputapiba:r
i i p L
wherandare the average per capita rates of i

sensitive strains respectively Weveraltchud adeur s

tot al sel ectthieo ns thaerttweoefro,t hend ionmudmts emescence,
0O, denottionglt Hengt h ofYAsisnuemisnigmuelxaptoende natsi al g
of the sensitive and resistant strains (in th

density of the sensitive ot,r adenaobnedd reessi st ant

and 0 respectively, can be calculated as:

0 o 0 MQ P

0 0 0 MQ P X
whebDemand mare the initial densities of the se

respectively at the start of the simulation.
Rearrangement of equatainadnps amMd6)s udmsd it i) ofn
equation (15) gives:

U TT

p

0
o O

This can also be expressed in terms of the poj

sensitiveastdy aiamst he beginning of the simulat

growing season:
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| — P

4. 3Mo3d e mpl ement ati on and parameteri s

The model was i mpl efm2z0h22d (HhheMANMaAABWOr ks | nc.

usingi mwufidbmcti on 6oded56 for the solution of

The model was parameteri sZeed tusifteigctidahaoovoeaer GLA
from field trials of wheat crops grown with
recorded owear sld4dbestiween 1993 and 1995 in Engl ¢
and corresponding daily weather data from me
kil ometr e (oMi Itnhee esti teekkscr 2b68 dax BRaxtsda ¢t alod;
200.9)We refer to data from thesyear, abat asetbtDa

1 includes data on four cultivars (Riband, Ap
relicates per cultivar.

We chose to follow previous models (El derfiel
van den Berg et al. 2013) indparemetdarnissiscal tth

Weat her data for the sites was wused to cal cul
days bAaCs)e aOn dv eprhhotitkor mal ti me (baséeMilAG® etnce
al ., 200 3; Weci orr reets paoln.d,i nlg9 &84) each observatio
t herwerl nal time gave a more consistent profil
canopy growt h anrhdans etnheesrcnrean c etdiAme Appea@dkFxgur e
4 fAor further detail s). Using |l inear regressi

thermal ti meherwdarimadd ¢ i mem,d used tohitso t o conve

the average thedemprledddmeeys,n zero

0O pg& Max X X ¢m

Dataset 1 was used to estimheg@gr ededaywver@magre dal)
Q.

We assumed that data from field plots that
designed to provide full( Mirlonteecdti onl .a,gaikigB)
represendanapwpy oprfowth in the absence of diseas
estimate the parameters controlling the grow
cano@y:,0 ,0 ,[,f,anld(defined 4.n3)Se.cEhenmean

GLAI of the top three | eaves at each observati

si-year from data from all/l four cultivars an
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parameters were fitted-yteoardsatwa tpho ontaexdi nmurno no bssie
GLAI ranging from 3. 76193%4 .4 .-BO94CabbdbGm@geshir.
Ke nlt9 95, N®m9fdgl kN®If59l, k using |l east sgqguares
(I sqcur vefR2102 2MAT If AIB t Aipepre ddiYxa i Mes dedgrzee o

days were mapped to grow({hadokgest oabZaddbdbasd) -
on the fittoed ,Dabmeéstloé esti mated phyllochro

Appenddi X or further details).

We est iZmattleidftei cciyc | &, ‘paanrdd deetf é mmse d 4i.n3 )S2e.c2t i on
based on data froma®42i tler actounmbeiOngaitgiuoant iwd nt h

4) and&Equations 6, 7, dZe)s,c rti theeed hfeaorna mdt ecrrop |
Z. tirn tticd absence of a fungi@iade.usWengesti mat
dat aSODB epidemic progress (% severiotny) (Dat as
which the maximum severity of the STB epi demi
cumul ative severity of yellow rust, brown rus
15%. Data from cultivars that were considered
trial sr weee ocat wer e - uBatda tfor cesasimmteDE R O N
1994, -D896N Ha-np 8 Ber ef orldOOMi,r eHer 409@®5dshire
Kenlt994 fitted these criteri ad ahve ffoirt teeacc hsepar
si-yeaxrul ti var combination using | east squares

average of these vaApupeesPAd(itXurt her detail s in

We used data from AHDB Fungicide Performance
observed dose response of STB severity to fI
20121012 (Dataset 2) to estfimatdd fondiSdatli ve v
fungici AppefdéwrdfArther detail’shasedsicoomg an e
a |literatTuarbelPs.ear ch (

4. 3MoAd el simulations of dose splitti

We investigated the impact of dose splitting
either an asymptote shift or a curvature shif!H
for a range of values @f Qtahned (Faubdgd. c iWke par am
compared selection for the resistant strain
fungicide at Of yat tabkér rgtewth stagéeéo3d32 (GS!:

selection for the resistant stoaf@.iCGmh dtol | owi ng
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both GS32 and GS39. I n all simul ati ons, t he t
cano@y,, was e€eQu.al to
The foliar cohiceasr aff i fnuntlgalcfi de products can

depending on the crop an@dFamtvkh ¢ o@tne AMea | eo6ndi
simul ated t hr(Beb4da] ueguioval edti vtes fodl i3ard atyassl, f
days and 12 days; SDHII ufxwampgir oixchaeds Peanh haspyl
fluopyram have-lanf eawer aagoep rhogxF dmattkeel ye t6 aday,s 20

He et al ., 2016Fi dld.pieleltusatir.gt 0 19Hhe eff ect of
on tshenul ated f u@giamiddef rcaccsd oM@lo vreagd utcitmeo n
foll owing single and split dose applications.
half-life half-life half-life
3 days 6 days 12 days
o
Og.) 1.00 - (a) 1.00 - (b) 1.00 (C)
© 0.75 A 075 075 1\ 4
Q L '
é t'/ 0.50 - 050 1 0.50 1
(] S o AV
o 025 {1\ % 0251 %\ ° 0.25 -
k&) W
()]
S 0.00 T T T T T 0.00 T T - r r 0.00 T T T T T
[T 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
1.00 1 (d) 1.00 - (e) 1.00 4 (f)

Fractional reduction,
f(t)

0.00

200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

Time, t (zero-degree days after GS32)
—Single application ----Split dose

Fi gudreEf f ect cfatd@emcayhe simul ate®ofumagdci de d
fractionalQ,r edwer itoinmmenfhokel ¢éwbhgd bl ack | ine)
(blue dashed line) apphimalQ pos (ah ,a(byngindi
sho@o for 0.046" 0.068and O0.06064respectively,
corresponding itvesf olfi &8r, MWalaind 12 days respect
sho@for 0. 006" 0. O0O®8nd 0. O®D4r espectively.

134



TabikE

ChaptEffdct o

List of

par ameter
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AV d | uceosmbd jiftpad hi &tnesd o f

s el

values simul ated anoel ieatchd val ue of
Parame Description Val ues si mul at
0 Tot al fung|C|de1, O e.
upper | eaf cano
. Initial fracottlhoao_01
i s resistant
. Asymptote of fuO. 05, 0.1, 0. 2
n response (sensi 0.95, 1
0 Curvature of fuoO, 0.25, 0.5,
response (sensi 5, 7.5, 10, 15
’ Decay orphte ( 0.01®00802, O
_ Asympt ote shift 0, 1, 5, 10, 2
strain 100
- o, 1, 5, 10, 2
- Curvature shift 100
GS32 Ti mi ng of GS32 1495
(zedeogr ee days)
GS39 Ti ming (afpp(BS:G:&thSB
(zedeogree days)
We included very | ow andr']ah@ri nv & lhuee sa naafl ypsd rsa
understand the extremes of t he-sphihgei md. plorms s
practice, these parameter values are unlikely
fungicides withﬁvoerT@yvoUbw matubse effective, wh
values are more |ikely to be assocWated with
compared our results to those obtained using
fungi todeimder stand the most |l i kely range of
selection for resistance to commercial fungic
We assumedn t@ab0ll% o€&.the inoculum initiating
t he regi sttantaicn, whi |l st t he remaining 99% o
sensitive to the fungicide. The simul ations w
from the start of the | eadf,tgrowmpl efetbanapy
senesc®ncefFor ceambhnati on of par amether val ues
selection coefficienitwafsorc atlhceu lraetseids t(aEngtu asttiroani
percentage change in the sel ect-jwas ctoledf i ci en
calcul ated as:
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- pMTT— cp

wherne is the selection coeffi@©i emndfor a sing

i s the selection coefficient for the resistan

4 . AResul t s

4. 4Mold e | parameterisation

The fitted model parameters are summarised in Table 4.2. The model fit to
observed GLAI in the absence of disease was good (Figure 4.3(a); n=76, R =
76.9%, RMSE = 0.76). For the cultivar-site-year combinations used to fit - , the
transmission rate in the absence of fungicide, the overall fit to observed disease
severity progress was excellent (=293, R?= 88.4%, RMSE = 2.8%); fitted values
of - ranged from 0.0136 to 0.0364, with a mean value of 0.0211. In the absence
of a fungicide, the model predicts STB severity of 9.5% (Figure 4.3(b)) at GS75
(medium milk), which is approximately equivalent to the expected average severity
on a cultivar with an AHDB resistance rating of 6 (AHDB, 2024b).

(@ | (b)

Leaf Area Index

0 “ T " r - T . R e T . T
1200 1600 2000 2400 1200 1600 2000 2400

Degree days (base 0°C) after sowing

» Observed GLAlI —Healthy LAl in absence of disease
—Healthy LAl in presence of Z. tritici - Latent Infectious

Fi gudeModel simulation of the growWthtrsemescer
of the wupper. (ayhaa simuateomas Ipegithy LAI in the absence of
disease (solid line) and observed green leaf area index (GLAI) measurements
used for parameterisation of wheat canopy (points) (n=76, from 6 sites from
Dataset 1). The simulated timings of growth stages 32, 37, 39, 61 and 75 are
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indicated (blue arrows). (b) Model simulation of healthy (not latently infected) LAI
in the presence of Z. tritici, latently infected LAl and infectious LAl for an average
untreated epidemic of STB in the UK.

Tabd4ZFitted par aed asmeaswdd in degree days (base 0°C)
aftersowing.?Est i mat e based o Minéeba.,t2G03;8Shaw, 1990;
Suffert et al., 2013; °Boixel, 2020; Eyal, 1971; “Hobbelen et al., 2011b; °Estimate
based on data from AHDB Fungicide Performance field trials; 'Fantke et al., 2014;
He et al., 2016; Noh et al., 2019.

Par ameDefinition Uni 1 2l U Sour c
val u

0, GS3Timing of start 0 1396 a

GS3 2 Ti ming of GS32: o 1495 a
emer ged

GS37 Timing of G337y o 1574 a
emer ged
Ti ming of GS39: o

GS39 emer ged 0 1653 a

. Timing of anthes .

o,GS61Senescence 0 1891 a
Ti ming of end of

0, GSicomplete senesce 0 2567 a

canopy

5 Maxi mum | eaf are 4 43 a

three | eaves of

r Growth rate of | o 0. 00 a
t Coefficients con o 0. 00 a
. senescence over o 0 70 a

to the I ength of '

1 onset of senesce O 0. 31 a
19/ Average |l atent p 0 350 b
1 Average infectio o 600 c
" Il nitial density
0 on the |l ower | ea CEES a
_ Rat e ato owheiccrheas: 0 0.00¢ d
- Transmi ssion r at - 0. 02
a Number @fegzero dec o 14 4 a
‘ day
i Asymptpte par ame ) 0 56 e

fungicide (again

0 Curvgt_ure parame 9 9 o

fungicide (again

' Decay rate for a o 0.00¢ f
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4. 4Ef2f ect of dose spfifubgirepdearn anneleec

For the range of par dmadbd®Br, weael beho ws irmwsludtted f (o
the overall magmietassdie eadf bgelt et isignSeacttiioom coef
4. 3)2.8nd the percentage change—-(Bgusa&tliecn i on
21). When describing the baselined4dl.eve&l 1lof eff
ana@, we refer to the dose response m@gainst th
an® for the asymptote and curvature parameter
strain with an- alymptodvoecshyv &t uyb,e nsohtief tt hia.te .
MM Q. For a resistant str albnutwintoh aas ycmprtvoatteu rseh
n n.

4. 4 Maghi tude of selection

The magnitude of selection for fungicide resi
coef fi,ciiennctr eased for both single and split d
increasing values of tr'h,ecuasvyamrutrcete?@aparmeemeetrer
asympt ot-eors hciurtvvatuyrandhiwith decreasing val ue:¢
rat'elFi gude. This means that a strain with re:
effective fungicigeQawdth hebhtivaplbweslbt val uc
spread more quickly if the fungicide was ap|

resistance against a fungicide with | ower ef

fungicide on the growth rate ofmatxhiemusnrensi ti v

magni tude of the cumulative difference in gro
sensitive strains when the fungicide is applie
val uesoro) wi l | al so spread more quickly, as tt

in the presence of a fungicide relative to th

As noted 4n3S2eitilld@® asymptote shift or 100%
|l eads to a strain that is comple®é)]yameésistan:
an identiciafforvad ugi wédn @¢oi®bamdt iFoonr od gi ven

sensitivity shift percentageileséaighan 10660 %ah

asymptote shift than for the same | evel of ¢
correspandmsore highly resistant strain, l eadi
di fference in growth rates between the resiste

i s applied.
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For partial and compweaes ec mrssyimngptt eorttel ys hhiifgrser f
applications than for single applications.
0.0035 - (a) 0.0035 4 (b) 0.0035 - (C)
0.0030 - 0.0030 4 0.0030 4
0.0025 - 0.0025 4 0.0025 -
D) 0.0020 - 0.0020 - 0.0020 4
o
c 0.0015 4 0.0015 - 0.0015 -
g 0.0010 - 0.0010 - 0.0010 -
E 0.0005 - 0.0005 4 0.0005 -
8 0.0000 - 0.0000 - 0.0000 -
O 0.00 0.05 0.10 0.25 0.50 0.75 1.00 0 1 2 5 10 20 0.004 0.008 0.016
c Asymptote parameter, g, Curvature parameter, & Decay rate, v
o
_5 0.0035 4 (d) 0.0035 4 (e)
Q) 0.0030 4 0.0030 -
$ 0.0025 - 0.0025 -
0.0020 1 0.0020 1 m Single application
00015 - 0.0015 1 Split dose
0.0010 - 0.0010 4
0.0005 4 0.0005 -
0.0000 - 0.0000 -
0 1 5 10 25 50 75 100 0 1 5 10 25 50 75 100
Asymptote shift, {, Curvature shift,
Fi gudrdeEf f ec t of fungicide properties and resi

selection for .aVareitstoanti nstsrealievdttihon( agoef fi

asymptote mané&metceurr,vatur®@ ( @lar dmetg(rdr)at e,

asymptoteamdhi(fa), curvaOaotg shefpar amet
0. 0®@8& or (a), (B).,0.(7d5) Teoerdl;((6)) for (ia

er

vari

) and

(ey; 100% figrc) (@and 0% OwWr f ¢iedyifmeasures t

magnitude of selection for a resistan

4. 4. 2. Effect of dose splittinmng on

The values of the asymptote parameter, I , and asymptote shift, — , have very
little impact on the percentage change in the selection coefficient i (— in Equation
21) as a result of dose splitting (Figure 4.5). 1] also has very little impact on — for
a curvature shift (Figure 4.B.1, Appendix 4.B). This is because ] and — do not
affect the length of time for which there is a difference in the level of control
exerted by single and split dose applications. The curvature parameter, 'Q, and
the decay rate, ' , together control the value of —, in combination with the

curvature shift, — , where relevant (Figure 4.6).
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change in selection as a result of splitting a total fungicide dose ‘O over two

applications of T®O  at GS32 and GS39.
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at GS32 and GS39, compared to a single application of O
— , for fungicide decay rates’ ,and’
respectively, corresponding to foliar half-lives of 3, 6 and 12 days respectively.
(d), (e) and (f) show the effect of "Q on — for a resistant strain with a curvature
0.016 0 ,” 0.0080 ,and’ 0.004
0.5; the effect of

shift, — , for fungicide decay rates’
0 respectively. Results shown for asymptote parameter fj

N on—is very small (see Figure 4.5).

For any asymptote shift, dose splitting increased selection for resistance. The
value of — for an asymptote shift varied from <5% to 40%, depending on the

values of Q and’ (Figure 4.6(a)-(c)). Our results suggest that splitting the dose
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of a solo SDHI across two applications rather than making a single application at
full dose rate could increase selection for a strain with an asymptote shift to the
SDHI by approximately 20%.

For curvature shifts, — varied from -20% to 80% (Figure 4.6(d)-(f)), indicating that
dose splitting can reduce selection for partially resistant strains in some cases,
but in other cases it may lead to a large increase in selection for resistance,
dependent on the values of 'Q,’ and — . The value of — increased with the
curvature parameter, 'Q, reaching an asymptote at high values of ‘Q when the
fungicide half-life was short (Figure 4.6(d)). For longer fungicide half-lives, the
value of — initially increased with 'Q to a maximum, then decreased at very large
values of ‘Q (Figure 4.6(f)). For larger curvature shifts, — , the —values approach
the curves for asymptote shifts (Figure 4.6(a)-(c)). For smaller curvature shifts, —
<50%, — initially increased with Q, to a maximum at approximately 5 0'Q 010,
and then decreased again for larger values of "Q. For small curvature shifts, — ,
large curvature parameters, 'Q, and longer fungicide half-lives, — approached
Zero or even became negative. Our results suggest that dose splitting of a solo
SDHI application would increase selection for a strain with a curvature shift to the
SDHI by approximately 20-35%, with smaller curvature shifts falling towards the

upper end of this range.

Dose splitting will increase selection for resistance if it leads to a larger difference
in the growth rates of the sensitive strain and resistant strain for a longer time

than a single application, i.e. if it increases the overall sum of the differences in
fractional reduction, B "Q0 Q0 .Foran asymptote shift, the maximum

difference in the growth rates of the sensitive strain and the resistant strain
occurs at high fungicide doses, O 0 , for which the fractional reduction "Q 0 is
close to the maximum (as defined by the asymptote 1] ) (Figure 4.1(c)). For a
curvature shift, dose response curves for sensitive and resistant strains converge
at high values of O 0 . The maximum difference in the fractional reduction and
resulting growth rates of the sensitive strain and a resistant strain with a
curvature shift occurs at intermediate fungicide dose O 0 (Figure 4.1(d)). As
discussed by Taylor & Cunniffe (2023b), the effect of dose-response
convergence on selection must be considered not only at the applied dose, but
across the full time span of fungicide decay. Dose splitting increases the length of

time that the pathogen is exposed to intermediate fungicide doses, which
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therefore increases B "QO0 "QO0 .Theresultsin Figure 4.6 can be

understood by considering how the values of Q,’ and — affect the size and
duration of the difference in the growth rates of the sensitive and resistant strain,

for single and split dose applications.

Effect of decay rate, ’

For both asymptote shifts and curvature shifts, — was higher for larger values of ’

(Figure 4.6). If the decay rate is high, the effect of a single application dissipates
quickly, so a split dose application is likely to double the exposure time. If the decay
rate is low, the effect of a single application at full dose rate will last for longer, so

there is less difference in exposure time compared to the split dose application.

Why does — increase with 'Q for asymptote shifts?

For small values of the curvature parameter ‘Q (approx. <4), the maximum
reduction of the sensitive strain life cycle parameters is only achieved at a high
fungicide dose, O 0, and the fractional reduction reduces quickly as ‘O O
decreases (Figure 4.B.2(a), Appendix 4.B). Therefore, the higher maximum dose
applied in the single application initially achieves a much higher fractional reduction
than the split dose application. Larger corresponding differences in the growth
rates of the resistant and sensitive strain partially counterbalance the increased
selection from the increased exposure time in the split dose application. The rate
of selection from either a single or split dose application is therefore relatively

similar for small values of Q, resulting in small values of —.

As "Q increases, the fractional reduction remains close to the maximum fractional
reduction even at | ow@r , sbatioger aiuas ef Odog
differences in the growth rates of the resistant and sensitive strain are similar to
the difference at the full dose rate (Figure 4.B.2(b), Appendix 4.B). The effect of

the increased exposure time from the split dose therefore dominates at higher

values of 'Q, resulting in higher values of —.

Why does — exhibit a maximum vs. ‘Q for asymptote shifts when ’ is low?

If Q is large and ’ is low, the effect of a single application persists close to the
maximum fractional reduction for a long time (Figure 4.2(f); Figure 4.B.2(c),
Appendix 4.B), which shifts the point at which there is a large difference in the

fractional reduction from the single application and the split dose application later
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in the season. Since canopy senescence begins to restrict the growth rates of both
the resistant and sensitive strains later in the season, the value of — is reduced
relative to the maximum at intermediate values of "‘Q and lower values of ' .

However, the effect of dose splitting may still be larger than for small values of Q.

Why does — increase with 'Q more for curvature shifts than for asymptote shifts?

As Q increases, the dose response curve for the sensitive strain becomes more
steeply curved, resulting in a decrease in the fungicide dose ‘O 0 at which the

difference " Q 0 "Q O is maximised for a curvature shift. The larger the value of

"Q and the smaller the value of — , the lower the dose O O at which the difference
"QO0 Q0 is maximised (Figure 4.1; 4.B.2(d)-(f), Appendix 4.B), as resistant

strains with a small curvature shift are still well controlled at high fungicide doses.

For very small values of ‘Q, the maximum difference in growth rates occurs at
higher values of O 0 > 0.50 , which may not be reached using a split dose
application. The maximum difference in growth rates is reached by the higher dose
rate of the single application, partially counterbalancing the increased exposure
time from the split dose application. Therefore — is small for small values of ‘Q for
a curvature shift. For larger values of 'Q, the maximum difference in growth rates
occurs at values of O 0 <0.50 . A split dose application keeps O 0 close to
the level that maximises "Q 0  "Q 0 for longer. In combination with the effect of

increased exposure time, a split dose application increases selection more for

strains with a curvature shift than for strains with an asymptote shift for intermediate

values of Q.

Why does — become negative for small curvature shifts, large values of Q and

small values of ’ ?

If 'Q is large and — is small, the maximum difference in growth rates occurs at
very small values of O 0 <0.10  (Figure 4.B.2(f), Appendix 4.B). If the decay
rate, ' , is also small, low values of O 0 are not reached for a split dose application
until late in the season, when canopy senescence restricts the growth rates of both
the resistant and sensitive strains, leading to low or even negative values of — for

large values of 'Q combined with small values of* and small values of — .

It is important to note that our results do not suggest that there would be no

selection for resistance in cases where — was close to 0 or even negative: on the
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contrary, selection for resistance will usually be strong in cases with large values
of 'Q and small values of * (Figure 4.4), as resistance against a very effective
fungicide gives a strong fithess advantage. However, in these cases dose splitting
may have little effect on the strength of selection for resistance, or may even

slightly decrease selection relative to a single application.

4 . 5Di scussion

Dose splitting is likely to increase selection for both target-site and non-target-site
resistance. Our results suggest that the percentage increase in selection due to
dose splitting, —, is likely to be particularly large for resistance mechanisms that
cause a curvature shift, where the effect of the fungicide is reduced at lower
concentrations but not at high concentrations. These mechanisms could include
non-target-site resistance, target-site overexpression, and target-site mutations
that affect fungicide competitive binding rates. Our results also support the
hypothesis of van den Bosch et al. (2014a) that dose splitting will increase selection

for target-site mutations that cause an asymptote shift.

We show that the effects of dose splitting can be very variable for both target-site
and non-target-site resistance. The largest increases in selection due to dose
splitting are likely to occur for fungicides with a steeply curved dose response curve

(i.e. high values of Q) and a relatively short half-life (i.e. high values of the decay

rate, ' ). In these cases, dose splitting should be considered high-risk for both
target-site and non-target-site resistance. Our analysis focused on dose splitting of
a solo MoA, whereas resistance management guidelines recommend application
in mixture with other MoA; mixture may reduce selection for resistance and change
the measured effects of dose splitting (Young et al., 2021). Where use of mixture
requires o6splitting and mixingd due t
disease control, careful choice of mixture partners will be needed for fungicides for

which dose splitting is high-risk for resistance evolution.

We found a small range of parameter values i fungicides with a large curvature
parameter and a low decay rate i for which dose splitting could reduce selection
for a resistant strain with a small curvature shift. However, these parameter values
are relatively unlikely for a commercial fungicide, unless a high level of persistence
could be achieved without associated environmental toxicity that would prevent

regulatory approval. We used SDHI fungicides as an example of a commercial
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MoA currently available to growers. Our results suggest that dose splitting of an

SDHI fungicide applied solo will increase selection for resistance by 20-35%.

Our results suggest that variability in fungicide decay rates between years and
sites due to differing environmental conditions is likely to contribute to the variable
selection for SDH-mutants observed in field experiments on dose splitting (Paveley
et al. 2020; Young et al. 2021). We modelled the effect of a 4-fold change in
fungicide half-life, which is well within the maximum range observed in field
conditions (Fantke et al., 2014). Our results suggest that for a fungicide with 'Q

10, the variation in decay rates could account for the variation in the percentage
effect of dose splitting on selection, —, in the range 10-40% for an asymptote shift,
or 0-70% for a curvature shift (Figures 4.6(b), 4.6(e)). The statistical power or field
trials to detect the lower end of this range may be limited due to experimental noise,

but our results confirm that dose splitting tends to increase selection for resistance.

There is a strong covariance between the fitted values of Q, N, and’ for the
SDHI fungicide, increasing uncertainty in the estimation of these parameters and
the consequences of dose splitting. We also assumed that ‘Q and ] were the
same for the fractional reduction of the transmission rate and the rate of conversion
from latent to infectious leaf tissue. Measures of fungicide foliar half-life for each
trial, and laboratory investigation of the effects of different fungicide dose rates on
life cycle parameters such as latent period, could provide valuable additional

evidence to inform these parameter values.

In our study we assumed negligible fitness costs of fungicide resistance, which is
often the case (Hawkins & Fraaije, 2018; Mikaberidze & McDonald, 2015).
However, fithess costs may sometimes suppress the growth rate of the resistant
strain to a level below the growth rate of the sensitive strain. This can occur in the
absence of fungicide, at low fungicide doses for an asymptote shift (Mikaberidze
et al., 2017), or at high fungicide doses for resistant strains with a small curvature
shift. Fitness costs have been reported for some target-site and non-target-site
mutations; conversely, resistant strains can also have increased virulence relative

to wild-type strains (Dorigan et al., 2023).

We did not explicitly model polygenic resistance, where resistance is conferred by
multiple genes and the degree of resistance can build up gradually over time as
resistance mutations accumulate. At the population level, this process leads to a

continuous distribution of resistance phenotypes across strains, with the average
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levels of resistance increasing over time as selection for resistance continues
(Shaw, 1989; Taylor & Cunniffe, 2023a). The difference between the dose
response curves of partially-resistant strains may be analogous to a small
curvature shift in our model, meaning that dose splitting could strongly increase

the rate of selection for polygenic resistance.

The variable effect of dose splitting complicates management of resistance

evolving 6concurrentlyd to two or mor e

require splitting the total dose of a fungicide across two or more applications, due
to a limited number of MoA available. The balance between the effects of mixture
and dose splitting on selection for resistance will change depending on fungicide
properties and resistance type and strength, and the optimal strategy to slow
evolution of resistance to one fungicide may not be the optimal strategy for another
fungicide. The efficacy of the fungicide programme also needs to be considered

and, where relevant, the effects of sexual reproduction of the pathogen.

Previous modelling studies found that if it is necessary to combine two high-risk
fungicides in a programme, mixture rather than alternation or concurrent use will
generally present the best strategy to maximise the length of time that effective
disease control can be maintained (Elderfield, 2018; Hobbelen et al., 2013).
However, Eldferfield (2018) found that alternation may be a better strategy against
strains with a small curvature shift. Experimental evolution in vitro on sensitive
isolates of Z. tritici using mixtures of high-risk fungicides showed that the success
of mixture in delaying resistance depended strongly on the mixture components,
and some reduced-dose mixtures selected for generalist, multi-drug resistance
(Ballu et al., 2021). These results may be explained by our finding that dose
splitting increases selection more for strains with a small curvature shift i
representative of non-target-site resistance i than for strains with an asymptote
shift.

Since the balance between the effects of mixture and dose splitting on selection
for resistance will differ for asymptote and curvature shifts, this could introduce
trade-offs between tactics to reduce selection for large, target-site, asymptote
shifts and alternative tactics to limit incrementally increasing levels of resistance
due to mechanisms that cause a curvature shift. These trade-offs appear to occur
in weed management, where use of herbicide mixtures is associated with lower
prevalence of target-site resistance, but higher prevalence of metabolic resistance

(Comont et al., 2020). Fungicide resistance management strategies have tended
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to focus on large asymptote shifts associated with target-site mutations, as these
can lead to a rapid loss of fungicide efficacy, for example as experienced in Qol
fungicides for multiple pathogens (Grimmer et al., 2015). Due to their large effects,
target-site mutations that result in an asymptote shift are more likely to be quickly
identified and studied than individual non-target-site resistance mechanisms which
may be overlooked due to the small effects of each gene (Hu and Chen, 2021).
However, in combination with target-site resistance, non-target-site mechanisms
may contribute to highly resistant MDR strains (Omrane et al., 2017). Synergistic
interactions between resistance mechanisms could enhance the overall impact of
non-target site resistance: for example, increased efflux reduces the cellular
fungicide concentration and could therefore increase the effect of a target-site
mutation that causes a partial curvature shift. Wherever possible, tactics should be
chosen for their effectiveness against both target-site and non-target-site

resistance.

4. 6Supporting I nformation

AppendddiFxurt her details on model parameterisati

AppendBiFxurt her details on model results
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Chapter 5

Whi ch resistance management
wor k againncsutr rent evol ution
resi stance to fungicides?

|l . Cdrikd ewi ka’hbeFi dzan “d°e N. Bo sPraA.eEeyMi | ne

Net Zero and Resilient Farming, R®dhamarist ed Re
of Agricultur e, Policy and Devel opment , Uni v
3Sustainable Agricultural Syst é@nusantADAS,i v&ol \
Bi ology & Epidemiology Group, Pl ant Pat hol og!
University of CalSustaiaabbDaviAgri slAt ur al Sy«
Rosemaun®®usWii nabl e Agricultural Syst ems, ADA

The results i n Catalpe ee fdibesssethloowfetdi n dmoode a si ngl
of acti om t(héoMaaAdbda) mivxatru ree pva npthrnodpner g ii eisdeand t h
type and magni t.lde gedemssadliistttainrcee i ncreased sel
both asymptote shift and c¢ ulrhveasteu rree ssunlitfst ptryopvei
insigbnei Regoftfr adcheat wi | | i nfl ueintcer n datei dbral @am c¢
Gplittingbsandtferk eraggsi st ancle dnedpiarge menyg and

mi xiansg6doplei o ttihreg t ot al dose of enauclht i @fl et wo |
appl i ¢gateinmeg dlnigc d thieo™MoAf i n mi xture with one a
application timing (the amalswusaesmapxiensuenmtoefd i n
two appsd)Acaeioati onus$ iscngee faipnpebdi caasst i on of each

at he same tot &l mdasemumapermihted individual d

A potenti al resistance management ubéengf it of
anotheasMaAturecparitmprovetcannsowi oth resista
a sina®l(eésMoegsliest ant rsaddwmdinegd )t he di fference i
bet ween sensitive dhdsresaystaortreforei count er |
increase in sedlspdtiitomnigr @dmsdolsnd etdh iisn cChaapptteerr,

consider mixtures of two fungicides, O06A&6 and

Howeverrgsiisft ance ibotév dMoVisngatt ¢ heelh sraegndet i me
potenti al f or sredseicsttiaomt fsotrr adionusb Itehat have r e

bot h Modlsu.brleessi st ant strain mayibhaesspagtiaost a

155



Chapt Modé&lclomcguewvehtuti on of resistance t

mi xtures of the two-rMsAs,t arndl asttirvae ntso asidn gleen s
but alternation may-rabget amlBeasltl rud ioents daolu b, 1 e2 0 -
xual reprodeaoaer etudicesni st antt hrsauw@hn sexual
recombinati eamsbpét asnimigtklber aeasstance to fungic
ngi ci de B Ifr e supnegcitcii vdeel yp.r o dprod rhmessie sgjdsiéeacntt f or

strainbi s wialllsot henrcaefecarsee t he rate at which th
resistant ssirains hotrehsar whether alternati
i s a bettemi rsitmiaze giyndroeases in trlesifsrteaqquency
strain.

n this dhapdtagprt t he model dse sncurl iabteed ailnt eC@ maap ti
and Osplittpnggaadmmisxbhgowot dMovwlsi, c 6 Arde aaingt & B¢
s evolvingTheodelrréehablge hfei @aqguency of sensit
singésgi stant -raemdi sdawnb| esntcrlauidnsng t he effects
reproducheoendtof theFgrbwwhggsthsesonesults of
Isi mul ated a wide area of parameter space of
(asymptote,andurdeatayr e& at@ndadiaimedg e e sdifde s
asympsbit eturowrature shift to each MoA.

5. 1Abstract

The best strategies for managing resistance e
Mo A at t he swunlee & id ooeo napolee xo ftfrsa.deFor crop patho

suchZpmosept orimulttriipiliecifungicide application
required to keep infection below damaging | ev
MoA available for disease control is increasi
resistance. Use ofefmirxt ureegsui may stphe tting the
fungicide across two or more applications, r
application but increasing the éxwpgsorirdeti iWe
used a model of theZzZef fiencfteicotfi ofnu nogfi ctihdee su popne r

winter wheat crops to explore the effect of

magnitude and type of resistancer esn sthetrate
strains wheskt WMoAatre eithepimixedr (al t &r datse
(withowutplddWe ngompared results fortbasymptot e

maxi mumodf ftehcet fungicide is reduced even at hi
(e.sp.me tsairtgeetresi stance), and O6curvature shifH
only at l ower fungicideargderntece mterdetsitssmsone() e . g .
that whether o&ésplitting or mixingd or alterne
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fungici dendf fdieccaamyydr athee t ype and magnitude o
Splitting and mixing-rtimb& tfawingli cdiekessl yoft oo woe a't
beneficial against st rari nisn wiatshe sa nwhaesryempht cotthe fs
have strong efficacy | aed nastohroeg hl idkeeclayy troatnei;nia
selection for strainsrwiitnh ca scéuwrnwehtauw rdee dsoht ihf t

weakly or moderately effective.

5.2l ntroduction

Fungicidal modes of action ( MoA()Oswbnighleea si ngl
fungi cairceesadt)r askhi ghi targesi st ance, as a singl e
can produce pathogen strainHwmiltdmdnr& eBrrersti,
20

0.9) Model ling and experi ment al evidence S
devel opment can be s-towkd f bpgiapipdegs ngn ami xt
n

fungicide with a different MoOA that the resist
the fitness adtvasnmttr &dgveasno fd erne sB oasl c. h, 2P14a, 2014
Mi xi ngr ibikghMo As -rwistkh-s(inbua étri MO As has been recom

as an effective resistance management strateg
experiment dlHodwbied emc et al ., 2011; van den Bos
van den Bosch, PaveMadyt,e eftunagli.c,i d2e0sl 4t)ar get mul
of the pathogen biology, so a single mutation
gr owt h rate and -tihelky frem awe@lsludsviteam,ce b et t he!
fungicides often |l ack curative action against
sufficiently effective on their own to maintai
without the inclusirdmkofMod@d $ wnsptenoeg cfaurinmigg e i de

(Deising et al ., 2008 ;. vHaonwedveerr , B e rhspi teds ea lo.f, m
fungicides is increasingly restricted by regu
cropsThis | imits wsptieo Mo Atso i ins ewiimg kudrdidso Avi t h  hi ¢

a resistance management tactic.

Strains with fungicide r esissithhenAdsea vaeg dierest t wo
observed in severiahclf Baoigmyt pgthegemsae of gre
mould in mulCeirglos por g@pdn)et icamls®@ of Cercospor a
i n sugaWermteeni)a (applhe@®Phakl)p,sor a (plascihaynr hi zi

soybean ©Zysnols epnad(rtihae tcausiacli pat holglemt ol s ept c

(sTHTBChapman et al ., 2011; Chatzidi mopoul os et
Ml | er et al . | 2021; Omr ane et al ., .2017; Ru
Evidence is needed for resistance management

157



ri sk

mo

pr

Co
ma
St
fu
se
fu
On
re
de
20
fo
re
mi
cCo
20
on
se
t h
de

ma

Zy
p a
Gu
ev
di
re
re
0s
ap
cCo
pr
fu

re

r

e

Chapt Modé&lclomcguewvehtuti on of resistance t

fungicides are not available and resista

Mo A: wha't i's the Ihe gth svka yMotAo i o nab i fnuen gtiv

ogramme?

Q O « 929 22 O

5 0 O

t

mp

1.

I
I
e
t

n

3
y
e
r

e

a

mo
t h

® € T T o o9 uw o

Q un

c < o

urrent evolution of r es tosftf asn cfeo ri nrtersoi dsut caens
gement . The best strategy for one MoOA me
tegy for a second MoA. In field trials, mi
i cideucamidnagd e dehydrogenase inhibitor ( Sl
ction for resistance against t he DMI f un
icide was not reduced b(yDormlIxeyureet. wailt.h, t2hOel
model |l ing stuwdy @oonmdparlitreg nmitxton tactics e
stance evo-tvskgftuongt wbdéasg ghtoauentdi ct hvaar itehde
nding on the relative effectiveness and dc
); whilst another study which accounted f
d t hat mi xXtures woul d outperform altern
s{d8agkor & CunnAnfdteher20m@aB3del |l ing study p
ure tactics would outperforectmaal ber nmati on
|l ete and parti al resistagtilebhedewvaeyi ag . |
JHowever, i n expiemr i viedrirtiay t aervko lad ttieaomat i on
del ayed resistance for somei MoOAeaembdi nat i
ction for -dgamgerrael qfiBsatldnmoweé t i al.. , I t2 0i2dl , 20
efore important to understand how fungic
rywh emteher mi-xitak ef ofigiadci desfios aegbetastea
gement .

septorome taofitidie mo st common, wi despr ea:
ogens affecting winter wheat( Fcaonogpss & n t he
, ,i291&80h i mportant example of a fungal p at
ution of resistance to multiple MoOAs is a

ase lcnonmootli.ny etalMes MK ti ple fungicide appl
i red.t dbréild@yw idamagi ng | evels of severity,
ire splittinQundiecitdd adcrdosse towo aor mor e

itting and w@mipxingdngacttiducedDodsde dose of

ication but increases the exposure time o
teracting effwan sdem Bed e®).tTohten ales,ul 2614
einClealpt(eCordkl ey eshawtehla20@&dade splitting o
icide is |likely to i nscirteeasah dsregiiestrcet i on f o
stance, but t he i ncreasen ifrungelce dtei odno s\ a
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response propertliigisedan ch ef dlyipaer amal fmagni tude o

The effect of a mixture partner on sensitive

also vary with the same parameters. I n which
out weigh the disadvantages of dose splitting?
The mddetri Gleapdi@@or kl e302)% eplr es bapt sofff ect

fungici deer oagoarpdhigtah r at e of sensitive and resi
through parameters defining the effect of the
pat hogen | ife <cycle, such as a reduction in
fungicide dose respomisienatsi arefofnealn byasay mpt ot e
the maximum effect on the I|ife cycle paramet
6curvature par ameter 6, t he rat e at whi ch t hi
fungicide dose, and Hhé ef migaddieddfssThat senshht
shift as a result of the i mpact of resistani
response i s represented by a reduction i n e
6asymptote shiftd) or t he cur vCahtawprteer p adr a me t
CorklepO2bwmeal gue t hat arhicdadsny nbpet odensi der ed &

(

(

br oarddpr esent atdivtee oruttaatrigeent t hat reduces the

any dose rate of fungicides-cwmpehibiwvel gl It 0s t
enzympfati al cur vbartouardelpys B s € ht atsiviee orfe stiasrtgeaernc e

to competitive inhibitors causing -aipartial r

overexpress-tangiaehed mesni st ance mechani sms.

Within a singleZsedgpiidamidc ssriom¢crease primar.i
asexual reproduction and thé Epirbsdect i&@omMuaik, p
200,3)with overl apping generations consistent|
combinations and reSskxsbanceppbednodddaouarcsi n

prdeomi nantly towards the end of the growing se
di sperse and infect théEnektseneé&stdonagk, wkeas; c

et al ., 1999; Sha®u&f Rty )l e S2EBBY reproducti ol
produce new combinations of resistance all el e:s
over, potentially fpngdecidreg rereswsmmant i pat hoge

boosting the freque@Glkkegn o0& NMabDemalsd,r al %6 ; Zh

200.3)Tihs sparticularly relevant for concurrent

mor e MoA, as the relevant alleles conferring
separate chromosomes, or at a scuhfrfoincoiseonme di st
that crossing over is |ikely (Lobo and Shaw,
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We extendeddeéeder mbrela@dti@ordk| ey02%a)ali .ncl ude
sexual reproduction at the end oZ.theigrowin:q
strains defined by their sensitivity to two f
both fungicides, strains sensitive to only on¢
a douwklsé st ant strain. We used the Imotdeilngo i n\
and mixingd is a good or poor resistance ma
alternation (sol o) at full | abel dose, when
resistanoeti €achnt rofdffuc,esand asle coul d either
reduce s(eCheapti®®ing @®)eTo constrain the number of
combi natei orness,t rwcted our anal yshe maxiamudmxed
permitted individual dmoge efach d usign ¢li e ea PRAIGI @
rates are partially determined by cd@&@ntrol regq
tritWeicompared the rate-refsisdlaendt isanm afi mr atnhde
of erosion of di sease control for each progr
di ssipatiweshabtymptote and curvature par amet
shifts éaawtptptviahaoareding parameter values r
activity of SDHIZ.f unrgWeiiaierss iadgeari endctt he f ol |l ow
concurrent resistance evolutiosnhi f(ta)t ovabgt mg
fungicides O0A6 and 6B6. (b)) wvarying levels of
6B6 . (c) varying |l evels of asymptote shift t
curvature shift to fungicide 6BO.

5. 3Materials and Met hods

5. 3MoldelZymbsept olriifae tay dlie i

We used thepaoamét amdval ues de(sCeorrikblegdy ient Ghlap
2025a)The compartment al epidemgobwghcaadndmode
senescence of the | eaf area index (LAI') of th
infection of healthy | eaf area by haploid p
di sease through | atent and infectious (sporul
sgerity of the polycyclic epidemic over ti me.
each pathogen strain are trat&«edby htrbegmodel t
We extended the model to track four pathogen
to two fungicides O6A6 and O6BO:

(a0)SBHensitive to both fungicides

( bO)RBEBesi stant to fungicide A, sensitive to fu
(cO)SRéensitive to fungicide A, resistant to fu
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(d)RRHesi stant to both fungicides.

|t is assumed that the epidemic on the wupper
spores from infectious | esions on | ower | eave:

| ower lbpadeésj ni shes oyerastilnneweat |lreatvees senes

i nfectious | esions on the | ower | eeaviehse r each

LAI of infectious | esiomms o8 kawewnul|l h¢adessat
66 ©6A P

Fract—+ onasnd& of the iaftoml| owétukeaves are a

t o be spores sofrathme sémnigsteant to fungicide

respectively, -rweistihsttame douvhlmlie f—+action cal ct
— — and t he sensitive strarn fpaction ca
— — — . I't is assumed that these fracti

fungicide application after @WYWhewsha@dt agé t he
(GS312adoks et al ., 1974) , as t heylhreepgrnd ¢d mtl
influx is o0denotaddafsor the senrsddiisvteantsiaimgd e

doubfrlessi stant strains respectively.

The influx of spores, C, and infectious LAI 0
into new | atent | esions on the uppgper th@nowpye,r a
rate at which infectious |l esion density is ¢
given density of healthy |l eaf area. Latent | ec
|l esi ons,] ,atwha rireatle¢he average | atent period. TI

-and maturmaarenafheeted by the -amntdiaorne of fung
calcul ated fior |l ehebtisbtuai he'si onnhseriks elt/la ¢ a ra
average infectious phekealb®h,y Tlhaet eanrté)ay a imnddfeexc toefd

infect®Hi o eaaf( area over time are tracked wusing

Ko O ..
TAb [0 V) T o0 ) - 0 (@] C
_ O “ o o, n o
¥y o © O 70 1 ov o
AO - o
B Y !

wheboés the (dothaly BRI O, wh™rse LAl removed by ei

senescence or the end), of itshet hienfneacxtii muuns Lplelr,i o
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the growth rate pfitshd hleeafataer eed, semekscence o
| at ent | y Ail nfaedc ttasmedet ai | e(dSeicntt i Bhp2Ctde k | €y
et al .., 2025a)

Theungici de do gaet otdiOfbewiregiacyisdeex ponentially ove

rabe

wherOGe i s the ap,pelxipordesd@esle as a proportion of
permitted individual dose (@s ,aedisedhen the
ti md hef dpplsitoat f am.difciache addi tiohafuggiptidati o
is mad'e athe remaining dose)ifsr oamd ¢t éhde ta@wll y cat i

applied dose to calcalate a total value for

The actsiyen dmingscedeces the pathogen- |l ife cyc
andby a fQactwhlhinch changes over time dependin
fungici @@ .doTshee,e dose response of tiheo,fractiona
t ®© is described by a combi najt,i owmmhiocfh ains atshyemy
maxi mum fractional reduction of the pathogen
fungicide dose), and Qa wvind ecfhit ue £ Ipaw amei ek | y

fractional reduction de©(@i ndeesc rferaosne st:the asympt
Qo N p Q ®

The fractional reduction as a result of the |
6Bb6s described by a mul { Bpl s8satile89suPaivedleyr

200.3)For exampl e, t hevhtemma f aamigs <ii @lresr At and B al
in mixture is calculated as:

-0 Rp N p Q P N p Q X
A shift in sensitivity to the fungjcodeais de]

curvature ddmdted as a percentage reduction i
relative to the sensitive strain. For exampl e
means If ham@y . We assume that there are no fi

resistance.

162



Chapt Modé&lclomcguewvehtuti on of resistance t

The infectious aré&88ibd waedh tsdara@aahcuwmltate the
fraction of each strain at the time of compl e
denot ed as , — ane- respectivel y. The startin
fractions of each strain inn#+)hef doflolldwiwigngs egxruoa
reproduction on wheat stubbl e drnmehecaltamicat ed
(Mi ko, Za@8or and )CGusnsnuiniifneg, t2h0a2t3 bt he al |l el es f

to fungicide A and fungicide B are on the chr

unlinked, and so are inherited independentl y:

— E p — — — m™w— — — — ™w— — U

— E p — —_- - ™— — - — ™®— — W

— E p — m™w— — ™w— — —_ — —_ — p
— &P P — & p — & p — £ PP

5.3wWngicide programme scenari os

Three potenti al fungicide programmes combini
systemic fungicsdes!|l Atend Bcweses multiple sce
wide range of paalbB®t erepra&lseeas i O0g variation
ef ficacy and |l ongevity, and the type and magr

resistant strains:

(a). O6Alternate Fungicide A firstodé: Fungicide
Fungicide B applied at full | abel dose rate a
(b). 6Alternate Fungicide B firstdéd: Fungicide
Fungicide A applied at full | abel dose rate a°
(c). o6Split and mixé6: A mixture of fungicides
full l abel dose, applied twice, at GS32 and G
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TabbELi st of parameter Atadl ceosnlig, iad laontded

—values simuihgt ed desrfAdAramrdach value of the dec

Parame Description Val ues si mul a-
0 Totfaul_ng.icide do_se1, D . e.
fungicide applie
. Initial fracottlhoanio_01
is resistant to
. Initial fracottlhoarﬂo.01
is resistant to
. Initial fracottlhoanio_0001
is resistant to
. Asymptote of funO.2845, 0.426
d response (sensitO.7113, 0.853.
0 Curvature of fun2.475, 4. 950,
response (sensit29.700
’ Decay orpate ( 0.01605, 0.00

Asympt ote shift 1, 10, 50, 75

- Curvature shift 1, 10, 50, 75
GS31 Timing of start 1396

Timing of GS32 a
(zedeogree days)

Ti ming of GS39 a
(zedeogree days)

GS61 Timing of anthes 1891

Ti ming of end of
compl ete senesce

GS32 1495

GS39 1653

GS87 2567

The decay m©atod#,0,5 0.008%0and 0. 00401
correspond to foldawvesowde st r &t iaomrd Ha&l fdays r e
an SDHI fungicide, we POCeEIGXHgs!| . 6% i amad ed

Q 9. €@héaptielrab42( Corkl ey ex. al ., 2025a)

5.3Me3t rics used to compare resistanc
strategi es

5. 3 E3fkctive disease control t hreshol d

Fungicide programmes that do not provide eff

suitable for use as part of a r e(sHskhbhalceen man a

et al .i,n 2d0eXfli)ni ng effective disease control as
duration (O6HADG6) to |l ess than 5% of the HAD
compl ete absence of disease. HAD is calcul at e
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green | eaf area i ndex-deé GEdlaky)s )o vheert weietme S 6nl zaer
GS87; GLAI during this perid¢ddBriysonitreonagly,cdanf
GLAI was defined as LAI +imftehcet ehde a(lLt)h yc o(np)a rat nm

5. 3 Rat2 of s el eerteisoins tfaonrt dsoturbalien

We used the rate of -setestanmiROéDrNaitma doanbl e
growing season, as measur esq Miy gtrhoeo ns e& eatyi, o i 9c
van den Boscla, et oalcompaba&édthe success of eac
managing concurrent evolution of resistance.
singéeegi stant strains can boorsets itshtea nftr esqtureani cny,
us e-d ¢ p foll owing sexual reproduction t o c
coefficient, compared to the starting popul at

the first growiénig season,

— & pp — &

P
| TII N .
v — : p — : p pPCq
wheifYes the | ength of time simulated over a s
GS31 andClk&spfieS(e cdtdi .on (o5 kl ey exr. aThe <m2l5lagr
the vaduda hef more successful the programme i s

evolution opr aowisdisngnictet, meets the minimum th
di sease contr ol
The r a—t+-—o0 wher e i s t he mi hi mum a@&fnd

i , provi des a measure of the rtalative r

splitting and mixing and alt+e+ndtiomdi gcadgrsamm

that splitting and mixing reduces selection f
value > 1 indicates the reverse.
5.3 Rat2® of increase in HAD | oss
I n some <cases, the rateesofstsedntecsioai f omay Is
i mportant for the overall l evel of programme
resistant strain, such as a case where the sh

muc hr gler ef fect on programme efficacy than the
fungicide. We therefodreecrceoamspeﬁ)?qeno&behweemte of
the first gmamwd ntghe efaclolnowi mg,fgrrowailng fsuenags ccn d

programmes that met the effective control thr
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('€ p (!'®

y( ! T , o

(!'$p (1% p
The more negat Y(vie$ tthhee Vfaalsuteeroft he rate of | oss
Using this metric, programmes can be ranked a
of disease control provided.

5. 4Resul t s

Therogrammes which minimisedeseseani ostfarnt
di fferent scenari dcd gamle Baammasceerdriom i s desc
further det &i Ut.@n4dasedtfiwinls tables of results

Suppl ementary Material s.

For all combinations of type of sensitivity s
shift to both, asymptote shift to Fungicide /
splitting and mixing mini-mésiesdt asretl esti ann f 6 R

soméungicide dose response parameter val ues,
selection in other cases. Overall, splitting
most frequently when there was an asymptote s
frequent!|l y awshean ctuhrevraet uw e s hT&b3.2sd olwest h hfeungi c

di stributionr—ef( Sehcehi.BatdicRoss al | par ameter \
simul ated. For each combination of type of ser
splitting and mixing strongly reduced selecti
well as cases where the r eiveerrss eo fwapsa rt a nieet. e rNovt a
are equally 1|likely—=swo00vtehre anmhela np avraalmeet eaof val u
necessarily indicative of the most |ikely out
comparison of the tendency for splitting and
each scenario. I't i s i mpeoratraenaa otfo pnaortaemettheart sc
the difference in selection for 6RRO6 between s
small, as indicated by the interquartile rang
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—_
[O)
~

Asymptote shift to Fungicide A

Small shift Large shift

m Fungicide | Woakto Strong,  Strong, ., . Stong,  Strong,
[+}] efficac; moderate diait iz moderate i oy
k] Y lasting lasting
_2 Weak to
=] moderate
c
S | smanl Strong, - . : . .
L Sshift P SplitM SplitM SplitM SplitM SplitM
=}
- Strong,
= SplitM  SplitM  SplitM  SplitM  Splitm
—— long-lasting
L Weak to
o e Splitm  SplitM
il
° it
= || arge Strong, . . )
o N SplitM SplitM SplitM
3 shift | short-lived
> Strong, : .
2 onaast SplitM SplitM

long-lasting

Curvature shift to Fungicide A
Small st Large shit Tactic that minimised selection

Fungicide | Weak to Strong, | Sfrong, Weak to Strong,  Strong,

efficacy | moderats SO 008 | oo, short - long: for double-resistant strain

lived lasting lived lasting

—_—
(e}
~—

Weak to

moderate &3 2l

. Alternation better

Small | Strong,

shift SplitM

short-lived

Strong,

ong-astng ] Variable outcome
(alternation usually better)

Weak to
moderate

SplitM

Large Strong,
shift short-lived

SplitM  Splitm o - .
0N Splitting and mixing better
Strong,
long-lasting

Curvature shift to Fungicide B

—_
O
—

Asymptote shift to Fungicide A

Small shift Large shift

Strong, ~ Strong, Strong, ~ Strong,

Fungicide | Weak to Weak to
: short- long- short- long-
efficacy | moderate N " moderate
lived lasting lasting
Weak to
moderate

Small Strong,

" SplitM  SplitM  SplitM
shift | shortlived

Strong,
SplitM  SplitM SplitM  SplitM  SplitM
long-lasting
Weak to
SplitM
moderate G

Large Strong,
shift | shortlived

SplitM  SplitM

Strong,

Curvature shift to Fungicide B

long-lasting

Fi guwrleCases where alternation or splitting an
selection f-onesitdtea dtawedpleeadinng on fungicide eff
type and | evel of sensitivity shift. (a) Asyr
Curvature shifts to fungicides A and B; (c)
curvature shift to fungicide B. A-630mall 6 sen
(%) ; for a Ol argeb 1s0en¥%)i i 65t yoaspgdffungDci de
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asymppatamét edH, 569 appr ox i-lmavteed dy ;-h mddsthidohrgd g

fungicides have small/ |l arge val Qes anedspecti v
or high/ l ow values respecTthieved ¥ eocftlst hoef dec a
interact to-ldefeidind asstddhlmdgtef fect: for exampl e

' 0.0080@2n® 5 hasshehritved ef’'f edc.t0,08Qu2t | arfger
val uéswofil d al so ddfviede ed fsetcdr.t

TabbzZDistri but+enaoccfr mdadt i par a meftoerr swveelnuaersi o s

with (a) an a$tyanphotthe fsthnditcgi de s, (tbo baotchur v a

fungicides, or (c) an asymptote shift to Ful

Fungiciide iBs the mini mumaaf . The ratio
——i s a measure of the relanigpliatengfasdl enc
and alternati &An val ee@rormines ndi cates that spl it

mi xing reduces selection for 6RRO6 relative to

the reverse.

Uype Ty@e PEeay . : Il nterqi
shlfshlfra,t‘e (Meait Mi ni m Maxi m range
A B B, (0 )
- - 1.07 0.50 1.400. 915 1¢
- — 0.016 1.2 0.49 2.03C1. 0486 3¢
- — 1.1: 0.49 2.00s1. 020 2¢
= = 1.0t 0.68 1.22(C0. 995 1:¢
— — 0.008 1.1 0. 68 1.64:1. 0615 2:
= — 1.0¢ 0. 68 1.59.1. 0247 1¢
- - 1.0« 0.78 1.18C1. 0-113 0¢
— — 0.004 1.0¢ 0. 814 1.25¢1. 049 1:
- - 1.0¢ 0. 814 1.24¢1. 029 11

5. 4Colncurrent evolution of compl ete
fungici des

For most parameter value combinations consi deil
selection froagsitsteardtoushtilreai n rel ative to alterr
selection iddcEgfufaitdioenntl12) . When there is conc
complete resistance to both fungicides, splitHt

reduction of the sensitive (6SS6) strain rela
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the dbpbebletant (6RRO) strain is completely wu
di fference ikhi gbReat)h) .r aAtl e ho(u g hr ecoingdtraornt o(f 6 BS &n
and 6SR6) strains is improved by splitting an

the cumul ative difference -riensicotndamnmtols torfaisres sii 4
relative to thencemulhaciowneraoil ffoé-rtelse sstamdi ti v
strains, due to the effect of increased expo
(Fi gbeec) ) . I n a small number of cases, wher e
asymptote parameovombjnation with a@Ql,ow curvatu
a high decayl irtattieng and mi xing strongly reduc

resistant strains, out weighing the effect of
slightly increasi ng -rseesliescttanotn sftorraitnh ed udad winlgl e
seasbBhngbelleh) 6dp) . For this |Iimited set of par
selectionr gdwoirstsamtglset rains 6RS6 and O0SRO6 redu
théoubleessi st ant strain O6RR6 following sexual
programmes compared to alternation programmes

I n cases where al $ erinfattihoen dneicnaiymirsaetde of bot h
either 1 owO0Oo008Darhd (0. 016 0r5espectively), alter
the more effective fusnngiThiedgroaevd dind amieniomi ¢ da
popul ation is highest prior to GS39, when the

pat hogen growth rates are not l'imited by de
maxi mum difference in resistantalasiad Isaemgern i ve
prior to GS39. However, i f botH iffendgiiciedes he
0.00802 representative of an SDHI fungicide),
the smaller curvature psatametl ewesepamd mif nitrmie
response curve of the fungicide with the | arg
fungicide alternated first reduced the differ:

strain andgetshestainnglsda rai nd dmppll iowa tnigon.he seco

In a few cases, splitting and mixing provid:i
alternation did not, for example cases where
and where the curvature and asymptote param
fungicides welrewreAadi viewmeanld ¢ ypboilm fTtasegisci des
moderate to high asymptote parameters i n comb
dec

was generally smalodgrammes ¢6slpantf &r makHepnat i c

ay rate orpalreawneaterry attthree rate o ! Boss of di

despite higdreal avtail wee st, wmflailet ¢ ron aat ibembheol | eV el

singéeegi stant strains.
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Parameter values High asymptote,
similar to SDHI low curvature
O @ '] (b)
=
C i i
5 0.8 0.8
S 06 06{  FZ
2 71 /o -
@ -
= 04 -~ 0.4 - T
© - -
c ’ e
0 024/, 0.2 -
g 0 : : . : . 0 . ; . : .
0 02 04 06 08 1 0 02 04 068 08 1
Total dose D,(t) + Dy(t)
——3Solo fungicide A:'SS' —— Solo fungicide A: 'R8' and 'RR’
——50:50 mixture; 'SS' ----- 50:50 mixture; 'RS' ------- 5050 mixture: 'RR'
S E
:L-__.r: E 450 - (C) 450 - (d)
c® 400 400 A
8 023 350 A 350
cC = 300 - 300 A
[T
@ % 250 A 250
% n 200 - 200
® L 150 - 150
>0 T —
-_% D 100 - 1001 A7 -
= © 50 50 A
EE 0 £ ; . ; ; 0 E—r . ; ;
25 0 0 250 500 750 1000 0 250 500 750 1000
O o
Time (degree days after GS32)
—— Alternation: 'RR' ——Split & mix: 'RR' ----- Alternation: 'RS' ----- Split & mix: ‘RS’
Fi gust2eCompari son of the effect of O6splitting
selectionrésirstaobtesdssangl etrains when ther
evolution of complete resistanf@ag tondbdgthh fsihm
di fferences in the dose resporn®Goe woudr wd rafi ntshe
6SSo, 6 RS60ransdo I6oRR6Gungi ci de A and a 50: 50 mixt

(c) and (d) show the Bun@lbatd oeandi fferenc
B Mo Qo for alternation and dapltihte & amiesd
shown her e, both fungicides A and B have the
decay rate parameters, so thaemdgswlatls ifforf uxntgr
B was alternated first. (a) and (c) are plott
values representativig =0f 5889SBAL 008BPGi ci de (
(b) and (d) are plotted for a pair of fungici

1
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combination with a | gjw= Oc.u8r5BaR,u4, B50p Hr0BALt er (
o) .

5.4Coe2ncurrent evolution of partial r
fungici des

5.4 A3 yImptote shift to both fungicides

For weak to moderately effective fungicides
asymptote paraméteemati on mini mi sedssetaantion
tr&igbt(ea): both fungicides weak to moderat el
partial asymptote shi gl ittonidimog ihnd uinmgprco des
ontr ol of the tsteer-seitii glea etinda it meirrdoudt ant

w O 9 u

tr ddionveyeover all the difference in the growt
increased by splitting and mi xi ncgonitnr otlhiosf cas

—

he doabl et anst martdlaatni vies vted o hotfe o | of the sens
traadmi eved by Ft lyab.B(md )x:it uceempgare the difference
trains 6SS6 and O6RR6&6 by solo fungicide A and
rowth rates of ORS6 and 06SS6 is decreased b

v Q uvw Ou

pplication of fungicodeshmal butotbetdecgbkathe
increased exposure time from splitting and mi
t wo weak to moderately effective MQumngicides i
and Qo Qo (Fi guwBEc) ), and therefore increas

sel ection froasitdstea rdto udtireai n.

When both fungicides were strongly effective,

n , splitting ansd omi xsitrrgai me ddurcRedd r el ati ve t o a
caseFsi gbriea) ) . In this case, tBhe Qcaumul ati ve
"Q 0 anB QO Q 6 are both smaller for the O6spli

compared to the al (Feirgnalb) nd phe&gr ammease in
control off etshestdonublsdanchink ibhyg rsigpd ignduwmgh rel ati

to the increase in contrdlQafectrlteeaseasn Divteirvad | ¢
and the increasereéensisbantostihi @an@fdlber eases
Qsufficoenwkeyghothe effect of increased expo:

asympsbi-#ithe wider the range of parameter val.l

applies. Table 3 shows the results for diff e

fungicides with parameter values representat.i
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A and B A and B
weakly effective strongly effective

> 11 1

~—

= (@) ®

c ] ] -

s o8 0.8 -

% 0.6 1 0.6 ;

§e;

o 0.4 - 044 [/

@ T il 'l“

s "\ 02}

% O ’J‘ ----- I--_ T T T 1 0 ’) T T T T 1

= 0 02 04 06 08 1 0 02 04 06 08 1

Total dose D,(t) + Dy(t)
—Solo fungicide A: 'SS' ----- Solo fungicide A: 'RS' and 'RR’
——50:50 mixture: 'SS" ----- 50:50 mixture: 'RS' -+~ 50:50 mixture: 'RR'

8.£
S o 300 300 A
82
2 2 250 - 250
= 2 200 + 200 ~
Lo
5 L 150 150 1

(= T P
_02') 3 100 4 004 AT
Y E 50 A _____.’—_=---""'"_’-‘"-'_'-' """""""" 50
S a
EE 0 . . : . 0 : : : :
= O 0 250 500 750 1000 0 250 500 750 1000
O o

Time (degree days after GS32)
—— Alternation: 'RR' ——Split & mix: 'RR' ----- Alternation: 'RS' ----- Split & mix: 'R’
Fi gusrt3eComparison of the effect of 6splitting
selectdownbrléesir st ant-rasdssangl etrains when ther

evolution of a partial asympt(oat)e asnhd f(tb )t os hboowt
di fferences in the dose resporn®oe wodr wd rafi ntshe
6SSo, 6 RS60ransdol6oRR6Gungi ci de A and a 50: 50 mixt
(c) and (d) show the RBun@lbat oeandi fferenc
B MO0 Qo for alternation and déapltihte & amiesd [
shown here, both fungicides A and B have the
decay rate parameters, and the resistant str a
s h i f=t7 B, so the results for strain 6SR6 would
alternated first. (a) and (c) are plotted for
fungi i d®@.s28§@5,9.950.00802 (b) and (d) are plo
pair of strongl yn ef0f. e8c5Qi5v%., F=0ngo08i0A@es (
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Tabb®8 Fungicide programmes thhatfomi ntmesedubkkek
resistant strain for dif ftewoenftun geivceil dse so fd Aabds yan
with parameter values friempgisiedd 2a&®9We 90f an SD
"=0.00802 Where an alternati en tpireogomladenre of n

alternati on <sihsati nndii nciamiesde. d

Asymptote shift to Fu

1 10 50 75 100

1 Spli Split Split Split Split

Mi X Mi X Mi X Mi X Mi X

10 Spli Split SplitAlter Alter

Asympt Mi X Mi X Mi X (B fi (B fi
shi ft 50 Spli SplitAlter Alter Alter
Fungi ci Mi x Mi x (Eitr (B fi (B fi
( %) 75 Spli Alter Alter Alter Alter

Mix (A fi (A fi (Eitt (B fi

10(Spli Al ter Alter Alter Alter

Mix (A fi (A fi (A fi (Eitt

When the efficacy and | evel of dasfyfneprteodt,e tshhei f

outcome depended on the relative |l evel of effi
(Figbt(ema) ). I f there was a | arge asymptote shif
ORR6 and O6RS6 and a small asymptote shift to
and O0SRO) , splittisgoandt makneag 6RRAduaed ORSH

alterwmatgibd(ea)() because 06 RRO60 mtnrdo I6IRESd ay et we | rhi .
but have high fitness when the weak fungicide
advantage of strain O6SR6 ifs trlkedrag i waty as manlall
asymptote shift to the weaker fungicide (str
asymptote shift to thesfsotrr osntgreai nf ulhRIRG&c i wdaes (16¢
alternation relativEi ¢g®d4(epl)i:t tiinng hamnd cnisxei ntgh e
fungicide is not a strong enough mixture part |

and 6SR6 relative to 6SS06.

| nsabst aombal of cases wher e,tahlet erantat iodn | noismsi
di sease Yclovasol ower for s:pliint tpianegs iesudwame rxd ng

t h®a&sympsbtét to both funghene@ebowlasf smai d¢i deg
moderate to high asymptote parameters i n comb

decay, oat d ow curvatre par ameter
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250 4
200 A
150 A
100 -

50 4

“— T T T 0
0 250 500 750 1000 0

Cumulative difference in f(t)
compared to sensitive strain

Time (degree days after GS32)
— Alternation:'RR" ~ —---- Alternation: 'RS' «eeees Alternation: 'SR’
— Split & mix. 'RR" === Split & mix: 'RS' --o--- Split & mix: 'SR’

Fi gustdeComparofsonhhe effect of O6splitting & mi x
selectionréseirsttaeainobbeadst ant strains when ther
evolution of a partial asymptote shift to bot|
t he fumoidcildkkersel of asymptodief Bhescumal eaddlvef u
di fferBncess ™Q o, B MO Qo andB Q o

"W 0 are sltawn.large shift to a weakly effective
to a strongly efrfes0i 284 5=sg iQc i=Pe, 9B= (
0.0080#% =0.8535,10,Q =9.,9 =0.00802 (b) Small
shift to a weakly effective fungicide A and | a

BAR( =0.2845,10,bQ =9.,9 =0.00808 =0. 8535,
75%,0Q =9.,9=0.00802

5.4 Curature shift to both fungicides

I n most cases where resistance to both fungi
curvature ahi étnation programihesblesli stctaad | es
strain compared toFsgpgbi(eh)i)n.g wmed tnmi xd eargv er gi n
response cutivessmhpgibbéa) ) , t he iasf fleacrtg e ft at
intermedi ate fO@ngiscoi depldotstei ng and mi xing te
B Mo Qo, B MO Qo and Mo Qo (Figure

55( c.) )Ftowo fungicides with parameter values r
fungicide, alternati onomkeiduaeidossel ettt pantifal
shift c oThashi%dge.r ed (
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Large curvature shift to

Moderate curvature shift, moderately effective fungicide

fungicide parameters

similar to SDHI
= 1.
— a
= (a)
= J
9 08 Tt
—t
S s Sl
ER e
04
g lf
fr
s
o
© 0 T T T T 1
i 0 0.2 0.4 0.6 0.8 1

& small curvature shift to
strongly effective fungicide

1 4

0.8 1

0.6 1

04 -

0.2 1

L St
0 02

Total dose D,(t) + Dg(t)

——Solo fungicide A 'SS'
——Solo fungicide B: 'SS'
——50:50 mixture: 'SS'

50:50 mixture: 'RS

Solo fungicide A: 'RS' and 'RR'
Solo fungicide B: 'SR' and 'RR’
50:50 mixture: 'SR’

50:50 mixture: 'RR’

EE 100 70
= £ (©) (d)
= 60 |
Qo 80 -
2 E 70 A . P G
% c 80 40 -
Q |
£o " Ei R R A 2 —
T o PII Y A A———— N N
—-— -
RS s 20 |
© g 20 1 A 10 |
S8 0 &
E E 0 r . . : 0 e Pt . . .
8 9 0 250 500 750 1000 0 250 500 750 1000

Time (degree days after GS32)

—— Alternation:'RR'
——Split & mix: 'RR’

Fi gustbeCompari son

selectionré&srstdan

----- Alternation: 'RS'

Alternation: 'SR’

--Split & mix: 'RS’ ----- Split & mix: 'SR’

and c
t her

of 64 hlei tetfifregct & omi xi ngo

b-t esdssangl gtrains when

evolution of a partial cur va.t(wmrne askdi f(tbh)t o hloowt
di fferences in the dose resporn®Goe woudr wd rafi ntshe
6SSo, O6RS6, f6oIRO6s oalnod fOuRRg6i ci des A and B and
fungicides A and B. (c) and (B) QWow the cum
MQ o0, B MO Qo0 anB MMo Qo for alternation and
& mi x06 programmes. For thbortlsktusfioowindesn A agn
have the same asymptote, curvature and decay
an SDHI friun=g0i.c2i805=9. 950. 00802 and the resist:
strains have the same 3506els oft caurrved wlrtes sftha rf
6SR6 would be identical if fungicide B was al't
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and (d), the efficacy of and | evel of curvat
there is a | arlgievesdhiffungtiociades hhvoratnd a smal | sh
l asting frungioci ReedB. $55 %5 =0. 00808
0. 85A5514. 855 %0 =0.00802

Tabbé Fungicide programmes tihkatfomi nt mesaedubEkeE
resistant strain for di ftfweor &nutn gliecviedless 046fA6c larnwde
parameter values represefMtadi y&®9p%. @,n SDHI fu
0. 0080)2. Wher e an alternati o9 pgrhegrarmdrer ma fni

alternation sihsati nndii ncianmiesde. d

Curvature shift to Fu

1 10 50 75 100
1 Alter Alter Alter Al ter Spl i
(Eitt (A fi (A fi (A fi Mi X
10 Al ter Alter Alter Alter Alter
SRR ® )i (eEittr (A fi (A fi (B f)i
shi ft 50 Alter Alter Alter Alter Alter
Fungi c ® )i ® f)i (Eitt (A fi (B f)i
( %) 75AlterAIterAIterAIterAIter
® f)i @B f)i B fi (Eitlr (B f)i
10 ¢ SplitAlter Alter Alter Alter
Mi X (A fi (A fi (A fi (Eitt

I n general, alternating the fuunagr ctide Iwander h

curvature Q@Qaramesersm{infi mi sedl ower part of the
curve for the first fungicide overlaps with ¢t
i s improved control of strains resistant to t
di fference iwpugrdowtthherramiesse be at a maxi mum du

dose response cur ve.

Splitting and smiexianhgveedocadternation in case
|l arge curvatur émaodchdrfat daloy ae fwleeadktd dyveungi shdet art
a small curvature shift-liwved §$§EBNngbhEgeeffect.i
Fi g&beb%:(5d) ). | nY( &@mhist iloonwer for splnitating an
subst amtmbalr of cases wheres iaht pancasceashami ni m

wher ec urhwasthuirfee t o both f.ungicides was small
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5.4 A3y3mptote shift to fungicide A and curvatu

When there was concurrent evoluti-emnadf an asy
a curvature shi-f,t hteo ef wregiecifcceweB, cases where

mi xiwageneficial compared to concurrent evol ut
both fungicides, but more cases than for conc
to both fRing®idecdgds GSplitting and nsiixni ng gene

cases where (a) fungicide B had a | arge asy
curvature shift and fungicide A had a small a
a | arge curvature shift and fungicide A had a
asymptoteamsdchilfarge curvature parameter relatd.i
where alternats, oint mvaas mgeaedrally better to a
second, unl ess fungicide A had a very | arge <c
had a very small CTabb@s hows pahemeeeul ts for

|l evel s of asymptote shift to fungicide O6A6 an
fungicides with parameter values representat:i

Tabb®& Fungicide programmes tiatfomi nt mesaedubPkeE
resistant strain for dif ffeunegnitc ildeev ed As6 oafn da sdyini
|l evel s of curvature shift to fungicide 6B6, e:
of an SDHI(H=0®On&d@@9deE&D. 008P2 Where an alternat

programme mmi ntihmd seerdder of al tsdrsn dtnidd rc attheadt. mi r

Asymptote shift to Fu

1 10 50 75 100

1 Al ter Alter Split Spliit Spliti

(B f)i (B f)i Mi X Mi X Mi X

10 Al ter Al ter Al ter Al ter Alter

BU oA B f)i B f)i B f)i B f)i B f)i
shi ft 50 Al ter Al ter Al ter Al ter Alter
Fungi c B f)i B f)i B f)i B f)i B f)i
(%) 75Alter Al ter Al ter Al ter Al ter
B f)i (B f)i (B f)i (B f)i (B f)i

10 ¢ SplitAlter Alter Alter Alter

Mix (A fi (A fi (A fi (A fi

5.4Co3ncurrent evolution of compl ete
and partial resistance to fungicide

When there was concurrent evolution of compl e

parti al resi st amplciet tiond g®md cmaithéiymgs esd sel ecti o
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for ther edsaushtlaent strain ORR6 in cases where f
effective (i.e. with a moderate to | arge as
parameter), and the | evel woforsknwasi gsmall shil f

fungicide B was weakly effective or there was

B, alternation @eenerally minimised

5. 5Di scussion

Our results reveal di fferences between which
of resistance mechani sms t hat result i n an
mechani sms that result in a curvature shift.
t wo-r ask ifduensgiics more | ikely to be beneficial
asymptote shift, whereas alternation is more
with a curvature shift. However, in both case

was better fTomcmanagitng@volution of resistance

fungicide properties and the magnitude of t h
previous findings that dose splitting <can i
curvature shifts fthan bot abgmptbeeethects of
variable (Cheaktey ). aAcroemb2idrbadt i ons of type
sensitivity shift (complete; partial asymptot
and mixing was neonreef ilciikaell ywhteon bbeotbth f ungi ci de:
s holritved efficacy (i.e. a combination of a hi ¢
decay rate and/or a | ow curvature parameter),
to each fungicide wassumegqeal . k&Il tyertrmatmiann mi s
for doadil £t ant strains when both fungicides
effective.

Our finding that the optimali skt rfatheggy i ders ¢ o
progr ammedevpagrmdens fungicide efficacy, l ongevit
magnitude obndesishascehe value of experiment

fungicide properties and l' i kely resistance 1

-
o

| owing devel opment of new MoAs. This infor.]
of fungicides for whuirceh ifsormourleatliiokneliyn trmoi xb e
resistance manageensenfto,r awhdi cfhu naglitceirdnati on i s |
strategy. However, this rMmangbeidtkalflodnagirngeica
can be measured experiment a(l Fayntoke eeift iana.t,ed2 W:
but are affected by environment.Abymptobes and
a

nd curvature parameters can be estimated fr o
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ease severitgode® radt d xacft 4 hsgeleo fungicide

control has been m&asud.ed.ChprChkaptyer)t 3atthe 2025
| evel of wuncertainty in the estimated par amet ¢
guality of &Matagaewnasiianb bwintdriaexsper i ment al evol
can be used to predict I|ikely resistance mech
the relative fitness of (dHtarwkiimswWwi2ioRtddidat ar en
gat heredsstloséi tat€s (the diosewitrtoewtt hi roHi hihtes

pat hogen by 50 %) could indicate whether a re
asymptote shift or a curvature shift. The pre
fungici deHawliumpss, 2024; Hawki bst &i Framayj @l sd0
possible to predict the type and magnitude of

fungicide bindi@GgapmesSh athd s@esr kl ey et; al ., 202
Gri mmer et al., 2015).

I't should be noted that the difference in sel.
alternation was relatively small across a sub:¢
trials comparing splitting and mixing with al

fodnno significant diffewuémateéonn 8saelessti anrfo

SDHI

and DMI dose rates (Young et al ., 2021) ;

to experimental vari abiiln twistirBg p &DiHme mtnadl Daw ¢

fungi

cideat f muwrdurés perfor med moder ately be

agai nstr essiinglaent strains, but t hat there was

performance of the steasisgiaeas agaianss doackl ¢&¢h
reached a popul &t HéBnalflrue geute nddlly.e,roe2 @2 4) erences

selection are small, and there i sheerceoniosmi c or

|l i kely to be room for flexibility in the choi

proposed by Pavel egi ataldaliitfi o2@23) PMesng@asur es

utilised to contribute to resistance manageme

The measure of success for fungicide resistar

tacti

c appear 6Elt de rbfei eolpd i eéa |l &dlo.c,us2@l1 &)n t he r

selection froeasitshteamdtoustireai n, for programmes tF

a maxi mum ,t horveesrthod dsi mul ated period of two gr ¢

k e enpo d e | runti me tractable over the .l arge are
However, splitting and mixing tends to provid
many cases the r avtass dfowleossusofmgHADPI i tting an
even when selectiresi Sobant het daiubl|l was i ncreas:
alternation tactics. I f the choice of tactic
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t he pragmatic choice in gener al to maxi mis
effective | ife, as CcBihdenufdieal ¢byetpralvi ouzs0 - §
al ., 2013; Tayl oHowewenniiffethO@3bs fl exi
tactics and alrnieskhat ungi oifdetshei nhiitgihal I'y p
ease control, in some cases choosing alter:H
l ution of resishanbe fopti bongerdmdver swit
ing as necessar yTof oax pdiosreea steh ecscenteafoflect s,

essary to run the model tfooresa ilmartgern hreu mlea
ti me until br eak AAadwln tdo fonaflflg¢t whé | o ntorua | .c
ection rates used a single scenamdo of st
brleesi st ant strains, these starting frequen
l utionary history of thhd fgpathovhearc hp e ulaa tei
i mal fmg enfafxéeatiisve | ife or | Hbbbemenyeel d (
: 2013; Tayl o). &T hCu nenxiifsftei,n g2 0f2Zr3ebquenci es o0
|l d therefore need to be considered when ¢

i mising effective |ife.

restricted the anal ysi s-rtic ka ffuinxgd & i dlees e vraa
dose rate of each fungicide could increa:
itting and (nmayilmg i& Capntnildnbdsle, r20 23 b an be

tially determined by controlZ.ur etqruiatnieganent s -

i-akerse grofwmergincamdef acaveersometeil mes ant t o

ed
an
ni

re
es
re
ho
It

ma t

a

|t

uce dose rates beneath a tnei nBieneusm reetc canhme, n d2
den BoschWetahs$o, r@fttB8)cted our analysis
tial frequenrceeisstoafntt hset r ai ngl ewer e equal,
guency ofreshet almtublsérain was | ow. | f t he
i stance to one f uingghiecri,de hiiss snuabys tad rfteical lwh i
oftTiamdlor & Cuwmmni fmag, mz@2a23kd)hat the fungic
ice of mixture-rearitsnam.t Isft rtahen dosualla eady
ernation or -mi skurfeingflcitlbelsyhitgtlh extend eff
erially. I f availabl e, t ra sikn tf rusndgu acti iden i«

ernation or mixture would be -nesdetdamnto pro

str@bBall u et al ., 2024)

Our

affecting both the | atent period and the trar

analysis used the diompl iffuynigng i alsgsu metrieo sy

reduc®o® ®or each strain and fungicide combinat

pat hogen | ife cycle parameters. The reality i
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is scant data to support parameterisation of i
The i mpact on our qualitative conclusions of
| at ent period and transmission rates is |ike
funigdee efficacy, which is defined by the overas
We al so asswemaedalt r@&tproduction only occurs at
seasomnadltlhadtadtecttheonst art of t heorsiegcionnadt egdr o wi
from ascfoslploswisrua | reprodmet serual reproducti
occursa. itddrtiiecg the growing season and coul d
evolution of resi stance. The i mpact of ascosy
the wupper l eaf canopy( Ersi ktsheonu gehtt &dlld. h o @2gOsOnia)l |
ascospores may account for a greater proporti
where a | arger area of healthy |l eaf area is a\
season (Duvivier, 2015). The i mpaadawiorfg any se)
season will depend on the timing and the | eve
formation of pseudotheci a, but the effect on
smal | : in the cases where splitting and mixi

reudced the difference in theegiacwtamtr atnals dofubl

- < ® ®© T oD O

An
pr
ev
al

at
me
re
be
Ho

sistant strains relTaayiB@u ntnoi ftfhee (s2e0n2s3ibt)i veex psl
e impact of di fferent l evel s of sexual rep
owi ndge sho di fifnerefnfceecst i ve | i f e y(lbhatt weneont optir
Xxual pgoofp o5 % oannTdh e1 0sOWs py v al diodspores on sur
brest foll owirng sh avri kit ens tcil nfpmadsai,loans h di sper sal
cnidiospores is as®dt¢amd icwhoepastsvmre n art ioo wkthaera t

ubblHowever, it is flokmltyhe hmaj amiEtoys pb@fr eisnoc
w seasoliSOusf ferop etamd he i2@pgagt on our qual
mpari sonspbiettwerg and mixing asndl iakeley ntad i o
s.mal |

y application of fungicide exerts selection
ogrammes r el yringk sfodrediyciodhesatwi | | be at hig
ol uti on of resi stance, regardl ess of t he

tersbtabegy. Steps should be taken to avoid
i sk fungicides for disease control wherever
asures reduces the potenti al fitness advant
sistancedual amg dwowrdkidveiy et Halgek MOA2)s houl d

used i n mixture -9rtasttwewhai(eBiadviauwliedthlaehul,t i20
bbel en et €hojceotbt) cultivars shoul d prior
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which can contribute to fungicide resistance
growth rates, reducing t her efsiitsnteasnst asdtvraanitnasg,e
both resistahblandntdi sedasevars which maintain

of di sceaans erseduce the intensity of chemical C
di sease (dawtool & Cunni ffe, 2023;. WCarl tdemal Bos
control met hods should also be adopted as rel
as part of intageme etd @Oe&BP MadmairctuHotrur al contr

measures includeMdared ary ealt Salwivin g22@2 R0y | e, 1993
use of cul t(ikrairs tnoifxfteurrseasnd et mpt ove@O0@d8@hagement
stubble to reduce inodwMcbDDmnaldyvi&v MuNamd 22Prléa

chemical | PM methods resulting in | ower disea:¢
numbef fungicide applications needed for di s
fungicide resist@mapt a@aonalgleeane ne) .(sael a0, f 2025b

di veramge of di sease control measur es i s k e
evolutionary |l andscape that wil lconmpurorveentt he

evolution of resi stance.

5.6Supporting I nformation
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Chapter 6

Azol e mi xtures: Model |l i ng re
management benefits of 1 ncon
resi stance within a fungicid

group

| . Cdr2pd &y PaAv 8L Ay> J.r atie |jles W. 3, AShEa w!Mi Nn &.
Hawk8 n&. van “"d®en Bosch

Net Zero and Resilient Far mi ng, Rot hamsted
‘Sustainable Agricultural Syste¥®sho®lDASf Wol
Agriculture, Policy and Devel opment, Uni ver s
‘Sustainabl e Agricul tur al Systems "BUADAS, Hi
Bi ointeractions and Pl ant Heal t h, Wageningen

University and Research, WNgABjnGambriThge NeUK
'Quantitative Biology & Epidemiology Group, PI
Schol ar), University ®%tsCalnabltaei aAgr Davi sur &IS
ADAS, Rosemaund, UK.

The | decebrsesi sti ancae pathogentwopdluatgiicn dées i ¢
measured by tohteh e osrearegpiattihwigteyn &ft rai ns to each
Strong posrigsiivset amrcespiammloigen shatins that are
one fungicide are also sepathbyentetthiensethasn
moderately resistant to the first fungicide
secoand pat hogen shirgahibngsi stthaantt aroa roen ealfsuongi ci
highéygi sbhmret secondLdwngriesigdset ancetihmplei €és t hat

|l ittle to no correlation between the sensitivi

Most existing modelling studies of the evolut
compl et-eesresance between fungicides with the
|l ack ofesre®sancdubgiwedrs witihn di hé ecanse MOA
singéeei stant wsthaitmese caseaddmiotdievé edousi mgdea
( ADM) or a multiplicative sur \Cinaplt emodel 1 ( MS
mo d e lslterdaihmst r eadst ance t ot ot wdo dVomMbidnuaet i on of

resi stanwiet yeinedepend:drmte iMBEMe motdende ng approa
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suitabl e fHowevhehre,r eaaee | mporft amtcoenpdmpleesr os
resistance ,wiitmdanzaliwdg A ci ddeesmdatnhytlhaet i on i nhi b
(DMI) :graodmr ge number of-sicoembmntaat omss oiff nttaheg
CYP51 enzyme pavbogem dtorains with variable
against di f fNeeri @ rhter a 2 dilee sADM o MSM model |l ing
appropriate for this case.

There is some | imited e3pagodmeongtraal mneevsi dwe rntche at

diverse range of wathi vdes sainea ivonghd eébtue cr os s

resistancentcroiubuwt e to fungi ci d(eHeriecski satanale. ,m:

201L,7)but i s unclear how these hwme cef iotf s avald e Wwiu

t he | evel of direcomplatcte oOrtlsve en u mizmalees f

active subst amrc etsheavwaay atbHaet, acti ve substance

(mi xture, wat-he am albd towme eonr ynecasrasi,c at a | andscap
I n this chapter, I describe the development o
model that repressxinttes dfhteh gincdinfte st awigtent t he s al

buitncompl et esicstheaseesti gate how the resistanc
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nefits sooff nfiuxntguircei des with the same MoA bu
sistance vary with the number of active sul
sistance bet ween fungicidlem haunpgpoadeidngi n t
f ormaht icooompar e t he perdmmena nad i loifsi mrgogmi xt
ternation or mosai c wi t hinareai svidakn cwi.t h i n
pporting informatiehmowhs p@ppMmotdieshéeémgaseai st

nagement benefits of diversity with a fungi
orsssi stance: t heéd asz dgeaeml iextaep lied AModer n Fun
d Anti fungal CerPeBpdeo PrvaleedXngsh Vol ume ¢
ternational Reinhardsbrunn Symposium on Mod
mpounds, Re&I2AB.in April

I1Abstract

xing fungicides with differewest alwldiesh eodf a
si smanagemearctti ¢ which relies on the gener e
sistance between MoAs. Mixtures of fungici de

orsesssi stance do not contribute to resistance

ses -rcasoissst ance is only partial within a MoA
t he dieame tihnyhliabti t or ( DMI) group (FRAC Code 3
mat hemati cal popul ati on genetic mo del t o

190



ChaptBodél | i ng ineocmplsdataenceer ossd hi n a

management benefits of mixtures of fungicides
crorsessi stance. An i mportant example in agricu
against the whyenaots eppattchroigée ntmroidteildied sel ecti on
Z. taYipPtbilcihapl otypes following application of

way mi xtures of epoxiconazole, prothioconazol
programmes having the same total dose as a p
measur edttechef resistaghceceeseiveti mgpoamfenechange i n

pathogen popul atYiflonaogdmpwtr ke dr @ sease control
mi ni mum t hWee sthmd Wlsed -Mom wirolgir @ mme s t o i nves:
resi stance managemenMo Ab eancetfiivies soufb swiatnltien di v e
practice azoles should be used in combination
Our resultanishawes haf fungici derseswistlancecomp
within a MoA can contribut ecthd erve snigs tgare@ad ema rs.
i di sease contlirmdr emamirnngbiegmeeof azol e active sut
a mixtur &lorne dauvceerdage, but withedéemahinseéitng r et
model fipo@dltad itmmedgeersastihitocsve dYili hat eased wit h
the average | evel of disease contr ol and with
sensitivity to an indivilie@ualombdzoleéei cosnp owneéht
negati v-eesirotsancar makbmasee manad@amenatnybenef i
degree of inaemplsdtaencer ovass usef ul

6. 2l ntroduction

Azol es, part of the demethyl at i( mRAIChICioldiet or (
3)have played an i mportant role in crop protec
1970s. Over ti me, increasing |l evels of parti.
reduced the efficacy of some azole fungicides
still annt icnopnoprotnae nt of fungicide programmes f ¢
and plant( @d slesaseets al . , 2013; J B rlge nhsaesn baenedn H
hypothesized xthanesazodwel dmicontri bute t o fun
managenehaol ey et al ., 2016b; EPPO Wor kshop,
i ncompl eresicstoasce bet ween s olhsee aozfol ez ofluengi
mi xtures has been shown to i mprove disease co
azole and to provide a more consistent l evel
| ocat(iJdmrsgensen gtaatl. az@20&8mMi xtures may al so
commerci al grower ssptectirmpr cwethbiobadgai nst a 1
pat hog®oel ey et HaweverBDHDdKHs shar eodteheofsame m
action (MoA) witshta: sinbl bi ttiacdgearteft htyh@aseset er o
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(CYP51) enzyme which catalyses the conversion
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sential component offRddirnigpu eV ,eltdulrie@)mbr ac é s v ¢
bstances within a MoA is not usually recomme
there is typicalklesisttrammg md s iptaitvhe gemo sd r a
t ween active substances in the same MoA: i
tive substance in the MoA tend to be resist

me Mo A, and vice versa.

e of mi xtures of fungicides wi t h di fferen
nagement tactic to slow {(KKerkheg ef pht hog@ ¢
n den Bosch et.allThjs20adadéajc2Wbdky because t
| ack -mdsicgtosrsce bRttrweiems MwiAt.th a high resi st
e MoA are therefore controlled by the other
owth rates for both resistant and sensitive
|l ection for hoeéglisstpaamad.cuThird y i f resistanc
r-giet e mut eotviearesx ppessi on of t he Effulngx ci de

chanisms createrasidsesgneaeeceobeitwesacttsimgl ®oA,
t the resistance factors in fungal pat hoger
ve been | ow thus far, as high resistance f a
smbibned wi-giht et aalgtedr ati on$§ Oheupuegucatdieon a
ot(diemr &Waxl k er , 2013; Omr ane et al ., 2015)

Patterns—refi srasmscse between fungicides in the
DMI) group include boitam cadsseesn cweessfirsidhramodcsa b o v «

(
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e
a

Q

r

n

n

t

z
a
I

a

e

d strong pesiitsitvaencaed dissi on t o -weskspascei ve
d negaorsexi s{ Bnokey et al ., 2016; Fraaije et
al ., 2021; Leroux et al. , TROOPr i mMeryuxa asna
ol e resistance in mamy-gedehaddrralntalsa udgvhP 5 1

r-giete overeax mpmas smctear-giete effl ux pump act i
so i mpCoohsedt al&Fr 20ilj3eThCG®dBH)ect s of t he
r-giete mutations vary between azole fungici de
mol ecul ar | evel and variation in the bindin

giionnvsol vbdrderomg the CYP5(Mehkyme acttalhe, s?

Xiao et ;ald.aqyme2 OcOads)e s , a mutation that i ncreas

a
P
e
e

a

P

t

zol es increases.sé&onsi ekxampyetotbehatseration

thogen sensitivity to tebuconazol e, but h
oxiconazole, and increé@aberaabspasetiaity 200PpP]
al ., 2011; Stammiteraetiains, b20Ww&en mul tipl e
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n also affect t heZysmeonsseipttioviditagy otlpnhicetynicodtiiyp ef ol i
ngal pat hogen whi ch cayssefdB) semt owhaatl eala
cumul ated | ar gesintuembalrtse rodadt itparrsgteaaiizh.e he CYP51
iptoipauil ati on i s composed of multiple strains,
thesei tarmgwttati ons and differing | evels of

bstance.

fferenti al effects of azol es on selection
mbi nati ons haveZ.bethh sakbaspesrovread (pt ahceh ycrahui szei

Asi an soyReanospest pthettcaaka of Cercospora

suga(rHebiecekt et al . , 2017; Kayamor i et al .,
il genbauer étt dlas, thdpdt beesi bednt hat azol e
uld contribute to resistance management . H

i dence to shaovwswlhoet haecrt imiextsuwubst ances with
sistance within a MoA can provide resistan
t-MMoA mi xtures could best be deployed to me
xtures of epoxiconazole and metZcontarziotliecidi d

rains with reduced sensitivity when compar e

tal azole dose()Dwodl| ey teterh tftu,nigd &cdi&dy¥esed di ver
ol e active substances in appl iocartedouncepr ogr
|l ection overall (fHen cRYRS.1ha'n. & ea2@deli7@om spr evi o
delling studies of the effecNoAnmisxetluerces on
th incompéseitetanoss

mo de |l the resistance management benefit of

t heofeftfheectmi xture on pathogen growth rates

the growth rates of resistant and sensiti)
| ecti on f(ovranr edseins tBaonscceh &k i ati ng2mbda) s of t
tion in mixture of two or more fungicides o
ther an additive dose model (ADM) or a mul
ese desctibe alet downa odfoscee mp crusarge st lod t he

ngicides (when applied solo) to estimate th
fects of the doses of each fungicide in the

each fungicide <catosrkeastpeodnisfev e adhe giswi g
uivalent | evels of control could be substit
e overal/l l evel o¢h ¢bet M&M, ot hehef mext sr ef

the pathogen growth Tdhtee ADMe i multtyippliciae d yt @
mi xtures within a MoA, and (Ger MISMy t ot ma kit |
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2022; Morse, 1978, .IFaveerkossyissetanak. wi 2G0D8B) a MoA
to complete, then the additive dose model i s
MoA are the equivalent of mi xing the same pr
contribute to resistance cmaomage meémanc e Ol isv avre,a k
then the benefits of active substance diversi
benefits of diversity between MOA, sast edescrib
action of fhingi ai Med withreescemphete aso®bser

for azole fungicides, cannot be adequately de

Of the many pathogens tarZg.ettérdi thoiyiceiaondl ¢ hpr ongrs

common and economically damaging di sease of wi
worl dwi de, associated with reduced crop qual.
severe epFdemsc& Gurmu,e 2®1%)t s i mportance and |

for rapid evolution(©dolfsungi Eide&i resi30@hdceDo
2016 a; Mc Donal d et al ., 202 2, 2019 ; Rehfas et
al so one dfnttemes imedty studied crop pathogens.
through sampl i Bg &insddlisattivedsy noafk e t hi s pathogen
case study for parameterisati oMo A fmiaxtmadkel. of

Zymoseptohiaa ®©oit hi siexual and asexual reprodu
maj ority of infection during the growing seas
pycnidi ospores, spread bet ween( Aoenaovneasr ebnyk oc o nt
et al ., 2011; Shaweé& cRay ltdse dEdrD33t)ech ec cerf f ec t of

haploid CYP51 genotype (O6haplotyped) on the gt
of fungiiciedest he effect of singul ar chromoso
chr omosomes. We refer to singular IC&yY51 vari.
CYP51 haplotypes typically chmptpiogpteilcaithiogh pr

i n any (sClaasacbn et al ., 2024 ThkKi l dbarat oaly. seh@?
of these key haplotypes to cont(rCaosotlisngtazadl.es
2011 ; Hu f et al ., 2018; KAKirlidkeyaa let eal ta,l .20 1290,1 7:

analysigadeofm dang@sets has related( Blabloe ae¢tory t
al ., ,2@h&bling parameterisation of the field

popul ation genetic approach.

We introduce a population genetic model that t
i n t he pat hogen popul ati on under a range C
programmes. This model was developed from knc¢
(Crow & Ki mur a,b-mo%d7e7) ,i nwirtohd uac esdu t o account f o

site action of mul tiple azol es. Our approac!l
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i ndividual hapl otypes and fungicide dose dec
range of fungicide programmes. The model and
mi xture, altermpatwigommaed mes a&i described in br
al . (BeAP)ypendi.x HerEel we describe the model

parameterizZz.att®NRSfoirhapilmt ypkbk, and wuse the

i nvestigate resistance management benefits 0

i ncompl et esicstosamsce, ai nfiomlgl awi mg sguee s ttihcen s :

(aAre there resistance management benefits of
of action?

(bAre there resistance management benefits of
within a mode of action (6azole diversityo):-

(cHow do r esi st anbceen erfaintasg evreernt wi t-h t he degr ee

resi stance between active substances?

6. 3Materi als and Met hods

6. 3Melasuring resistance management b

6. 3.Skl®rction for fungicide resistance: rate o

Each CYP51 thapt ©t gpwe popul atijwmdegrr oawt ha 7z alt e
fungicide tr eRitgnefagt. rTelgdsmree di fferences in pop
rate cause the frequencies of the haplotypes i

Ahapl otype that has a | arger growth rate than

wi | | increase in frequency, whi |l st a haploty
decrease i nHafprleoqdweprecsy . wi th | ower sensitivity
the highest growth rates in the present of fu

The popul ation growth of each haplotype can b

i n the total pat hogen popul ati on tracked th
hapl otypegogprud dyme@imi cs are of interest to pla
theoreticaHowe wdrrqgviagtes i nt erested in the gr owtl
entire pat hogd,&n ncledpeaitl eart miomes t he | evel of dama

(Fi g 6.the)iif[s a&veer pgpul ati on growth rate of the pa

pat hogen strains.

Since fungicide applicati omrse sledsextsdmgi ttihe
fungijiciodet heiymsedrecitndrogaasvee riarg et hagy iodve rhi ¢
ratilResi stance mamsgdamemiisniimodee hAseef ore use

the rahangdlriom one yeaXlatso at hme assaixdec tafon f or
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fungici de.Deensoitsithagnctehe growt h rate of the patt

nas[, the rate of resistana®e: development i s me
o i i
Yir E— P
a. What the plant pathologist sees b. What the grower sees
5
2 N
D)
c
()
© 34
c
(O]
2 2
=
]
ol 14
0 T T T
0 10 20 30 40
Time (days)

Fi guwrleEpi demi c growth rates: what a plant pat
grower.(ape&pdpul ati ons of sevemrHlpHb)hogeaacthapl of

with a different initi-pbpudlasi oy igmdwetah drn dff e,
s h o w(h). The epidemic the grower observes in t
densities of all hapl otyges, with average gro

6. 3.Thrz2shold for effective disease control

An effeonhgveide ipsognaemmédat prevents economic
|l evel s of disease. WeGiadbewspeeviabus 200di e?®
al ., 2003; te Bepedefekehiabg.a @aAaMAYIi ng. epi demi c
t risteiveiri ty on the upper three VTBayéS78kxcerds
Zadoko6s( Zsacdaolkes et Walt herld®ffdne uaste BFPE Ssaeverity
t hreshol®& ,vatoe measur e whet her a fungicide ;

adequate disease control

6. 3Th2e popul ati on genetic model

6. 3.CXPhalnd t he arzeoedpomosecurve

The CYP51 enzyme takes part in the conversion
removal dmet el 1¢@r oups ufbrsatimeZshtaenrgolet . al . 201
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Ergosterol is an essehti anlemibuialnedisn@nhdl ack soft «
membrane (Roecdmirg wspsz,o0l20 If8u)ngi ci des affect path
targeting the WeYRSbueanezymeat azole fungicides
CYP51 inhibitors which bind to the enzyme an
preventing binding of | arogtositBadrogndvetetcahy,
2015, .20Mh&) rresdudatiingn in ergosterbungaloducti o

growth rate.

Lanosterol binds t(y tamel erizyhmee atnbriaitds fr om t
rafQe, or is converted.TlobiemdiosgeoPblamtazalte mo
to the enzQime ra¢vemsiebl e, so the az®@l e molecul

(Fi géurhe. Appendi AKsS$uming this prtades  Mi< hiare| s t5
& Menten, 1913; Murray, 1991), we can calcul at
V, from Hil(lHisl legulad%¥3w)th i n enzyme KkKinetics st

dosreespaxrusseve i n fungmod el rkeashiesti adrecee et al ., 2
, 0
@ p 60 S
wheme ——and ———— whieire the concentratio
| anosODemsolt,he tot al concentration odi CYP51 enz

t hkeosreesppmsea mettdeez bbe fun@iesideeahdngi cide do

Assuming competitive bs ndnermgi oy ahalke wmehe awl
mol ecule is bound to the CYP51 enzyme, ot her
t hat CYP51 molecul e, we generalise equation

produdtiboboea,mi xtures of azol es:

, 5
© 560 60 9

whemeand are doseeesponse parameters for azol e
respecti@ah@® aared t he doses of azole 1 and azol
il lustrati arespfontslee cdove of the ergbsetarol p
mi xture of two azol @anfdorpiwa rsyhionvgn 6Gi.ad .UAE g ua fe

i Appendi x N6t A that although we show here the
response curve for competiti-vespohséi tuowne i &
the samecdmpemiomi ve i nhi6bhiAt.t Al ppefdpr 6GedAtion

We generalise equation (3) to include more thé¢

hapl otypes:
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, 0
W T
p B 00O

whewes the rate of ergoster ol "@rhoed uscutbisoccrr i gft p

enotash azole fungicide, and Mhéw Fomber of
hapl otypes mweirrelnt atnieoms in the gene coding for
binding of the azole to CYP51 wildl be more di

equating to aodsfmialéerl eas uienbifbition of the e

For the purpose of modelling the application
the only process varying between haplotypes i
can therefore describe the fungal popul ati on
fungicides:

wheres the popul ation gr ow® h sr athee ogfr ofwinhg ala the
t he pat hogen when no Ofiusngi ke dea os ®anadpplaized e
6 describes the®oerf ftelte @rfovatzio| réatWe ods shuanped ot y
that that there is no fitness cositi sdutehet o t he
same f oprl oatlylpehsa: i .e. when no fungicide is pre
have the same populEguiaocomomgr dw)h thase.defines
respomuwsrev et hfeorgr owt @l Ir ap &t hoofgen hapl otypes an

treat ment s.

6. 3.The2 growth r-pppubf&itibe efiba haplotype foll

application

The model defines the fungicide dose as a fur
can be simulated at several poiWet sasdwrmeng t he
t hat the concentration of the fungicide i mme
applied dose, or the applied dose plus any r es
application. After the spray we assuane t hat t}

to processes such aansdVp ldeengtr andeatta boonl:i s m

0g0Q! 08 K 5 O

0Oq0 . (0]
0

1th

wheDeis the dopaet otfioOneez of e ti me of the first

azojlj@ is the applicatjiexpreécsedofasaanolpa oportio

198



ChaptBodél | i ng ineocmplsdataenceer ossd hi n a
maxi mum permitted individual doardi(sast deef i ned
decay rate ofl ftlae fadnmgit ¢ ®thefl u Rigspd nnabdiet iaotn

the remaining dose fOriosn a dhdehde ptpldois@ attfoirmm a't

calculate the total remaining dose.
I'n field aopmmees memireves are usually plotted ac
the epidemic (after an interval of time foll o

of fungi Aisdemdoget hat the pathogen popul ation
tifmeé . e. that density dependence does not | i mi
for fungici we @ahni ciatlgul ate the severity of t
ti meTlhe fungicide dose det@oomuheas i dbhe gpatwhdodger
i, which in turn determines the pBipglbraéi on si
6.1) .
6. 3. 2Ha2pllot ype severity following application
From equation (5), t heagr cawWwtfhe crt ®tde bgf fhuamli @ti
O o0i:s

i

' 0% 7 Bos X

The dynamics of -gdpeulpattihoom éinfg islhuadam! dtyy p e

QYo L 06 v
00 1 0] o] Yy
whetY@i s the disease sever@atytocamesed by hapl ot

This model can be 6 oAivemp e nsdd)ex tSee.ct dAlbe@ul at e

severity at the endooY the growing season,

For one fungici deO aaptp |tdidnaetei odnsseetaesrciotsye caused
by hapTlxtt ytphee end of t,lvYéY,igs ogvi wgn sleywsson

YYOYmQ " w

wheiYati s the severilay othehasplaoty pd twiohe si mul &

applicati ©ns oantt datke s@&cond at

Zé’o 'Q ZZZ_6’O 'Q zz  z 'Q zz @ —
0 p

“Y "Y “Y T[ !Q ” s, ® zz z
o0 p Q p

p
0
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6. 3. 2Ha2p. 120t ype severity following application

The equas$eicontsoBi.nt.ah.dgkeener ali sed to include mor
azol e. I n the case of mixing azol es, equati on
fungicide dose decay, becomes:

C e e |

i O ohO o 5 600 50 O PP
Lyfi itstsanhghtbdboswhvd the model equation ( 8)
numeri cal solutions is required. I n the case
equalH,, the model is solvedgwibthoasgéBerahds 4

using thhe 6t@asm in equation (5):

One application of @&n azole mixture at ti me

V. B 6 0O Q
T . pPC
B o0 »p

Two appladafcadn omso | eo nikj xatthie es@&cond at

zz z — zz z zz —

, B 6 0 Q B 6 0O p Q Q
YUY OYmQ " " Pa— po
B 6 0 p B 0 0Op Q p
6. 3.GZ.owth rate of the overall pat hogen popul a

The tot al pat hogen p.o piusl addloocu lgatoem ha sr attheg a v
rate over all the haplotypes in the populatio

~ x

I —Q —Q E —0Q
~

pT

wherda s the frequenrn@y soft hfepaplubbay pen growth ra
hapl oQMpe the tot al number of &mili ®ot yphes i n
|l engt h sdafmutliameed (see. skltd iloamr ger3.t3hd)di fferen
t he -pspauppul ati on growth irataemdoft ha& ma@aihottydaea,l p
popul ati on igr otwiteh grraetaet,er the rate of sel ect.i

hapl otype.

The -papul ation growth rate of a haplotype is
rate over the icr oApspitphgep sskubs bon growth rate of
varies during the growing season, due to the

the fungicide, we calculate the mean haplotyp:
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YY O 'YmMQ andy'y YmO pu

Wherntene {Oecram be dereigwead i fomonidependi n(gil3gn t he
number of azol Bheaprlvieaattiyo st hd@l osttyapret of t
si mul a&tti,man be caloml abhedinitial severity of t
popul aDimiO aandrtolpooft i bapTiont ytphee i ni ti al i nf e

the e+ op,

Yn 'O— p o
I't follows that:
Py sYY  po
AT PX
The mean tot al popul ation growth rate/fitness
by:
. P < .
i "YII — Q py
At the end of the first growing season, the h
J— O
— B — O pw
The mean population growth rate in the second
L ¢

Our measure of sel ecti gnm ef aratfeunogi ciindcer eraessei sit
popul ati on,YW[r oowdrh trtagreef ore be calculated by
(18) and (20) into equation (1).

The overall di s e d¥"¥Y,s eovuerr i meya sautr et ionfe di sease
comparison to the threshold value for effect
6.3)1i8 calcul ated as:

VY vy Cp

6. 3Mo3dphr ameteri sati on

The model was i mpl emented in R version 4. 2.
paramet eiZiymedefpooon awheadtt,ican i mportant patho

t he epidemiology and hapl otype composition

201



ChaptBodél | i ng ineocmplsdataenceer ossd hi n a

extensively studied. We usedvad uleliistyedfat ure se:
(Sec6i d3h3 ab(dSec6i 8h3. We dactdsat bfapCv¥Pyhpe
frequencies over time and the sensitivity o
(epoxiconazol e, prothioconazol e, 6eBu2onazol e
6. B.3 anidpepeBnddi) x t@®. BBsti mate amad utelse odose

response parameter sazfodre eaaibi mapgli @tny pe

6. 3 Parameteri s¥ami®on of

Pat hogen popul ation growth rate when no fungi

Epi demi c growth rates in the absence of f un
depending on weather condi(tGil andsleamordstal ot h erl
We wused an estimate of it ke OaWwaé jt8lgaet gwaswt h r :
calculated from a dataset of disease severity
and y(ethalsbel en et al ., 20.11; te Beest et al .,

Timing of fungicide applicatjvns and end of t

We stente st art ofo=t hOg, stiomuclo@&Be@snpVye n & sY=0o mat e
53 days, approximately <corresponding to the
(Chapt-gab#izeChapt-Appée MA(Cor kl ey e} . ales,unke0 25
that the haplotype composition at GS75 will

frequencies at the start of the following gro
rapidly senesces after GS75, l'imiting epide
dependemnce dfagk een | eaf area.

Ini ti al severity of theOoverall pat hogen popul

The mean untreated diwsaesa seestsienvaetreidt yasat2 56076 by
Bosch et At amdadtacdert of UK ZF1l ejyaad& isailtse cover
yearsusewe this estimate in cioab®Mnatdsotni matter t h
a value for the dwartdlall petvleg@darny pdp ulhaet i on

T8 U

0
Q

Cq

6. 3FNYicide |[decay rat e,

The fungicide,idsecaal cruataet,ed di s ®8 mp dthied = oH a lafr
(6DT&BND6Y) he fwmhngihciwke esti mated from informati o
domai n sources, fronfoa te@bhge ormdzodreqgqpsepoxic

prochloraz and the active metaboldeset hoifo pr ot h
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(Tab6.®.Therkarvgaer i abi DITHY wvmaalwulkse estimated in e

studiHewever, the mean values are quite simila
this study, Ghdt R&Geyns, with an overall average
t her asffseerde an estimate of 7.5 days for all azol

|, is then calcul ated as:
| i 31 W 0T o
$4vuvm ) &
TabélkFoldiagsi palti be habDT5006) of the azoles con

Foliad4+ihal {days):

~UDGH L val ues 1in publishedlvIeal
Tebucone 6.24 7.7 7.9 7.%07.8:120.71 7.9
Epoxicon 3.91 528 53 9.18 13.42 7. 3
Prochlo 3.4 3.'5 6.810";:11°"! 709
Prothnaz , .9 g7 12.9 727

dest hi

Publ i shedi sdiucatesd by |.é80xotnegr & uHk i e ladpt s
2014 eho&zkiak et;%%aalnt,ke2Oelt;ZFa&lnegt, 2DAEHe 26t

al .,  ‘R®&®8et a™Wu, e20h83Yamt20alZ;0lli5u et :al ., 2007
KkHan et alLi,u 2005a"TFengt20a089 "Yuaa et al ., 2016
’AnonymousPbon 88t 4li.n e2t01a9.. , 2017.

6. 3.0IRi3ial hapl otype frequencies,

As shown by equations (17) to (1%J], wiwencan ca
the initial hapl otype composi ti olnheofi ntitd agat h
freqguencyf eAachthraplicipwpse esti mat eddtfhsem of

i solates sampl ed i n fReesledasr cahr,o ulthkd iRno tehaacnhs toefd t
2003 ando2Pil®6.2,e Tab!lBB26 .aBi.Mppend) x We Br an
simulations using each yeards estimated rela
hapl ot ypesi nf oEiGudmisredhs ponse measurements were

with threemrienseorfting realistic starting hapl ot

203



ChaptBodél | i ng ineocmplsdataenceer ossd hi n a

L50S-S188N-A379G-1381V-DEL-N513K

0.6 - L508-D134G-V136A-1381V-Y461H
' l L50S-S188N-1381V-DEL-N513K

0.4 -

| LoUS-3BIV-1A61H L508-V136C-S188N-A379G-1381V-DEL-S524T

0.2 1 [ 150S-D134G-V136A-1381V-Y461H-8524T

Relative frequency of haplotype

s #— L505-V136C-5188N-1381V-Y461H-5524T

~

O2010 2012 2014 2016 2018

Year
Fi gwbRd&Kkel ative frequencies of fC¥P5S5imihalipt obype
EGodosreesponse measurements wer e atviae | abl e,
Zymosept opwadpau ltatiitdanciin fields around Rot hamst e
UK, in 2010 to 2019. Haplotypes that reached

or more years from 2010 to 2019 shown.

6. 3. FANgidkdsdee sponhfseach hapl otype,

We us edEiGhdroosreesponse medsabé @eMBgmsend) x 6. B

to par amehteerfisregi-rca dpeo ndsoes epar a mMeotrereeach of 11 ¢
hapl ocdzzplee combinati ons (29 Toapd alt@yydest eand 4
measure of trheespfanesled idsosreeeded. Bl ake et al . (
l og relationshG@GuandeEReveadl ulessb f or epoxiconazo
prot hi oedceersazidaloe We wused these dJE&Lvaatliuoenss hi ps t
into-ERQbedldues for each hapl otype. The rel at
epoxiconazole was used for tebucénd&z@8l e and i
Ap p e néd )Ax

EGdata for all four azole fungicides model |l ec
the haplotypes found in the sample, although |
a haplotype commonly found with variabl e nu
associatedlwoivber €EXP5be-58B-&Y3 DENDBI LK PY,

which reached high frequencies >30% in a numb
analysis. A smal/l number of other haplotypes
year were al so exclduedt d rioms dl fhfteiaai@R Bty 128 G

i Append) x 6. B
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The sk asur e doofsreé s pbroesper esents the ap,plied fun
O,that woul d, on average, reduce the disease
untre@teml é€pi deadrc .be cal cul at €dowfarloune st hense f i
combination with equ®»tasna(pPpyopdefionngf dbhbhe
field dose. For téheataksulYavei eamuaf the dur at
bet ween treat ment and assessmenti madt edheadi 81«
days, the average of the two assessment ti mi
appl i datliakre et . Sailn.c,e-EXX}iled )dt heO d,oaste, whi ch

YY mWYQ | it foll ows that:
6 0 Q
™'Y Q Y —a——
o O p ¢t

which gives:

whee ™MQ

6. BEFWMngi ci de application scenari os

For thissismwldytneedx i mum of two applications of

growing, seasoml|l o or miWet usreet a phpel it€iamismo . o f t
fungicide appli oa&tidonatnad G6$%32hei stEso@ applic
days, approxi mately corresponding to GS39. We
t woeay, -wahayeanavaowrzole mixtures, with the tot
constant acrosftambd . sBlelhapbesilfl e combinati or
azoltesbuconazol e, epoxiconazol e, prochl oraz

modelWedmodel |l ed additional appl i cataiyon r ates

mi xtures of epoxiconazole and prochloraz (usi

from 2015), changing the proportion of each az
bet weeg, +09 5t ®95,+00 5, We me astuhreedrianer edise in
the epi demi cYilgorvoewt ht woatyee,ar s, wi t-h time assump

year—2 imm year 1 (Equation 20).

205



ChaptBodél | i ng ineocmplsdataenceer ossd hi n a

Tabb6ZExampluemgi gpldiec at i o fexceptfer tha case stsdy, all
possible combinations of the four azoles at the dose rates presented in this table

were simulated). 1.0 j: denotes a full label dose of azole 1.

Application Spray 1 Spray 2
scenario

Solo 1.0 j]_ 1.0 j1
Two-way mixture 051 +05) 05j:+05]).

Three-way mixture 0.33j: + 0.33 ).+ 0.33 3 0.33j1 +0.33j,+ 0.33 |3
Four-way mixture 0.25j; +0.25j,+0.25 3 0.25j1 +0.25j,+0.25 |3
+ 0.25 j4 + 0.25 j4
Case study Xj1+ (1€X)j2 Xj+ (L1ex)j
0.05 O x O 0.

6. BEsSt i mating the degress®ifst ance
on resistance management benefits of

To investigatetheo mhdael exwethact ieacdh dfungi ci d
programme and starting haplotype frequency (y
t he degr eer exsfi s mmmlesot her explanatory vari ab
gener dliinseeadd models (O6GLMsd) with a log | ink f
software (VSN | nt eWen acthioosnea |l ¢ x p2l0a2iat orcyanv drei ab |
calcul at ed directly from model i nput s withot

simul.ati on

The explanat eons vdweiret Itehsr ee al ter nahtei ve meas
degree agfesistoancé. pepchi measure of average p
efficacy6 . (Bextamh a measure of the maxi mum va
sensitivity to any azole comfpd8né&ntiWeoff iddeh m

separate GLMs for ernedi measce et ofdetresmmi ne whi
i nformative. T her aneiastuarec eo fwacsr otstse  f i r st expl
term included in each model , with the order

fordvastepwi se regression. I n addition, we fi
explanatory wvariabl e, and checked the | evel |
variabl es.

We checked for significant interactions betwe
and the number of azoles included in each pr

separate GLMs should be-whiyttwdyktaenwaygbarazol e

mi xXtures.
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3 Meakuring the -degiretamdecr oss

measuregdsirseance in a group of haplotypes
e frempugrhayed correl ati oev ad apexfgfriecaiseend of t he
oportion of theOf uWel dearbdetée Wwe ied Wt el seorr el a

ef fawihe nt

RY4) Co

eree B — O a n da B — 0O i . e. t he frequen

i ght e&@Rehewan each azol e.

vels @afestcsbance between fungicide active ¢
asured using the unweighted Pearsonds corre
nk correlation casefdsEdEingen sfeorr eetx aarip.l,e 20 2
al ., 2021; Kil.deWe ede radritee st@hDedsda md@d 2 3 )

specWe vied ytt ed t hese measur esEDBdvad aorédrsel at i on
ch azole as alternative inputs to the gener
addi t-aeond &odg gd.B)e, moed e lplreodgr ammes with thr
d four azoles, for which there are multiple
mbi nation pair of azoles (e.g. for four azc

oles and thus 6 correlation cwowefdl-dlcienotss .
sistance in the pathogen population to the
ed the average of the relevant correlation
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a. cc,=0.657 b. cc., = -0.199

N
1
N
)

-
o
L
N
3l
L

Prochloraz EDg,

(proportion of full dose rate)

o
n
It
()]
.
°

Prothioconazole EDg,
(proportion of full dose rate)

[=]
[=]

0.5 1 1.5 2 0.5 1 1.5 2

0 0
Epoxiconazole EDg, Epoxiconazole EDs,
(proportion of full dose rate) {proportion of full dose rate)

Sampled frequency

of haplotype (%) ® 30-40 @ 510 ¢ <5

Fi guet3eExampl es of pat éerasamnde creotsygeanr t wo a:z
measured by the weight®ed odEDthéeht é®Nnot o@YPS LT i
hapl otbyapseesd on sampled hapl otype af)r.e gPuesnictiievse i
Crorsessi stance bet ween epoxi camaozzo| @. 6a5n7d. pr ot
(b). We a k n ergead ii sytea nccreo stsket ween epoxiconazol e
Ww=-0. 1€8ch point on the graph represents a un
width of each point represents the initial fr
di splayed widths are not strictly proportiona
points. ITehce fsraempuenci es representediOda e as f ol
medi um plod%;t ssmall points: <5%.

6. 3.Av¥e2 age programme efficacy

The rate of selection wildl be greatest when a
di fference in the growth rates of hi ghly/ mod
sensitive strains. The more effective the ful

hapl ottyhpped arger the potential difference in h
the average efficacy of the azole programme ¢

We measured the average eff ihcatclye odveraacche pr o

fractional reduction of the pathogen growth r
by the initial haplotype frequencies:
q o p — - G X
B 6 0O p
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6. 3.VRr3 ance in haplotype sensitivity

The |l arger the genetviad uwar ioadncteh ei nh atpheot yp e s,
t hpotential shift in resistance f dlilsthwirng appl
1930; LaddeBRpAd®dmd) x 6GEorsteaachng hapl otype c¢omp
scenarioe(yaarcu)] awed6A@ e \vdrei aredea,t i ve gr owt h

eachhap!| ciaypehe fulll |l abel fij,® d @dosReeloaft ievaec h s

growth rates Wegrescitalidglbdt®desd t hen ¢akcual at ed
popul aMhapl ot ypes as

6 AO c Y

We usbeAdd, the maxi mé6Mmdwal waenyofazol e component

mi xtasea potential explgamatr @diynseeaarr inadbdeel .i n t h

| t should be noted that the variance of the r

under each mixture 6d®pdaduwlad i wmen csalemwlratoed by |

th—e—termsB—w—i—t—h—.GAOis likely to be a useful wvar,

Yil' but it is partially dregpseingdtearntc eo nb etthnee elne vae:
mi xture components.f iSi nigeqtetn @dipnseegaio smo bl wa's
t o det @rhmimpeact of the 4degis¢amde camssesi st

management benefits of azole mMbA®D® arse s, we ch

potential explanatory variable.

6. 4Resul t s

Tab6®summari ses the definitions and yalues of
mo d e | variabl es and gener alModed resadidt s model
generalized | idowar smadel nignhatpd os gyprarciomposit
andpplication scenario (excleudyiinvg Bt.hDm 1dadé est
(Append) x 6.D
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Tab6xDef i

Par amet er

Chapt®odeél |l ing

ni ti of

Def i

ons

ni tion

mo d e |
Uni t s

\

vy

vy

Average pathoge
without fungici
Ti meg= dorrespon
GS32.

Ti mi ng
(Gs32)
Ti mi ng
(GS39)
Ti ng

of first

of first

mi of GS75

Dosreesponse of
to ajzol e

Applied dojse of

Decay rate of &
Tot al

t he

nhanpleot
popul ati on

Proportion @f
ab= 0

Il nitial severit
pat hogen poopul ¢
Threshol dY'Yfadmue
effective di ses

Vari abl e

Average
pat hogen

Rate of resi st
devel opment

Gr owt h

gr owt h
popud

[§}]

(e}

rateiof
Dose
ti me

Proportion
t i five

ofiramai @i n

‘@ft F

Di sease

Average

or mor e
Il nitial

x¢) progr amme

Y
M variabl e

resi stance

sever.i

| evel
of
azol es

—

C
I.

W dirghlgtue

days
days
days

days

Propor
of ful
rate

Propor
of | ea
Propor
of | ea

Propor
of ful
rate

Propor
of eaf

Fracti

efficreduct

dose

rate

Maxi muarr i an
hapl otype
component

Tabé eBAgpend) x
Tabo eDAppend) x

6 A0

c e

6 .
6 .

0]
sensi

of mi

B
D

growt h

)

par ameters,
Det ai Val ue/
Equat.i 0.117¢
Secti: i

6. 3.3

Secti:

6.3.4 0
Secti.

6. 3. 4 20
Secti:

2.3.1 53
Eguat | See Ta
Secti 6B U

6. 3.2 )
. Sedabl
E
quat.i 6.2
Equat.i
Secti. 0.092:
6. 3.3
Equati SgﬁmTa
"0t ¢ see T
6. 3.3 6..54
Equati 4. 989%)»
2e%ta' 0.05
Equat.i
Secti:
6. 3.2
. See Ta
Equat. 6 0.1
Equat.i
Equati
Equat.i
Equati
. See Ta
EQuUat i T "
"Ll see Ta
6. B.1
6. 3.5
. See Ta
Egual o 6. B. 1
Secti+ See Ta
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6. 4Calsset udgsi stance management benef.
within the same mode of action

A caeosseandy -wdy tmioxtures of epoxiconazole and pr

hapl otype frequencies based dHaraesdmpl|l e UKake]

demonstrates the potenti al resistance managem
same mode of actiinco mphleenh @ cheetr-iece g8isstasse. | n th
scenari o, ther e Wwaess i 3¢ qafcievebet we e n epoxicon

prochl owaesz0,. 1a%9 ( EqBEayg6B.8)a. 26o,me hapl otypes tha
among the most resistantcant replolxd cc obnya zporl oec hwleao re
viwver $§a g®aerabbs for examplLb5eG\E1lB &all8a8tNy p e

A379@8DEIS5244Bs resistant to epoxormrtomalziodd bu
by prochl bbb @Bl3ea&leDEIS52dmTlas t he | east sensiti

prochl oraz of t he hapl otypes present, but
epoxiconazol e. Therefor e, t he use of a 50: 5(
prochloraz reduced the differences in the rel

compared with applying epoxiFdcgntdepl soot her och
selective advantage of the fittest haplotypes
to a smaller rate of YIFEOIO&Jt itchnanf drort haep prhii xctau ri
sol o epoxYifg=0On @03 ctloa (sol o Yifr0@dd I Tdrb 8.8 . (

Il nhis scenari o, either prochloraz (sol o) or

epoxiconazole were predicted to provide an ad

t he tfwmplelar si mul ation period, but epoxiconazol
three fungicide programmes, prochloraz (sol o)
both against the initial hawpkbatgpoefceompesit o
However, erosion of the | evel of( smdmhh®| was

l evel ofhicewnaed owi talt t he mi xture programme was
stabl e.

The valhestavierage fractional reduction of the
the applied dose rate weighted by the final h
years of selection, are shown f@eb®&d&ch for ea
Ahi gher 1| evel of control woul d be owtbai nabl e

years of use of the mixture towwegaragnimeu sceo mpfar e
prochlorbam ¢(eonotopst, there would be Ilittle di
obtainabl e wiftoH |tolwé nmi Xtwor ¢ ear sd use of mi Xt t

use of prochloraz (solo). These results sugge:
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Fungicide programme: Epoxiconazole Prochloraz 50:50 mixture
— a b. c
L.
(D., 17 1 1
Dose response 2 osy 08 1
of haplotype JF ] 06 |
growth rate 2
to fungicide o %4 041
B 02 02 4 02 4
©
¥ o . . . ‘ ‘ 0 ‘ . . ‘ . 0 ‘ . . . ‘
— 0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Proportion of full dose rate
B d. e. f. Key: CYP51 haplotype
— — ----L50S-V136A-Y461S
. — ] ——L508-D134G-V136G-Y461S
Selection _ o - - — L50S-D134G-V16A-1381V-Y461H
for or against o L50S-5188N-1381V-DEL-N513K
° L50S-S188N-A379G-1381V-DEL-N513K
eaCh hap|0type n a L50S-V136A-8188N-DEL-S524T
by fungicide i - - - - L50S-V136A-1381V-Y461H-5524T
prog ramme — - —L508-D134G-V136A-1381V-Y461H-S524T
— — --- L50S-V136C-S188N-1381V-Y461H-S524T
-------- L50S-V136C-S188N-A379G-1381V-DEL-S524T
— -100 50 0 50 100 150 -100 -50 0 50 100 150 -100 -50 0 50 100 150
Percentage change in haplotype frequency over two years
Fi guacdeDosreesponses of i ndividual CYP51 haplotypes to (a) epoxi cona:
epoxiconazol e ,amdhdprtcheehlroersauzZl ti ng changes i n h@fp) oepypri dorgaeine,y prve
and the 50:50 miWd upleotr gms®lwaattiievse Ibyi. sledt tFiumgi ci de dose ai Preoxxpmrrds vend a
of the full O@apeWwhérel dhdosfel]l | abel field ™MOse M™Or .tHaep | 0Q:yHHPk smi x t
shown are those present in 2015 scenario (based on the sampled popul
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Tabb4& Compari son of the
epoxiconazole and proch
effycdor initial hapl ot

efficacy weighted by
rate (Equ¥ameasuR@&}y.the rate of
the average programme efficacy
I ni ti
Hapl ot ype freque
( %)
L50W136AM61S 3.16 0.
L503134/3 36YG61S 3.16 0
L503134M33688Y¥61H 33.6¢ 0
L50S5188MN8DKFIN513K 36. 8¢ 0
L505188ANB79&8DKEINS51 3K 3.16 0
L50W136A8DEISS524T 3.16 0
L50W134M88YXY61SH 24T 5. 26 1
L50134va@A 3d88YH¥61SHKH524T 5. 26 1
L50W1365088N8YX6 1S 24T 3.16 1
L50W1365088ANB79G8-DNFIS5 24 3.16 1

l| 1 @ r

»f or fungicide progr aime
»f or fungicide progr a(mme
e
B fioepoxiconazole
B fioprochloraz (sol o)

fungicide

effects

| or az
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B fomi xture

on

of

s el

change

ERo

579

. 782
. 823
. 974
. 755
. 784
. 122
. 281
. 170
. 550
progr amme

start
end o

(sol o)

at
at

t wo
ecti

frequenci es

wei ghted

O OO O O o o o oo
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application of
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epox

&xYimél hapl o

bad eids om measampéeoframer8dé p

of

by

Epoxicon Prochl
. 799
. 642
. 580
. 634
. 293
. 990
. 686
. 675
. 494
. 394

he
t he

Fungicide

pat hogen
£

nal

thetheaiaveald adapfimdgtpieorn alequedcticd teison

Epoxicon Prochl

Percentage

-6 6 .
-3 3.
-25.
+5.

© w9 ;N

5

+74.7
+6. 7
-16. 2
+3.7
-85. 6
+171.
+24. 4
+19. 7
-43. 3
-68. 2
0.570
0. 08
0. 088 2
0.812
0.470
0.5653
0.517

hapl otype

of the path

popui ation gr

freqt

progr

Mi xt

change

-18. ¢
8.7
-15. !
+10.
-1 3.
+45.
+37.
+49.
11,
29 . !
0.52
0 . 008
0. 068
0.00
0. 46
0. 56
0.51
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to protect the efficacy of the individual com

For this case study thenptbpomikxotnref waachki an
0.05 incremd@fst0d 5t 98 §5m005(Fi g6.5)dhe | owest

rate of selectYipnwameashiedeywith mixtures b
prochloraz to epoxiconazole ratio and a 25: 75
the 50:50 ratio provided better di sease con:
prochloraz to epoxiconazolteolratbati mpr ownedcaois

hi gher rate of selection.

0.020 -
®
0.015 -
. A
1
<1 0.010 - &
0.005 A
0 T T 1 T 1
3.5 4 4.5 5 5.5 6
Severity at GS75 (%)
® Prochloraz Epoxiconazole @ Mixture
----- > Increasing proportion of epoxiconazole in mixture
Fi guet5eVari ati on i n t hedervaetleo pMirffe ndepmsiidsetna ncc e

severity with the rat:i oprodchlwor @az odred e moxi madn
az. tpapulcati on with the CYP51 haplotype freq

Har penden, UK. Points are plotted as pie char
and epoxiconazole inipbhrepimé xtepiexn apoga.holor az
addition toagolamdprsoodml epoxiconazol g, the pro

in the mixture was simul at0o® &,+i08 5,0 . 0@%; i ncr emen:

+00 53 points shown here are for 0.25 increment
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6. 4Re2si st ance maemedamemtf additi onal
substances within a mode of action

Di sease control

I n most years, there were several azol e mixt
three or four azoles that kept disease severi:]
control, in addition to Fsiognkebaey ol 6ramoRe1pr oor
2019, when the average | evel of azole resista
higher,wahgemiegbooure did not provide effective
there wer-waywomt hteees that provi dedldf fyeecatri ve
scenarios simulated, whgr eni weueesat ahdaat P eas

azol e programme that achieved effective contr

Selection for fungicide resistance

The greater the number of azole active subst:
| ower the rate of selection for rVel,'efstance,
programmes meeting the threshoHidguete) . ef fecti
Al t hough there werevayomd xsdalre pmdgdigomes for
was very | ow,YiWweree vmad ruee ssa@rfioa miwa yftamb xt ur e s,
wher &dmwas consistently rehptanavajyomowt ioesthr
(Fi gwBe, )M average, having a diversity of a
available enables mixture programmes that ca
di minishing returns of addithosaeh aombveasubas

of two azoles can piovide the same bene

Yiwas highest in the FEiagb6ber, ywhaerns tshiemwel ateadk (|

di fferences in growth rates bet ween sensitiyv
average | evel of azole resistance of the popu
the differences in growth rates alsetswmdnr edi,f f e|

l eading to a slower rate of selection for fur
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0 25 5 7.5 10
Severity at GS75 (%)
o 1azole 2 3azoles
x 2 azoles 4 azoles
----------- Threshold for effective disease control
b_ 0.14 +
) 2003
0.12 A -+- 2010 to 2012
. l ~e-2013 to 2015
5 0.10 A ——2016 to 2019
& 008 LN
©
|-
2 006
<
0.04 1
0.02 1
) 1

Number of azoles

*Average Ar of programmes meeting
threshold for effective disease control

i gwB&/ariation ifeastbhéanalktepimé mtilteh number of

zoles included i aMotAhedi migxatsilo g & 6 i tyleiams of
pplication and | evel of disease control, mea
irst year of application, in the first yea
rogrammes and initial haplotype frequency s
arget tfaonrc er empainsagement i s programmes that col
ontrol and a low rate Ydf Nuembiest aorfc ea zdod veesl oi pnn
rogramme indicated by: 1 azol e: bl ack circle
l ue triangl e; 4 azol es: orange diamond. The
i sease control is indicatednbwithe ngméerdoft
zoles and ti meYi[of tphegaammage meeting the tI
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effective disease control (<5% severity at G
years (initial haplotype frequency scenari os)
solid |I-2Pae2: 2bl8ck da2sOhleéd Ipiunrep;l e2 O2o3t1t9ed | i ne;
bl ackl saki dErr oM Bdarasndahdwerror of the mean;
only one azole programme in the category met
control, these are plotted as points without

poitngoi nt a&ai deisnterpretation.

6. dm@Bact hef degremsessif st ance on resi st

management benefits of azole miXxtur e

Generalised | ineaorf niohdeelrsat(ed GLiMs®e Yidcti on f or
showedthéehatwere significant interactions betw
the fitted coef@. DarantDs. Bppead) Melée Der ef or e

fitted indi vWild osad| oGLaMsowWeelys,, -tthwoe andvafour
mi xt ufradd.%( full ANOVA r16e DU bt HSABp e fod bk e s

Out of the three -reedsudamshefprfe geuveascyyht ed
correlation coedvfail a(iddeenfti noefd tihne EEguat i on 26) ,

predi cdidfalbms The GLMs owasnghe measure of cr
resi sdaamiceved &adagluse 0898RI BOaB@%2r espectively

for, -Bndazdol e profrogdnaelsab6.y. The deg+tree of cr
resi stomonexep!| ai6bn 6 8] 836 an80%3 of the Vv¥Fiance in
respecftary eBrydazol e profaltmnébe (cmesisst ance

of an azol ealwiatyhs ietqsueallf tios 1: a GLM fitted for

only, 6A8iamgll as explanatory variablR@s, achiev:
80.1% (6i BApeend) x 6. D
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Tab6®Per cemntaarg ea Yideex pilnabiyn eidndi vi dual vari ates i
generalised (GLMsadr winvothelas | og | ink-azohetion f
progr amnexpl anatory variables are |isted in t|
to each GLBsistanse was always included first

order of other terfmsr warsd 9l edteegpwinea rbeggr essi or

Number Expl anat %variance expl ai mcGddM
azol es vari abl

progr a !Measur e orfe scirsotsasn ¢
CG CG ce
Crosesi st N/ A N/ A N/ A
1 36 A0 44 .6
4] 36. 4
Crosesi st 36 . 6 22.9 11. 3
2 a¢) 35. 0 38.5 46 . 6
36 AO 12. 14.0 13.
Crosesi st 38. 6 25. 6 7.8
3 x¢) 40. 2 46 . 2 61.9
6 A0 6. 4 6.6 5.7
Crosesi st 36. 0 42. 4 16(°NS)
4 x¢) 48.7 42 .1 8 %
6 A0 7.1 0. NS 06 5NS)

Measur es -roefsicsrtoasnsc e c alsduledtde dd osseisna-rEeD t he f r
wei ghted corr eluantwied g ha eaf fPieairesmtn,ds correl ati o
t he Spear manbs rank correl actgf opamcdef ficient
respectivel y.(35.6be 1Secti on

2Average programme efdf itchhe yamerasage efdr acst i onal

of the pathogen growth rate at the applied
haplotype {sequé&®@cd3 g®Hn2

SMaxi mum variance in haplotype sensitivity fo
mi xture, meéAO(Used &&c3) Dn3

“Crosesistance i s not aanz oilnef oprrnoagtriavnemetse,r na sf otrh e
resistance of an azole with itself is al ways

NS denotes ter nssi gtnhiafti ensebrje. (nRol tl ot her terms s

significant.
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Yiflwas predicted to increase Wwiesh siomxsceasi ng
average progr &mme awadfiinmmecy ance in haplotype s
to a single azole c®&MA®o(TiamétéeFa fg Bt7TbeE i miuxteur e,
6.7b shows t heVYipareidatciteerd iby t he germerodle |inear
mi xtures wi t h var yn emgi slt eawneles @fr ogm @amme ef fi
maxi mum variance in haplotype sensitivity. Fol

high progr amme efAfO,c atchye raen di shiag h¥itfeese pt dee cr ea s ¢

degree ogfesecrsamasice between azoles in the mixtu
these Y@asestild]l relatively high even for mi x
Crorsessi stance. Rel atd vehn§gAd awev alssosi at ed wit
| ower v&ludsitofin these tasasshall owe&r gradien
anfiﬁl‘ the rate of selection is s+4+ebkismamicmi sed

but the prediYdits ds malalngre. i n

Sevecambinati ons of azolconacsiert Isyubmit anmies e

max i mYigfeodr several years in a rtohw,esihnoladddfiotri o
effedt eacrt(TTachl6.4 . Thi s suggests that some azc
provi der esstiashtlaence manadempint ebegaefiBtson in the

oa'® an6AO for each azole programme between e

scenario due to differences in haplotype comp
t hat consi st eYifhlayd rmiengianiisveed or l ow 4 evels of
resi stance between azole component s, and rel

efficacy close to the threshold for effective
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a.
o 0.0 1
§e;
o
E 0.08 1 x 2 azoles
ke, A 3 azoles
=006
@© 4 azoles
S
€ 004l — 1:1 line
w
~ ]
&5 002
O T T T T T T T T T T
0 002 004 006 008 0.10
Ar: GLM fitted value
b.
L ]
GLM predictions
—Higher efficacy, high Var;,
----Higher efficacy, low Var;,, ..
. Lower efficacy, high Var;,,
<] Lower efficacy, low Var;,,
Simulation model results
* Higher efficacy, high Var;,,
= Higher efficacy, low Var;,
Lower efficacy, high Vary,, .
Lower efficacy, low Var;,
-1 -075 05 -025 0 025 05 075 1
Cross resistance: cc,
Fi guwr7eGener al i sed | i nperaegd inootdifdoast GiLf®) mi xt ur es
based on the degliasad anmfcechestsweencgazaverageampone
progr amme "df f iacnadoagtxhenum variance in haplotype
a single azole <componeeAQ. ofa)theCompatiusen

epidemi ol ogi cal mo d e | valXi@eorv-@BndalZd| i tted
mi xtures (denoted as purple cross, blue trianc
solid black |line denot¥®fh2bllei nmm xt@ubl.s Wariha
degree ofesisacmsicaend high and ho@A®al ks of

higher and | @wernrvalsposndoft o final di-sease sev
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3.5% asd 54 F es pceLcM ipvreeldyi.ct i ons are denoted as
different I(évgherof= 0.62;6AOWeigh &.;81p1lAand

|l ow = 0 .):00hi5gh effi6cAadbccyoand bhghk EBffhergacy and
| oww®@i : dashed bbobwek &f hieceid: asnal ihd ghr ange | i
| ower effi6A0Oy EBEpddemiwol ogical model results |
ofd (higher:d0<58568&87:;: | oderx: 00828 <

(high: 00<®AGX 0. ®2;75l ow: 600<s®MO@2 % 0. ®1)18

are denot edhiagh fefl flioovAY: amd akbikglmyihr @lf éi cacy
and 85%Qv: bl ackl ew ueafrfei;c @&cAyO :a npd nhki ocW recflfei;cacy
and 6A0W pink square.

Tabbe&Fitted parameter values for generalised
function fowazb]e2prdgamadmés.

Numbe
1 2 3 4

of az.
Par ame Esti mate (S. E)
Inter -6.54G.48 -7. 2Q1@®® -8. 702400 9. 7@®9 94
C@ N/ A 0.964 0.40 07764Q2)5 1. 76 ®38)9
§¢) 5.36B0)2 58360.64 8. 13020y 9. 312. B9
6 A0 63.®6403 28. Q@3 22865. p7 31 .(131) 8
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Tab6ZAzol e promeatmnmege t he t hr eshotldatf otre red & de cmta@ xvimiMifsoesttsr @ qaent |y f or
the scenari 6. enodebmptded haplotype st amtdi nrganfgree goufernscd iessecathyody garmrgs s
progr amme "®f)aincdaacxyi {um variance i n (lAap)lovteyped hee rysiatrisvirtey evant for e
IProgr ammalse fwennmaal x iaisriog miinnMyfiins ai yeahey had o8er olff B¥i=tl hegheespecti vel
within dfhepryeg@mrammes meeting the thresheos df d wer etfi &t 6 ver ca@gmd mrmmds me
effecti (@0ddnt rRdll8,r 02grladmes wi th th¥e[vhlgbeswetewesnsilder e[ to maxim
respecProvehyorazV¥ifnnni2milsed

Fungicide progra ‘'Years mini| C G B n Hil,,
maxi miyse d (<)

Pr ogr ammetse ntdheatdti i iomM»s e

Pr oc h|Eproaxza c o&Taezbod ceo n a 2003, 2240 0. 2401 1¢0.5-104570.008701
Prochloraz & Epoxicon 2003, 2D0®4 0. 60W1L 31 0.5-1035¢<0.00Q@100
Foway mixture 2012015 0. 1104 2C 0. 5407 5¢€¢0. 020102
Progr ammetse ntdheadt t o ¥maxi mi s e

Prothioconazole (solo 2003, -22a15Q 1 0. 5-106 6 €0. 008602
Prothioconazole & Pro 20120019 -0. 001 6!0.5202 6¢0. 00102
Prochloraz (sol o) 20120014, 201 1 0. 500 6¢0. 003801
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6. 5Di scussi on

Wehave described &omowmedelmleithgodt he joint ac
substances wi t hin a Mo-A e wi $thanicnecomphete the
response can be paramet er i ssevdalhbuaesse d Wen anpepd si uerc
this method to the case of CYP51 haplotypes, Vv
be estimated from combination of mutations on
that there can be resistance management benef

are maxi mi sed by Ilrevsiost argeatheteweaemstshe activ

i et mi xture. We show that use of azole mixtur
of the individual components of the mixture
control than scelfoocapm/diwiMdhAi aoygmr. o gW ammes f or t
purpose of investigating bhe bmperfi anbft azwdte

in practice azoles should be ©Bseaetheinn pocsmbhibh &t |

Our analysis focused on azole products with a
are of relevance for the newer azole product

crorsessi stance with HeinetkhieacahnazolR®20Th&i | dea

met hod we introducjeoifrotr-simoadeatt nga ddhifevenul t i pl
substances within a MoA is also |Ilikely to be
mo d e | may require adaptation for cases other
there are varying Ilreesil st aonfc ep obseittweveen cSDotsls f
(Al zohairy et al ., 2023; Vel oukRes iestt ammlc.e, t 20

succinate dehydrogenase inhibitor (<SDHI) fung
mut ati onssdo#ddhtchasnddhgdle nevhi ch code for Ssubunits
succinate dehydrogenase enzyme. Some i sol at es
sdhc paraanead§RH@E onferring high | esvelest cchfedi nser
het er cacnyicdlee SDHBEPHI( SHA a subcl-asbavbédcBDPHI sal l

(Steinhauer et al ., 2019p Yamashireai StRhmxei e (
foll owi ng odp ®BIDiHdatmixnt ures in pathogens with &
be necessary t o i nclude t he effect of SexXue

depending on the combination cfumubhiatiamd/ on 1
presence of additi(oQualiZe8Dik&opataladgs 2017; St
2022)It would also be necessary to account for
if extending the model to accosiintefmut dathieom® m

ando-har-giete resi stance mechani sms such as ef f|
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We show that greater diversity of active sub:

mi xtures t hat reduce selection, buwtaywi t h di m
mi xtures minimized selection (but some did no
the findithgdPdDoofeypyoet al . (2016b) , where no |
benefits were seen from mixture of two azol es
resistance were Heemrk a&nd, atlvhhood estdofwerde t ha't

di verse azole programmes reduced selection oV
resi stance management benefits of additional

|l i kely to be greater foresfasngncedeaevs t vi tohh h & oD\
substandceas sami | ar | evel of efficacy. I't shoul
substances i ncluded in our anal ysi s, t ebucol
di sease cZonttraadlmpefied to the other azol es in
resietmanagement benefits of additional actiywv
mar ket may be greater if they offer -improved
resistance with other azol es.

We used dhapploedpe frequencies to inform the st
composition in theSecmenandibgi dnoaklevichlaygddsot ype I
were | arger than thespavsedadby Bophlateitonal EC (
cal cul st e sEal ues, requiring some extrapol ati

relationship. Ouwrr ee gthiemaetfeos eofmore uncertain

resistant hapl otypes present in the | ater y €
hapl otypes that appeared in the samples coul d
to ins&fgfdiadciaentmost of these were only found a
so would have mini mal i mplideca |l counl attheed- of voerr atlhe

year period simulwahieddulOhenhtapdetiympel uded i n t
L50IS38-3YV8 &DNEIN51 XK P,ywa s associated wi t h vari ab|

CYP51 overexpression and sensitivity. This ha
of the population from 2014 onwards, so coul c
outcomes for years in which iatn awayss ipsr etsoe ntth.e Ve

of selection on haplotypes that were already
l i keli hood of the emergence of nowedarhapl otyp
period simulated. The repeatabil (Hawef n€YP51
&Fr aaije,s»0Rt1)is very difficult to predict wh
in response to different aketei we opraemmases t
emerging strains could be affected by the u:

selecting for di fferent hapl otypes that wer e
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errelianceMoAn diwi drhgint y and-r @snicsotmgpn ceet e f ocrr o
sistance management <could increase selectio
ol e resistandPepl ay a@abt.adFk dry 20X HMhYil tee targe
erexpression can reduce sensi ttiavrigfieyt et o al |

sistance mechani s ms, such as overexpressio
sociated with an -dmcesesase@mecasd of. aaul t i 201
tosn t he frequency and heritability of differ
d ef fl ux mechani sms i n combination with C
pl orati on of t hsei t e f foevcetrse x p f etstaaitgpigd tea n d nort
sistance i nhctomdisthareg extut witi ons model |l ed in

rr results-ofHovwed wereamde f f i c acat ea nod sseell eeccttii cor
increased by higher programme efficacy and
pl otypes against fmni azrote ¢€tompboboedes. alte be
xture withkhkiaoatehak dMomgl @t may be necessary

tive substances Wlioaoh adzm | rneo tp rmigntiamwiresees ua leon e
at the efficacy of both mixture partners i
ogrammas we predicted to provide effective
ggest t hat S 0ome azol e combinations woul d

|l ection forb ay ed md mudre ogi t4e some fl-uctuati on
sistance bet wiermen. aQuwil eappveach could theref
entify combinations of azole active substa
nagement benefits over mul tipl eagaoloavi ng se
Xtur e partners withrelsiwtahge,agpeamt nge f or odga
ni mum | evel of di sease control required to
ere possible avoiding wuse of active substa

riance in haplotype setntse trievdityt avide rhaendgpgadr
nefitsMoA dviiverkaietpy azmd e fungicides effecti

6Supporlitnfnagr mati on

penmdiFxurt her details on the population genet
pendiQYRShNRBp!| oftry@geeuenci es anfdouge msziotlieviatcyt itvo
bstances

pendi kamde&€ds moeadélf eof bhegenetic variance
| ecti on

pendiFur6t.hbeer details on model results
pendi&f fep.rEmrtk lody et al . (2023)
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Chapter 7

Di scussi on

This thesis desepi dhemi dlhegiucsael oniodel | i ng t o i
strategies are likely to provide both good r
di sease control in cases where there is concu

or more fumMmmdiecitchesi s starts with a review of
2), which mostly relates to strategies agains
of action (MoA)latthng diseossima, | summari Se
of my reseathbhbjirdi mpussations for design of [
strategies for current and future MoOA and i

research.

7. 1IWhat i1 s the value of phytosanitar
fungicide resistance management ?

Any application of fungicide wil!/ exert selec

Pest Management (61 PMH) met hods that can red

intensity of fungicide application required a
managereant t he value of these methods for resi
guantified and may be overlooked or underesti
the value of a phytosanitary duleteurpeelr i odrt folr
fungicide repgadmdamtncfeormaasnasucci nate dehydrogensce
fungicide ufPbdkobpsooat(plslk haynr tsiozyibean rust) .

My results show that phytosanitary cul tural

resistance MDehagemgnti nfection timibgthelative
reduced sel ect iroens i fsRh ra npf aucnhept richéiidaei s and i ncreas
fungici de ,efffoercttiwoe rleiafseon s :

(a) Theaerewdscti on i ax g dstuirheetnlgg eht hootge n
fungici de

(b) There was a reduction in the total di sea:
effective control t o be mai nt ai ned wi t h | ow

di fference between the growth rates of resist

since tlheofl efviengi ci de efficacy needed to mai
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reduced, a wider range of fungicide programme
after increases in frequency of partially res
The value for resistance management of I PM me
growth of pathogens is already rreecoigmntiasreade For

genes have been shown to enable the plant t o
pat hogen andhesogrroemuihc er att e of av(iSailretngnapcat h o
et al ., Theks®) resistant cultivars can effectiv
and reduce the difference isnemngsiotwitvhe raan de sr ebseit sv
strdiTmyl or & c028blhé eresults presented in Cha
del aying di sease onset can al so have subst

management , even if the growth rate of the p
Ssimul ations, del ay i n i nocuy umulatruri aslal c adruter «
increased the time until 50% of the popul ati c
1471 %. Fodaw dé6l ay in inoculum arrival, t he

approxi matel yi necgrueads et oi nt heT5006 reswslitieng fron
dithiocarmamauee partner.

The magnitude of the resistancef maeapgpementd be
was somewhat surprising: in theory, the value
control of polycyclicP.f opaahkytptmitzhiogknepisdemi
growth rates and short | atent periods is expec
builds to dafmdgti ngr ,| ex@0 5; Zadokldowe v®aheiint,

appears R.hapacfhorenhéemi a relatively modest del ¢
infection cani beansef mhntgemeas and di sease c
when wused i n combindathieon nwirtolduftcu n gfinrceoal e ¢ .he s
period in Brazil has indeed proved valuable, |
P. pachwdhireducing the average number of fung
for diseasyordmmtrrigl 2021)

These findings are applicable in other systems
pressure through delaying disease onset. For
heaps | i mi tPshys oprha ehso relf aitnef ebsl ti agph&to)o kien cectu laud m
2011 )Wheat stubble management such as straw r.
be wuseful Ztyonos epturoiétsiacpit ori a tritici bl ot ch)
aut usmmwn cover crop can trap ascospores an

nei ghbour( MgDdna&llddls& Mumhat ad2016)n, pl ant def

always attributable to genetic mechani sms t h:
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asured differences in disease severity can ¢

chitecture of di fferent cultivars that aff ec

r example, the | ocation of diffey2nt | eaf |

iatnikyicosphaerel(lascpichmgdeas bl i ght) in wheat a
spec(tlieveMayy et al ., 2009; Lovell et al ., 200C
e of tolerant cultivars that maivanhn yield

n Bosch enteiatlh.er 2r0e2d2uyces pat hogen growth rat

set , but does reduce the required | evel of «
the reduction in disease pressure noted as
ybéaee periodocomcTimsdedd fective |ife. For
ltivar tolerance is also |likely to contribu
e resistance managemelh.t paenlewrdkisz iodn dvedrae i

Ximised by wusing the minimum number of fun
fectiwdteonttrakling into account the reductio
ybédaee period. Resi stance management benefi
apting their fungicide application practice
t i n some meyarsst itlhle lre shkki gh i f weather condi
culum di spersal and pathogen growt h. I f th
oomlse not to reduce fungicide applications
ses in years withtdai Bhesdi setDeali B oG ls3uw por

o

y

s

stems (DSS) that incorporate information on
ather can provide guidance about cases wher
n be achieved with | imited i(nl§zarsedetrialk. ,0
21)Some model s and DSS already include the e
l erance oem ddhee frueguicri eld f or (eef.fge.c tGrviemnteirs e a
al ., 2024; Prahl et al., 2022; Small et al
al .., QuUr09r)esults suggest that to maxi mi se
nefits of I PM, there is a need for DSS with
nge of I PM measures taken by grower s, such

ytosanitary cultural control
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7. 2How does the i mpact of dose split
fungicide properties and the type ar

resi stance?

Dose splitting pofefs efnotrs nmaa nkaegye mermatdeof t he conc
of resistance to two different fungicidal mo d
fungicides in mixture may require splitting t
mul eéiapplications, increasing the exposure ti
4, I used a compart ment &lt retpoi deéxnpilod roeg i vcaarli antoidc
the effecstplottdogewith fungicide efficacy, p ¢
magnitudcesisftance. |l spoundi hbai ndosased sel ec:
tar-giete a-hdr-gn@the resi stance, baupg | itthe ngf fweacst

variable and depended on the <combination of

properties.

Fungieffiecacy and persistence were defined I
asymptote parameter (the maximum effect of th
curvature parameter (defining the rate of dec
with decreasindgotdoae) candenheation decay rat

Resi stance mechani sms were defined as causing

or a O6cur yataurree dsuhcitfitobn in the asymptote or
respechMy vredsyul t s s icewttalgeet itnlce epaesre i n sel ect i«
splitting is likely to be particularly | arge |
and highest for s meelclh amd s vE@tl wr et os hriefstusl.t in

curvature shifstitienoduudda i baisgethat reduce f uncg
binding trastigeet over expr es snioehna ragred eg & reesri sslt iasntc e

mechani sms such as enhanced efflux activity.

The effects of dose splitting aé sbamdgeseind or
increases in selectivwenr eduper etda cd ey i <p Idietst iwi ¢
steeply curved dasne mes pdafsoel viealiry vceolnecteftnt r at i on
| i.f eSDHI fungi ciacde sanweerxea mpd eed o f a commerci al
available:tdhgrowsmnudtssphiowt itmmq@atofdoae SDHI f
appl i eids sloiikoeclrye asoe sel ectiaompifoxi2n@Bélsy ance b
However, accoentiadg Varipbdi ity in decay rate
of TA@% f or an asyngOeé&t & os hiaf tc,uraarratatbrid i $ i fi tn.
fungicide decay rates between years and site
condimapynsheref ohe eoapdtacdbbhdefect i omuft@amt SDH
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reportddeflrdomxperi ments on dose splitting (Pa
2021) .

The results from Chapter 4 provide insights f
in Chapter 5, where | i nvestigated how the ba
from dose splitting and the benefits of mixtu
the tyYypenagnitude of resistance. I n cases whe
selection for resi st anocfef moasyt osuttrwenigghy ,t henilse

mi xtur e.

7.

evolution of resi stance: alternatior

n

3Whi ch is the better strategy agai

Chapter 5, Ztudwddmvmesdeaelgadfe how interact.i

effects of fungicide efficacy, persistence an:

determine whether alternation or splitting an

concurrent evolutionriosk rEeAsmadeb theclh woedt

effects of sexual reproductdmd ddaeldliheet dmte quen

straFiumsgi ci de properties and types of resistan

a
r
b

S

e

o

described icmn€hdpted 4dhkdlioat d oof aseltag ai n
si stance to both MoAs for scenarios where t
t h MoAs; (b) a curvature shift to both MoAs;

and a curvature shift to fungicide B.

found that splitting anrdi sk xfi nrgg itcdcied é&sotmilnid

| ecti on f-roesitshteadtoudtireai n more often when t|
ift to both MoAs, whereas if there was a cul
some |ikely to mhesemi sesséetecarenpartially
ndings presented in Chapter 4, which showe
|l ection more for partial curvature shifts t
wever, for all scenarios of resistance type
| ecti on froesitshteadtousbtlreai n varied with fungic
rameter, curvature parameter and decay rat
nsi tiifvti:t yneiht her splitting and mixing nor al
addition, across much of the parameter S |
|l ection between splitting anQvemiaxliln,g faonrd aalll

sistanceritgpe sSsplkihntbating and mixing was mor

alternation for resistance management when bo
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with a high decay rate anddmd tahd omwa gruirtviad eu r c

resi stance di ffered bet ween Mo As . Al ternatio

selection -rfesri sdaobl estrains when both fungic

moderately effective.

Th

po

e variability in which str ateessgystminni msitsread nc
s
Fungici de and resistant strain properties a
p
t

es a challenge for management of the conc

ecially whAen sa fnewtMreleased to the marke

data can be wused to estimate fumgsmpgamrdsee foli a
parameters, the | evel of wuncertainty in the es
as discussed in Chéaptda re s3a.ntdvetxgpogean emseing asl evol
can be used to predict Ilikely resistance mech
the relative fitness of strains with differeri

predict whi ch mutati ons emer ge aatdi omnpsr ead t
following the re(lHkawswlki nd, a2 hz4) Mo A

Splitting and mixing generally gave i mproved
alternation, and often minimised the rate of |

(HAD) between the first and second year of t he
mi i Mmay t herefore maintain effective disease
rates of selecesonst aomtr sSobubdiles compared to ¢
However, effective control could potentially

mi ni mi ®icng onnelusing alternation tactics (which

contr ol initially), and then switching to sp
mai ntain disease control. The modelling analy
l ongerm strataxgimeseteffective Iife or [|ifeti:i
tactic is not flexible over ti me, splitting
maxi mi se |ifetime yield, l'ifetime profitabild:i
studiEdsder fli.el d2 0elt8 ;a Hobbel en et al ., 2013; Ta)

My analysis considered pathogen strains with
shift. However, t-Beteotestshbntertoaegetve to
preclude the ptosrsgibtid irnesiosft alsnocne evol ving to
Focusmnmi mi mi sing selection for strains with &
expense of an increased risk of selection for
weed managemenft herbicide mixtures is associ a

of t-ar gesttraenscie but higher preval(eGaonmo motf ertet abo
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al ., .2®12&09gt i on for generalist resistance mech:

al so been dedondamditteche | lPsetuedroimomas aerugi nos

(Ballu et al ., 2021; AVepsrtaegrngaataircd cehtoiale. ,0f2 Orle
management tactics may refjuit we wei gbbdngaat asy
shift dueite resgestt ance i s more |ikely to ca
efficacy, whereas it may initially be possibl

increasing fungicide dosel Traytl osr a&s Cruensiii Stfeenc
van den Bosch &tnagle. t h2020pel ine of future Mo
clear economic benefits to pntolMonAgsi.n gHotwheev eerf,f

efflux and aofglkeete menhani sms catrue@sti stlamte t o

( MDR) strains and could reduce the baseline s
MoA, making future disease control more diffi
7. 4Can i ncompl-red i cstraorsse within a fu
mode of action be wuseful for resiste
As the number of MoAs available for di sease

' i mited due to regulation and existing resiste
of fungicides with the samesMsAarmwud hasompek
proposed d4d3 ad petséemstance management strategy.
of partiralsi srasce have beezmnl eo bfsienr ggiedi dfesr i n
demet hyl ation inhibitor(DoMI ¢ygebupl (FRACLE&o0dH

al ., 2007; Leroux &t Wall k,erg2h@u)sle &fy k&zsol e mi
has been shown to Iimprove diseas(eHeiomk retl con
a l , .2B8bWepvVver, the resistancdomMamagemens wal b
i ncompl etesicstoasce was unclear, and previous
representing the joint action of fungicides
additive dose neoqdueadt)e lhyadr enpatesecht ed t his case
used a novel modedi tod acitei gmimnft malrtgiepluep azol e
to investigate how the resistaMdde mnxhagement
vary with the degr ereesoifstiamcempand et hcer ossmber
substances available within a MoA.

The growth rates and changes in population fr

wi tdhi f ferent CYP51 hapl oid genotypfser (6hapl o
scenarios where fungi cisde gdeplaized te¢idornese c owop r i
fowny azoleThexmodpsr wmet et hsedehfe&mtoiwni ty of

Z. tQYiRb5lcihaptloottyhpee sDMI fungicides epoxiconazo
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prochl oraz and Stebacoonazodfe i npiotpiud lat ihamp | ot )
compositions were estimated from 4. dtariatsiedi of
popul ations in fields around Rothamsted Resear
2012019. I't was assumed that the entire CYPS51
one generation to the next: the( Brouremeari adt f or
al ., wak0&)ot included in the model. The epidem

was calcul at ed -vaesi g hhtee df raeveureangeay Ig r lavp lho tr yap es ,0
ifThe rate of selection for fungicide resista
changi¢f rooim one yea¥i[ tRPr ¢« hretahmeesh,ad | ¥i val ues
anpdrovided effect(wvetdl ssagsercopt «b® on the ur
at growt hwetageondi)dered to have the greatest

benefits.

My results show that there are resistance man.
alternation or mosaics of azol e active Sub:s
resistance. The best method of deployment ( mi
bet ween yeaesdeaehdorepxact product combinati o
popul ation haplotype composition. However, t
mi xtures -paar waltthémnati on hvaans moerad crse ainldi drett w
year al tter ndaetciloommes i n afsunrgeisciisdtea ngf fsitcraaciyn f r ¢

i ncreased.

On average, across al/l scenarios simulated, p
substances resulted in a | ower rate of selecti
di mini shing returns as additional azoles were

t woay acomkeinations had ilfes stahoree ebvayt ower
ombinations. My analysis showed that fungi c

c
efficacy selected more strX¥fwgbyhigherefostanmo

combinations foanwhhicbghehevariwabil ity in the
against individual Mimiixdimues® acfomapokasswith | ov
crorsessi stance maximised resistance management

i ncompl etesicstoamsce IWast uesedpproxi mate CYP51
composition of a population is known prior to
can guide choice of which combinations of az
f

ungicide resistance managememtmmes part of a

Al though my analysis focused on the exampl e

approach could be used t o -rneosdieslt avnacrey iwiigt hlienv eol
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MoA groups. For exampl e, vareygisgaheeehsavef bpe
reported for SDHI f ungBoctirdyetsi s{ gaidnfee nequalt ch)o,g e n
Alternari aAlat ¢eenanita | eaf spotTor yprae hpgreas o°f
cassi(Cowlywnespora I[Peadfbsppate)(@paorvddnetrhyi imi | dew) ,

and. t(ctAtizehairy et al ., 2023; Ferster et al .,
et al ., 2020; Vel oukas et al ., 2013;. Yamashi't
However, it may be necessary to account for t
t he sensitivity phenotype i s determi ned by

intragenic receamsiiratinemrn p@Gt @s SDHI fungici des
whi ch -gdiatrggemut ati ons are psehldedihecngdhd hree ge
coding for subunits of the succinate dehydrog
absence of an add{(&cahbhiesdét ahral2@l2; Steir
Yamashita & FThaigepr ”@0cdB)coul d al so be adapt

of incomptesiestanse within MoA groups in other
as pyrethroi@dMaywesseceli ¢ciathensd 2 M2 lawmiti dli odand, an
cancer t r(eBauttnaeynet set al ., 2000; Hazuda et al .,
201.5)

My anal ysionn fwoMod®s epdr o gr ammesin practice azol es

used in mixture or alternation with other Mo
fungicides within a single MoOA group wil!/l S
sensitivity to all/l active sudasd ameebsnavi ¢ &s inn ¢
|l evel s of poesiitsitvaencer omdgs hin the MoA. This eff

i 2. tfroirt ibcdt h DMI and Do9bHleyf engiadi.des2016; Ha g
2021; Kil de aReéehtf ussl .e;t. 220h4; BWOtl8B)i on S524T is p

i mplicated i n i ncreasingesliestealnsceofbepwséeni vae
fungicides, in combination with generalised r
MFS1 rdKiomea et al ., 202 3; wbml aHhle5t2lRe €1 .

mutation results in strains with high resiste

(Rehfus et dHowev20l1l8ptions to maintain dive
progr amme ar e becoming increasingly i mited,;
i ncoempel erecssisstance wi t hin a MoA can of fer

resi stance management .

The moodwelld be extended to investigate the eff
mul tiple fungici desrewiitsht ainncceo myp Itentien car oMosA | n
fungicide fromla Wobufdr et vEMbAable to invest.i

i ncompl et esicstossce between two mixture compone
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uld contribute to reduced selection for res
th a different MoA. There may be difference
d dose rates arwayopniixmaulr ei ni nac ltundrheeeg ea di f f e
s often higher wvariance in haplotype sensit
erage efYflwasachjigser foHowbaeser, aabbdls. fungic
th higher average efficacy may neverthel es:c
ngicide with a different Mo A, due to a <clo

ovided by each mixture component .

SBRecommendations for Further Resea

5EmMer gence of resistance

t hesi s f ocuses on t he effects of resistan

election phaseé, for cases i n pwhescehntr easti st a
igh enough frequencies that they were unli k.
rough <chance. However, prior to the select
aseo, in which the frequency of strains wit

at may become extinct due to the stochast:.i

mbers of r e@Mikraibdez el eesti.oanbst r a2®di7és t hat i n
e time to emergence of resistance will ext
tentially for | onger than attempts to reduc

merged, as the selecti(@beiphiarsge etahdlbeouX@8)

erefore be useful to extend the analysis pr

|l ative effects of alternation and splitting

emergence of resistance to two MoA.

Pr
t h
St
p h
fu
Wi
hi
an
S0
p o
t h

s u

evious modelling studies of resistance evol
e emergence phase for strains with asymptot
ochasmoadgelssubf or the dynamics of a resistant
asHo.bbel en ets halwed( 20nlad) mi xti wrke sasmmé K @ whi gh
ngicide delayed the emergence phase as well
th resistamé¢eskt & uvhilgkeacbhedrgihd z e sehto weeld. t(h2a0tl1 7))
gh fungici dlel ydosecselgeernetrea t he emergence pha
alysis shows that high doses could theoret:i
me mutations causing a curvaturZe dghiiftti.ciHov
pul ations are typically very large even aft
erefore unlikely that even the highest fi el

fficiently that mutational Taypplty &l Comhnsffh
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(2028dyel oped a model of quantitative fungici

curvature shift) incorporating the effect of
resi stance phenotypes over time, and additi on:
of wvirurlesicset amt host cultivars, although dem
emergence phase was not considered. Their re
fungicide applications per year (minimising p

yield owvteear motmilgmasc The results of these studie
t hat prolong the selection phase wil!/ al so o

i ncreasing fungicide effective |ives.

Themer gence of new resistant strpiesenseadl so
in Chapteoubd be interesting to investigate hi
and programme type ( miyxetaurse ; adlttee rgnaaatrieonn bveit twhel

mosaic) influence the rate of emergence of dif
6, I consitdemedns gl dor haplotypes present in
in individual years. An extended analysis coul

knoww P51 haplotypes at | ow efrYePgsule nhcai pel so,t yopre sa |
to emehgeugh outantomgeni ¢ MHewemkirnattihen | eve
predictability of individual CYP51 mutations
mut ations found in the field haveHdwkinng eport
& Fraai jTehe 20xXil9gt ence of a given mutation may
|l i kel i hood ®YP5darmutcautliaons arising in the sa&
interactions in the effects of individual CYy
conferring fitness (aHldevansagebBrani penaklk0il8s Mu!
2011Mhe l' i kelihood of intrageni c recombinati ¢
mut ations depending on theili pbeloixhamdod yofonne e
mut ateormonhbkaplaortiyspiendggh emraedfecpreend on genetic backg
(Hawkins & Frsamarigwi,ows0189l ection for particul
influence the future course of evolution. A re

of new CYP51 haplotypes would therefore be hi

The I ength of time for resistance to emerge
background with a higher mutation rate. Fung
indirectly select for an increase in pathoge

i ncreasedy forfe chweprea my Gatmbhi st redai Alst. h o2 2t)her e
are often fitness <costs of a higher mutati on
del eterious mutations, the fitness advantage

Addi tionally,epirnodacsergu®lolpwl!l ati on, beneficia
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generated by hypermutator strains present at

recombine into a genetic background without d:
strains have been found in several fungal p
Aspergill ucdds mRegiag uest al ., 2019; Gambhir et
It would be wuseful to model the effect of d
selection for increased multhaes euoof rmbese dnver a:

fungicide programmes such as miaxt moee or al

challenging adaptive | andscape for pathogens,
hypermutator strains. For exampEscghaer inohdied | i n
codhowed that the I|likelihood of fixation of mt
rate JHtyo 11000 d i n@gs eavhed number of mutati ons

adaptation increased, although this analysis
mut at(iTemai |l |l on .etHyaper, mul ad D) strains have b

i ncrease t hedrruigs kr ecsfi smalntcieE.t gc odrmtt ihb if cotl il oswi inm
combination (mixitrwmge)tramd mennhgl ei th increase
mu kdtriug ef f I(Gx fpomps et al ., 2023)

i ncrease in mutation rates could occur acr

|l d be |l ocalised to areas of the genome t hal

gicide application, minimising deleteriou

ome. tEipt gmoeedi fications have been shown to

o S5 o <

gene duplZcati iwhitiatemuiati on rates were f

o o «@

accessory (cHamimpseomeaGene 20WLpll)i cati on coul

(@]

rease relss st hnoegihteey acrpguered f b war expressi on,

e

Il d increase the Ilikelihood of adaptive mut
del eterious mutati(cPreguedue®!| €6 .e e dlarhedsaen 2y 1 3
mechani sms for | ocalised increases in mutatic
modelling the effect of fungicide pEogr ammes

t riitsiocliat es with different CYP51 haplotypes n

informative to compare t he smuwtfatdiidmn erraetnes aofe at

genome, to test for changes over time and wit
7. 5T.i2miamg pr opfordewmal reproducti on
I n Chapter 5, [ used the simplifying assumpt
t hrough asexual reproducti on t hroeghalut t he

reroduabhdohor mati on of asa@adspgdree ®nacodr rtihreg got

seasdowever, there is evidence from spore ¢tra
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mol ecul ar mar ker s that sexual recombrnatcon
throughout the growing season, followed by a
reproduction towards the( Emen o& MbEOmalodvi nH9 g
DuvivieEri R6géb; & Munk, 2003, Hassine et al .,
Zhan et al Sexbf@b8)y e Zr odirdtéinacsd etgyenn,dwei ntth
ascospore production reaching a maxi mum at a
(Suffert et al., 2019)

Eri ksen etmamdel |(e2d00OtlHe rel ative contribution
ascospores to epidemics of septoria tritici b
i ncrease in disease severity is attributable
They note thatycdnriedinousmberres fprpoduced by a sing

of magnitude | arger than the number of asca
pseudot heci um. The | atent periods for the dev
the establishméntowoingi nihéecitomnf eowi th ascospor

compared to pycnidi d Eandse@yceptit diads por2e0s0 1 ; Mo
2015)How&v ék,sen etalada g ROWELd t hat sexual re(
within the season could affect the genetic col
season, with | arger effects if the pathogen pc
reduced the rate of i nueecttd oce cbhrye apsyecdn i ddii sopseprosr :
Thi s model coul d be adapted itmg ifnrovressegatak
reproduction prior to the end of the growing
alternation and splitting and mixing as strat

resi stance to two MoA.

A model comparing the <contribution of ascos
susceptible and resistant crop cultivars pred
a greater proportion of infections on resista
expl ai neas chaypet hoef resistant cultivars from inf
season, |l eaving a greater area of healthy | ea
ascospores |l ate in the growing season (when
compared to susrceptibl eesustant cultivars ar
infected by ascospores rel eased from anothe
fungicides, there may be anr daqicgtearste ds tf rr aeiqruse |
resistant cultivars, wi sh spaheaet malnageméntcat
example, this may affect the choice of fungic
upper | eaf canopy of resistant cultivars. T

relevance for management of <cultivar mixtures
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I al so assumed -sb@asoml t e hreddweceini ammlwvyas s exu:
consi derseédgl eo ®esetnaarrtiiong frequeandesbbé& the si
resistantheampaddnisf f er ent |l evel s of sexual rep
seascosba explmorad detsatiddgylbgr & Cunni ffe (2C¢
showeda tthiagher rate of sexual reproduction i n
of deuebsliest ant strains when -rtensei sftraengtu esntcrya ionf w
l ow, but ssabpepmgdewmedy fr equeneieess sotfantth es tdroaui bnl
Ascospar est hoagmttr itbout e t he majoirdn ttyhefndaxti t i e
season&s (cSrudpg er t et elf f,ec20In) ,quaand ttahe ve co
bet ween splitting and mixing aad dl seumsatdon
in SextbHowever, conpotdemt@italohharfil &atviedn oif n sexu
reproduction between seasonssciennao®dmihreat i on
starting freqg-aemcideselsd fs tsaimtgddetdr diens nf or mati ve
estimates of pr ogarammef etSiireda t \eigeli diih faé s owo u |

require running the model for a | arger number

|l ength of time before disease control breaks

7. 5Re3presentation of the dose respon

I n Chapt,enrhed effect of fungicide application

in terms of changes to the pathogen transmi ssi

cycle parameters affect the overall growt h reé
fungidoisdéder esponse is described by a combinati
n, a curvatur® papadaméteerf,ungicide decay rate
approach is compatible with the use of compa
with healthy, |l atently infected, i nfectious ¢
separately. Fungicide defcmym rwvdlese sweawaid satbil |
published |iterature, whilst disease progress

sufficient degrees of freedom to frjatndt he t wo

M However, there is strong naawWafornerampt ween
see Secti,omwh3 .cAh. 3c)an increase the standard er
val ues.

A different approach was used in Chapter 6, w

of azole fungicides with the same mode of act
effect on the pathogen popul ation growth rate
mode ¢fi oacof azole fungicides as CYP51 inhi

production of ergosterol, and thereby [ imitin
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6.3.2.1). The fungicide désredra@@&elodasescfbbedact

by a combinati ®dnawmd tolae amenhgici de decay rate

assumption of exponenti al pat hogen popul ati c
representation of density dependence, in C
ompart mental model-5. uBDatdai orEGhdfp tissemlnadt es of

c

each haplotype was used to ditlthshdaobd bespor
t hat t here was l'i mited data available for [0
hapl otypes and azoles (in some cases only a
insufficient degrees of freedom to parameteri.

used in Cdhapters 3

Cunniffe et al. (2012) demonstrate how compar
and infectious compartments can Hae eéinearis
equil i brium dxprofbdmiitmmhen pat ho g.e nT hgirso wetphp rroaat ceh,

could potentialmay héeeexdglfwictedft azol e mixture
growth rate tondhveflatt panbhagen | ife cycle pa
ot ransmi s)soinounl trpaprleemetuébrj € ct t o assumptions on

effects of the fungicides on each of these |

I n Chapi,eubedd the simplifying assumption the
response parameters for a systemic fungicide
on the transmission r,atandanadltihtes elnaatkednytt hpaetr i

multisite fungicides affect o8Bl Vi kiméyetanbmi s:

complex, but it is not possible to accurately
and there is also a |l ack of suitable | aborator
the impact of these assumptions onoushe model |
model |l ing analysis suggests that these assum
gualitative(MbHaberedmetet al ., 2014)

7. 5Vadr i ation in pathogen I ife cycle
I n this thesis, | used modelling approaches 1t}
period, infectious peritidinbeddoteaacmogsnsiiomgr fad

effects of density dependence and fungicide a

empirical evidence that these pathogen | ife ¢\
ti me. For exampl e, spore dispays@plat bodemer mi
depenmd weat her conditions including rainfall,

Lat ent peroodar x.anewdrs when measured over t he

on optimum temperatures for pathogen growt h,
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host growt h st a@Reramadr dl eeatf aalg.e, 2013, Shaw,
Thompson., ©PRWd8nate of release of spores is not
period ofCanhiefkfienet al., 2012; Eyal, 1971)
Variability in pathogen |life cycle parameters
modell ed in this thesis. However, it would be
of variable pathogen | ife cycle parameters on

which showed that there were resistance man
i noculum arrival usi ng-f ae e hpy ¢hieig eedh dctoauTlyd Obbseoy b
potenti al oitnhed f ®@cttisomdn fkaltdyinnvgpr i ati on i n pat

| i fe cycl edupeartaomenmeeartsher conditi ons.

Deci su@pmport systems often use weather data as
of disease ri(skonazrBd emzengaireizt yet Many Q&RRiI39i on

support systems -bpasoevd daes stehsrsensehotlsd of r i sk, s u
Rul esd® and ONPTrPst adhf(e@duchakssetof al . , 2019 ; Hj el
202.1Mor e compl ex epidemiol ogi cal model s t hat
environment al variables on pathogen devel opme

of disease progresd eowvsr imphmhe meh&re ddgxammaedel s

P. pac,Wwurcki nii a (syterliliofw mfmisst 9|, adindm( leo g wédtot ryae

scapAudsl ey et al ., 2005 ; C hnd no2nnegru eezt eal .al .2
2014; Kassie et al., .2023; Savary et al., 201
Many biological processes are inherently wvar.i
numbers of explanatory factors, so pathogen |
best represented by aufnmeddencyradipotsrdid®bOAt2i)o n .
met hod to extend basic susceptible, exposed
compartment al model s by increasing t he numb
compartments included in the modmpir-ecabl yng

observed frequency distributions.

The approeasbreisbedcoabdivideceor por at ed into the n
approaches descritbedprn ovitdhe sa thetsti esr simul at
severity. pHgoggarikissteyp ul d betmegairaenét eri se and r

model, and to check for the effects of enviror
| mproved simulation of disease progress in th
the uncertainty in the paramedponsatdiwmvef d4ad

lack of fit taoudiveesasmeaypracgroang for some appaea

in fungicide efficacy between trials. | f mode
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on pathogen | ife cycle parameters, the effect

decay rate should al so bei snodeii il @agftthpukedat a ¢

et al .1 f2@wéd4)her data or parameter valwues for
variables are uncertain, there is a risk that
add another source of uncertainty, or cause

behaviour tHhatumay tme deitfect .

| did not consider the effect of fitness cost s

by their effects on pathogen | ife cycle param
cost will have sl ower population growth rates
of fungicide (and possibly at l ow fungicide

fungicide dose response curve and the type a|l
This can affect which fung@gMickdkeeproge aemmesal ay
201,7)at ilheadqte short term. However, fitness <co
compensatory mutations, SO resistance manager

fitness cost(HavWwkirresi &tRmaai je, 2018)

7. 5Mo5del |l ing the effect of effl ux me
crorsessi stance bet ween MoA

The modelling approach in Chapter 6 accounted

di ffereqnitt ¢ amwtedt i ons, b arseead uanedtehBeS iltai bvoirtaiteosr y

of di fferent CYP51 hapl otypes. However, t he
parameterisation of the effect of -enhanced ef
mut ati ons. It would be interesting to extend
i nwdg at e i nteractions bet ween enhanced eff
mechani s ms, i f suitabl e ftat a mwdek paRaRBmet er
Genotypindrof§ meststant (MDR) isol ates sugges

genes responsi bl e (fOmr ammeh &n c eadL.eed If2d0Unée; eRa tarly. |
202%hich may be inheritedsiitrnedemuwtnateinansy aorfd t

anot her , so it would be necessary to account f

Membrane transporters actively reduce the pat

fungicide through drug effl ux, reducing the e
changes in the dose response curve due to an
t hr ougahr-gaet e muet gtwitehows t heoretical dose resp

for strains with enhanced esfiftleu xmutna tcioommb i cnaautsii
an asymptote shift or a curvature shift respe

the intracellul ar f unfgiixdadepeaeromerethndageatafona ufpu lt
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rat e. The combination would | ead to a more hi
but the decrease in sensitivity 1issintoeée dram
mutati on causing a curvature shift. There

combinat igoeris t@ef muarmati ons with enhanced effl ux
to more highly res8istcaardplgmndtliygeeas eitn al ., 20

Sofi anos et and, sYmwerdgi stic effects bet ween ¢

permeability barroksesr vedveineba@mam bacteri a
(Krishnamoorthy et al., 2017; Li et al ., 2015
I'n the modelling analysis predgeret edesiirmt@mapet €

mechani sm causing a sensitivity shift to one
sensitivity to the second MoA .(é&.Futnlgdtcitdree rB& )\
compl &bt eence gfesicsbasce bet weeesni st At sshgéen:

However, generali st resi stance mechanisms inc
cause -rcgvissstance tEoOmuaneée péte MoA,-L2GLE] r2017,;
et al ., 120w®ul d therefore be useful to extend

of emétbanisms on the dose response to mixtu
understand whether this affects the compariso
alternation strategies. However, additional d
the effect ofmsefofn uax fmencghiacniidse mi xture. The ef
MoAg Omrane et , aboterR0ild)Il vy because of di ffer

mol ecul ar size or t he binding affinity of n

fungicides. | f fungicidehecaompartin gt ioofn s meonvberr:
transporters, it i s not cl ear whet her t her e
fungicide in a mixture, or whet her the rate
mostly determined by their relatiuvear i ntr ace
model |l ing or direct measurements of efflux r
inform parameterisation of a model of the ef:

fungicide mixtures.
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Fi guwnleTheor eltoisealresponse curves of (a) the fra
pat hogen | ife &pclandathmetbesdi fference in t
reduction of sensitiwe @®doresitstmams witai ns,
enhanced efflux in coimbé nmut @ind eEIOtUa as it mg g et

asymptote shift or B dcwuge artaugpporssd fits compar
sensitive strain anidtestmat atsi ovim t Wi tah tmo genhan

is assumed t hat efflux reduces i ntracellul ar
maxi mum of 10% of a full | abel dose rate.
7. 6Are there any wuniversal strategie

evolution of resi stance?

Successful i mpl ementati on of resistance ma n
consistent, c¢clear messaging on which tactics \
enabl e grower s to integrate-makiesg asmr ategi e

(ChapteectXZ.pdnf ortunately, my results have i de
best way to combine fungicidal MoAs in fungic
evolving concurr emthliycht o niclodee la s dMsodn@Aldehxei ty of

message to be ,camarku migd atteidcecourlete t o. blulidrde conse
may be no universal tactic for how to combine
this case. My rebel ssi seigbsgtantckdtmanagement t
may need to bernadd svkegwougadci de active substances
taking into faonmdicddareatprommperti es, l'i kely resi

dynamics of individual pat hosystems.
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The results of this thesis add to evidence fr

fungici de resi stance ¢$threatcehgoyi ceanof defpuenngdi c o ml

substances and the frequency of strains with
subst gmMBadd u et al ., 2024,;. TAycloommp a& iGCuonnn iwifteh, ¢
bi ol osgyisctaelms i s alltbseol pisn feotr wemmipaeh@®@2 B)f f ecti ve

| i ves o fd orseed unti exdt tdroesse, mi axk eulr e s, alternation &
application ofi n wao mondseelcltiing dstswddey ramnwer ionfg | i
hi story traits andl bBppagrweende ttehratv arleudeusc ed dose mi
optimal in the majority of cases with sexual 1
application for asexual i nsect s, but the opti
and the relative effieaei empof todditsh blemawkeni ci
selectionsiftoeg negigettance and generali st resi s
been demonstrate@. i aetHdgviesd cetregraiaumd &Ntonal ., 20
tar-giet e, met abolic resistance (Hawgpansieul atl y
2019) . There is evidematee thear b iucsied eo fmirxetduur ceesd
strategy for herbicide resistance management,
selection for generalist resistance (Comont

Haowever, a recent modellilmdedt ucdy eshggdstcs dteh a
can be more effective than alt etrawragtietoen, even
resistance (Renton et al., 2024).

Overall, the most wuniversal resistance manage
on chemic.alThiosntcraon tthe caghhi eiseed of | PM strategi
cul tural control measetast andd utHewef &amnt cul t|
individual | PM measures may not be wuniversal

someests andmay semaseease the risk of others,

can aff ecat nwehaestuhrearbl 8 on a particular farm. Fo
owi ng canZ.hetlam &wiodplecur us rmnydguwresisges ontr ol

S
( Morgan et al ., 2021; Neale, 2012; Vandersteei
riskP. ostrimfoumcept i(bdle ddwelrtsi veam da Ima,k e2 & Oh7e)

crop less resilient to att a@nk weyt wshoeialts ,b ud ebl afy
drilling magcmniot¢albeo@mtipon: it can negatively
with the potenti al to reduce yields or requir
associated increases in cost, potential water
emi ssions (AHDB, 2023; Maeneght et al ., 2022).

i s therefore needed to assess the costs and b

scal e. Wher e t her e ar e economi ¢c cos+t s associ
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chemical I PM, ther e may be a rol e for t he u
regulation to counteBSantedéfheuratdi stoudrtvien @@
approval of snkismMbidadpt i on of a diverse range o
i s wiot aaludgirceisdiest ance ,mampagementthe resilience

farming system and safeguard future food secu
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3A. 2 Parameterisation of the soybean crop
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