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A B S T R A C T ! !

Coffee!leaf!rust!(CLR)!is!a!major!disease!that!occurs!in!all!coffee-growing!regions,!and!chemical!control!is!the!
most!effective!strategy!to!control!the!disease.!Usually,!this!control!is!based!on!the!application!of!contact!and/or!
systemic!fungicides!to!the!foliage!of!the!plants,!and!a!very!common!practice!is!the!use!of!tank-mix!solution!of!
fungicides!to!reduce!the!costs!of!the!application.!The!aim!of!this!study!was!to!evaluate!the!ef"cacy!of!mixtures!of!
systemic! fungicides! (triazoles! and! strobilurins)! and! copper! hydroxide! on! the! germination! of! uredospores! of!
Hemileia!vastatrix!and!on!the!control!of!CLR.!The!results!showed! that!the!effectiveness!of!a! fungicide!can!be!
affected!when!used!in!mixtures!with!another! fungicide,!resulting!in! ineffective!disease!control.!When!copper!
hydroxide!was!combined!with!cyproconazole,!the!inhibition!of!uredospore!germination!was!lower!than!when!
copper!hydroxide!was!used!alone.!For!both!fungicides!pyraclostrobin!and!cyproconazole,!effectiveness! in!the!
control!of!CLR!was!reduced!with!the!presence!of!copper!hydroxide!in!the!mixture,!and!this!loss!in!ef"cacy!may!be!
associated!with!the!occurrence!of!alkaline!hydrolysis!of!the!fungicides!when!they!are!mixed!with!copper!hy-
droxide.! The! "ndings! of! this! study! demonstrate! that! tank!mix! application! of! copper! hydroxide! either! with!
cyproconazole!or!pyraclostrobin!fungicides!reduces!the!control!of!CLR,!so!this!practice!should!be!avoided!by!
growers.!!!

1. Introduction!

Coffee!leaf!rust!(CLR)!caused!by!Hemileia!vastatrix!Berk.!et!Br.!is!a!
major! disease! that! occurs! in! all! regions! where! coffee! is! cultivated!
(Zambolim,!2016;!Talhinhas!et!al.,!2017).!The!disease!causes!leaves!to!
fall!prematurely,!resulting!in!the!death!of!branches!and!low!photosyn-
thesis!rates,!which!ultimately!reduce!the!coffee!yield!in!the!following!
year!by!35–50%!(Zambolim,!2016;!Waller!et!al.,!2007).!In!recent!years,!
severe!epidemics!of!the!disease!in!Central!and!South!America,!particu-
larly!in!Nicaragua,!Ecuador,!El!Salvador,!Panama,!and!Honduras,!have!
led!to!signi"cant!losses!(Avelino!et!al.,!2015).!

The!management!strategies!to!CLR!are!based!on!the!use!of!resistant!
cultivars!and!chemical!control.!However,!most!genotypes!cultivated!in!
Brazil!are!susceptible!to!CLR,!which!makes!chemical!control!the!most!
effective!strategy!for!controlling!the!disease!in!this!country!(Zambolim,!
2016).!Usually,!this!control!is!based!on!spraying!contact!and/or!systemic!
fungicides!on!the!foliage!of!the!plants!(Zambolim!et!al.,!2002).!In!Brazil,!

CLR!control!is!accomplished!using!four!to!"ve!applications!of!contact!
fungicides,!especially!copper-based!fungicides!(copper!oxychloride!and!
hydroxide,!cuprous!oxide!and!bordeaux!mixture),!which!are!sprayed!at!
30-day!intervals!throughout!the!growing!season.!Additionally,!systemic!
fungicides! belonging! to! the! DMI! (demethylation! inhibitors)! group,!
including!triazoles,!are!applied!alone!or!in!commercial!mixtures!with!
strobilurin!fungicides!(QoI!-!Quinone!outside!Inhibitors)!(Souza!et!al.,!
2011;!Lopes!et!al.,!2013;!Lopes!et!al.,!2014;!Honorato!et!al.,!2015).!

The!combined!or!alternate!use!of!systemic!and!copper-based!fungi-
cides! also! has! the! advantage! of! providing! copper! to! the! plants,! in!
addition!to!reducing!the!risk!of!selecting!fungicide-resistant!rust!pop-
ulations! (Souza! et! al.,! 2011;! Zambolim,! 2016).! Coffee! growers!
commonly!use!copper-based!and!systemic!fungicides!in!mixtures! in!a!
tank! to! reduce! the! costs!of! the!application.!However,! little! is!known!
about! the! possible! effect! of! these!mixtures,! and! guidelines! for! agro-
chemical!mixtures!in!tanks!do!not!exist!in!Brazil!(Gazziero,!2015).!Thus,!
the!aim!of!this!study!was!to!evaluate!the!ef"cacy!of!mixtures!of!systemic!
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fungicides! (triazoles! and! strobilurins)! and! copper! hydroxide! on! the!
germination!of!uredospores!of!H.!vastatrix!and!on!the!control!of!CLR.!

2. Methodology!

Leaves!containing!pustules!of!CLR!were!collected!in!May!and!August!
of!2016,! from!growing!areas!of!coffee!cv.!Catuaí!Vermelho! IAC!144,!
without! previous! fungicide! application,! in! the! state! of! Pernambuco,!
Brazil.!The!uredospores!were!removed!from!the!leaves!with!the!aid!of!
gelatin! capsules! one! day! before! use! and!were!maintained! at! 4!�C! to!
ensure!viability.!

The!viability!of!the!H.!vastatrix!uredospores!was!assessed!before!use!
in!plant!inoculation.!For!this!process,!50!μL!of!a!suspension!of!uredo-
spores!(1.0!� 106!conidia.!mL!1)!were!spread!on!the!surface!of!"ve!Petri!
dishes!(9!mm!in!diameter)!containing!agar!medium!(2%),!and!the!dishes!
were!kept!at!25!�C!in!the!dark!for!12!h.!In!each!plate!100!conidia!were!
evaluated,!with!the!aid!of!an!optical!microscope.!When!the!length!of!
germ! tube!was! larger! than! the! total! length!of! the!uredospore,! it!was!
considered! to!have!germinated.!The!percentage!of!uredospore!germi-
nation!was!obtained!by!the!mean!of!the!"ve!plates.!

To!evaluate! the!effect!of! the!mixture!of! fungicides!on!uredospore!
germination,! in! vitro! experiments! were! performed! in! a! completely!
randomized! design!with! six! treatments! (Table! 1)! and!"ve! replicates.!
Each!experimental!unit!consisted!of!one!Petri!dish!(9!mm!in!diameter).!
The!commercial!fungicides!were!dissolved!in!water!to!obtain!the!rec-
ommended!concentration!of!use!(MAPA,!2018).!Then,!1!mL!of!the!sus-
pension! of! uredospores! (1.0!� 106! conidia.!mL!1)!was! transferred! to!
5!mL!of!each!fungicide!suspension!(treatment),!and!200!μL!of!this!sus-
pension!were! transferred! to! the!Petri!dishes!containing!agar!medium!
(2%).!The!plates!were!kept!at!25!�C!in!the!dark!for!12!h.!The!percentage!
of!germination!was!assessed!by!analyzing!250!uredospores!from!each!
plate!with!a!light!microscope,!as!described!previously.!

Coffee!seeds!(cv.!“Catuaí!Vermelho!IAC!144”)!were!sown!in!a!moist!
sand!bed!until!germination!(60!days).!After!this!period,!the!plants!were!
transplanted!to!plastic!pots!(2!L)!containing!a!mix!of!soil,!cow!manure!
and!sand!(2.5:1:0.5!ratio).!Coffee!plants!were!fertilized!with!25!mL!of!a!
nutrient! solution! containing!NPK! (10:8:10!g.L!1)! at! seven! days! after!
transfer! and! then! every! seven! days! thereafter! until! the! end! of! the!
experiment.! The! experiments!were! performed! in! a! greenhouse! using!
three-month-old!coffee!plants!in!a!completely!randomized!design!with!
six! treatments! (Table!1)!and! three!replicates.!Each!experimental!unit!
consisted!of!three!plastic!pots,!each!containing!one!coffee!plant.!The!two!
youngest!pairs!of!expanded!leaves!of!each!plant!were!inoculated!with!a!
suspension! of! uredospores! (1.0!� 106! conidia.!mL!1).! The! inoculated!
plants!were!maintained!under!controlled!conditions!(25!�C!in!the!dark!
and! relative! humidity! of! approximately! 100%)! for! 48!h.! After! this!
period,!the!plants!were!transferred!to!a!greenhouse!at!22!� 3!�C,!where!

they!remained!for!60!days.!At!twenty!days!after!inoculation,!the!fungi-
cides!and!the!mixtures!were!sprayed!in!the!abaxial!and!adaxial!surfaces!
of!the!leaves!until!runoff,!with!a!manual!backpack!sprayer!con"gured!to!
apply!a!volume!of!400!L.!ha!1.!The!CLR!severity!was!assessed!weekly!
until!42!days!after!fungicide!application!(DAFA)!using!a!diagrammatic!
scale!with!six!severities!(2.5,!5,!10,!20,!40,!and!80%)!of!CLR!(Capucho!
et! al.,! 2011).! For! each! experimental! unit! (three! plants),! the! mean!
severity!was!obtained,! and! the!data!were!used! to! calculate! the!Area!
Under!Rust!Progress!Curve!(AURPC),!according!to!Shaner!and!Finney!
(1977).!

The!pH!value!of!the!fungicide!solutions!was!measured!immediately!
after!preparation!and!prior!to!application!to!the!plants!with!the!aid!of!a!
pH!meter!(Luca-210,!Lucadema,!Brazil).!The!pH!of!the!water!used!to!
prepare!the!fungicide!solutions!was!also!assessed.!The!procedure!was!
performed!three!times!for!each!solution,!and!the!mean!was!obtained.!To!
verify! precipitate! formation,! 200!mL!of! each! fungicide! solution!were!
transferred!to!a!glass!beaker!and!maintained!at!25!� 2!�C.!Visual!eval-
uations!were!performed! immediately!and!at!30!and!60!min!after! the!
preparation.!

The!data!for!uredospore!germination!of!the!two!experiments!were!
submitted!to!Cochran’s!test!for!homogeneity!of!variance!(Gomez!and!
Gomez,!1984)!and!then!were!pooled!for!subsequent!analysis.!The!per-
centage! of! uredospore! germination! and! AURPC! were! submitted! to!
analysis! of! variance! (ANOVA)!and!veri"cation!of! the!assumptions!of!
normality,!homogeneity!and! independence!of! the!experimental!error.!
The!means!of!all!treatments!were!compared!by!Tukey’s!test!(P!� 0.05)!
using!SAS!version!9.0!(SAS!Institute!Inc.,!2004).!

3. Results!and!discussion!

The! ef"cacy! of! the! fungicides! on! the! in! vitro! germination! of!
H.!vastatrix!uredospores!was!evaluated,!and!76.4%!of!germination!was!
observed!in!the!control!treatment!without!fungicide!(Fig.!1).!The!highest!
inhibitory!effect!was!observed!with!the!fungicides!copper!hydroxide!and!
pyraclostrobin!with!a!reduction!in!germination!of!approximately!95%!
when!used!alone!and!92%!when!combined.!The!copper!hydroxide!þ
cyproconazole! mixture! led! to! a! reduction! in! germination! of! 80%,!
whereas!the!treatment!with!cyproconazole!alone!was!the!least!effective,!
reducing!germination!by!approximately!22%.!

Table!1!
Fungicides!and!rates!used!to!examine!the!effect!of! fungicide!mixtures!on!the!
germination!of!H.!vastatrix!uredospores!and!on!the!coffee!leaf!rust!control.!!

Treatment! Commercial!product! Commercial!rate!(g!or!mL.!
L!1)a!

Control!
(without!
fungicide)!!!

Copper!hydroxide! Kocide®!WDG!Bioactive!(Du!
Pont)!

5.0!

Pyraclostrobin! Comet®!250!EC!(Basf)! 1.76!
Cyproconazole! Alto!100!(Syngenta)! 1.88!
Copper!hydroxide!
þ

Pyraclostrobin!

Kocide®!WDG!Bioactive!
þ

Comet®!250!EC!

5.0!
þ

1.76!
Copper!hydroxide!
þ

Cyproconazole!

Kocide®!WDG!Bioactive!
þ

Alto!100!

5.0!
þ

1.88!!

a Rate!recommended!by!the!MAPA!(2018)!to!control!coffee!leaf!rust.!

Fig.! 1. Germination! of! uredospores! submitted! to! treatments! with! different!
mixtures!of!fungicides.!Control!-!No!fungicide;!CH!– Copper!hydroxide;!Pyr!– 

Pyraclostrobin;! Cyp! – Cyproconazole;! CH!þ Pyr! -! Copper! hydroxide!þ Pyr-
aclostrobin;!CH!þ Cyp!-!Copper!hydroxide!þ Cyproconazole.!Columns!followed!
by!the!same!letters!do!not!differ!by!Tukey’s!test!at!5%!signi"cance.!The!lines!
outside!the!columns!represent!the!standard!deviation.!Each!value!represents!the!
mean!of!ten!replicates.!
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The!in!vivo!ef"cacy!of!the!fungicides!for!controlling!CLR!was!eval-
uated! in! coffee! plants! arti"cially! inoculated! with! uredospores! of!
H.!vastatrix.!In!general,!the!severity!of!CLR!was!low,!and!the!maximum!
value! at! 42! DAFA! was! 1.9%! and! 17%! in! the! control! treatment! (no!
fungicide)!in!experiment!I!and!II,!respectively!(Fig.!2!A,!B).!In!experi-
ment!I,!the!severity!of!CLR!was!very!low,!which!may!be!associated!with!
the!quality!of!the!inoculum,!since!it!was!obtained!from!coffee!plants!in!
the!"eld.!Indeed,!the!percentage!of!germination!of!the!uredospores!used!
in!experiment!I!was!approximately!30%,!whereas!the!uredospores!used!
in!experiment!II!had!up!to!70%!germination.!The!application!of!copper!
hydroxide!had!no!effect!on!reducing!the!severity!of!the!disease!since!the!
maximum! severity! reached! 2.2%! and! 16%! in! experiment! I! and! II,!
respectively.!However,!when!the!plants!were!sprayed!with!the! fungi-
cides!cyproconazole!or!pyraclostrobin!alone,!the!severity!was!consid-
erably!reduced.!For!the!treatment!with!cyproconazole,!the!severity!did!
not!exceed!0.3%!in!both!experiments,!and!for!pyraclostrobin,!the!values!
were!0.15%!and!1%!in!experiment! I!and!II,! respectively.!The!copper!
hydroxide!þ pyraclostrobin!mixture!also!reduced!the!severity!to!1.0%!
and!2%!in!experiment!I!and!II,!respectively.!Similarly,!the!copper!hy-
droxide!þ cyproconazole!mixture!led!to!a!reduction!in!CLR!severity!to!
0.9%!and!1%!in!experiment!I!and!II,!respectively.!

The!AURPC!followed!the!severity!of!CLR!in!the!greenhouse!experi-
ments,!having!higher!values!in!experiment!II!(Fig.!2!C,!D).!In!both!ex-
periments!I!and!II,!the!treatments!with!the!fungicides!cyproconazole!and!
pyraclostrobin!either!alone!or! in!combination!with!copper!hydroxide!
showed!AURPC!values!lower!than!those!of!the!control!treatment.!The!
plants! that! received! the! application! of! copper! hydroxide! alone! had!
AURPC!values!that!did!not!differ!from!the!control!treatment.!In!exper-
iment!I,!the!AURPC!values!were!reduced!by!approximately!91.0,!79.0,!
55.0,!and!59.0%!in!the!treatments!with!pyraclostrobin,!cyproconazole,!
copper!hydroxide!þ pyraclostrobin,!and!copper!hydroxide!þ cyproco-
nazole,!respectively,!compared!to!that!of!the!control.!In!experiment!II,!
these!values!were!reduced!by!95.0,!98.0,!93.0,!and!94.0%,!respectively,!
with!no!signi"cant!difference!among!treatments.!As!veri"ed!in!experi-
ment! I,! the!application!of!pyraclostrobin!alone!was!more!ef"cient! in!
reducing!the!severity!of!CLR!(approximately!91%)!than!the!treatment!in!
combination! with! copper! hydroxide! (55%),! which! demonstrates! a!
reduction! in! the! ef"cacy! of! control! with! the! presence! of! copper!

hydroxide.!This!effect!was!also!veri"ed!with!cyproconazole,!although!
the!difference!among!treatments!was!not!signi"cant.!In!this!case,!a!nu-
merical!difference!was!observed!with!an!AURPC!value!approximately!
two!times!greater!when!cyproconazole!was!combined!with!copper!hy-
droxide!than!when!cyproconazole!was!used!alone.!Similar!results!were!
obtained!in!experiment!II.!Even!with!no!signi"cant!difference!among!
treatments,!the!AURPC!values!were!numerically!greater!in!the!presence!
of!copper!hydroxide!for!both!pyraclostrobin!(approximately!1.5!times)!
and!cyproconazole!(approximately!3!times),!demonstrating!the!loss!of!
ef"cacy! of! control!when! using! the! fungicides! combined!with! copper!
hydroxide.!

The! loss! of! ef"cacy! of! the! fungicides! could! be! associated! with!
physical!and!chemical!changes!in!the!mixtures.!Indeed,!the!evaluation!of!
pH!values! indicated! that! the!presence!of! copper!hydroxide! led! to!an!
alteration!in!the!pH!of!the!mixture!(Table!2).!The!pH!values!for!pyr-
aclostrobin!and!cyproconazole!alone!averaged!7.2!and!4.3,!respectively.!
However,!when!combined!with!copper!hydroxide,!the!mixtures!showed!
pH!values!of!9.4!and!9.5,!respectively,!which!were!similar! to!the!pH!
value!of!copper!hydroxide!alone!(9.5).!Despite!the!drastic!changes!in!pH,!
there!was!no!precipitate!formation!in!the!mixtures.!

In!this!study,!the!highest!inhibitory!effect!on!uredospore!germination!
was!observed!with!the!fungicides!copper!hydroxide!and!pyraclostrobin!
alone!or!combined.!However,!when!copper!hydroxide!was!combined!
with!cyproconazole,!the!inhibition!of!uredospore!germination!was!lower!
than!when!copper!hydroxide!was!used!alone,!which!may!be!associated!

Fig.!2. Progress!of!coffee! leaf!rust! severity!and!
Area!Under!the!Rust!Progress!Curve!(AURPC)!of!
plants! to! which! fungicides! were! applied! in! ex-
periments!I!(A!and!C)!and!II!(B!and!D).!Control!-!
without!fungicide;!CH!– Copper!hydroxide;!Pyr!– 

Pyraclostrobin;!Cyp!– Cyproconazole;!CH!þ Pyr!-!
Copper!hydroxide!þ Pyraclostrobin;!CH!þ Cyp!-!
Copper! hydroxide! þ Cyproconazole.! Columns!
followed! by! the! same! letters! do! not! differ! by!
Tukey’s!test!at!5%!signi"cance.!The!lines!outside!
the! columns! represent! the! standard! deviation.!
Each! value! represents! the! mean! of! three!
replicates.!!!

Table!2!
pH!values!of!the!fungicide!solutions!used!in!the!experiments,!measured!imme-
diately!after!preparation.!!

Treatment! pH!value!

Exp.!I! Exp.!II! Mean!

Control!(without!fungicide)! 7.4a! 7.2! 7.3!
Copper!hydroxide! 10.0! 9.0! 9.5!
Pyraclostrobin! 7.4! 7.0! 7.2!
Cyproconazole! 4.6! 4.00! 4.3!
Copper!hydroxide!þ Pyraclostrobin! 9.9! 8.9! 9.4!
Copper!hydroxide!þ Cyproconazole! 10.0! 9.0! 9.5!!

a Values!are!the!mean!of!three!measures!for!each!solution.!
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with! chemical! incompatibility! (Azevedo,! 2015).! This! result! demon-
strates!that!the!protective!effect!of!copper!hydroxide!applied!prior!to!an!
infection!of!H.!vastatrix!may!be!negatively!affected!when!combined!with!
cyproconazole.!However,!in!arti"cially!inoculated!plants,!the!applica-
tion!of!copper!hydroxide!was!not!effective!for!CLR!control.!The!most!
effective! control! was! achieved!when! pyraclostrobin! was! used! alone,!
although!the!treatment!with!cyproconazole!was!also!effective.!Copper!
hydroxide! is! a! contact! fungicide! that! acts! mainly! by! inhibiting! the!
germination!of!uredospores!on!the!surface!of!susceptible!tissues,!leading!
to!the!death!of!the!protoplasm.!Thus,! it! is!a!protective!fungicide!and!
should!be!applied!preventively!before!the!infectious!process!begins!to!
ensure! disease! control! (Silva! and! Behlau,! 2018).! Pyraclostrobin! is! a!
systemic! fungicide!that!acts!by!restricting!fungal!development!within!
leaf!tissues.!This!characteristic!can!explain!its!effect!on!both!uredospore!
germination! and! the! early! stages! of! the! infectious! process.! Finally,!
cyproconazole!acts!by!inhibiting!the!biosynthesis!of!ergosterol!and!thus!
is!ineffective!in!inhibiting!germination!(Mueller!et!al.,!2013;!Oliver!and!
Hewitt,!2014).!

Overall,!the!results!showed!that!the!effectiveness!of!a!fungicide!can!
be!affected!when!used!in!mixtures!with!another!fungicide,!resulting!in!
ineffective! disease! control.! For! both! fungicides! pyraclostrobin! and!
cyproconazole,!the!effectiveness!of!CLR!control!was!reduced!with!the!
presence!of!copper!hydroxide!in!the!mixture.!As!veri"ed!by!analyzing!
the!pH!value!of!the!mixtures,!a!possible!reason!for!this!loss!of!ef"cacy!is!
the!occurrence!of!alkaline!hydrolysis!in!the!fungicides!when!they!are!
mixed!with!copper!hydroxide.!In!this!case,!the!fungicides!exposed!to!a!
pH!greater!than!7.0!may!have!been!hydrolyzed!and!rendered!ineffective.!
This!has!been!demonstrated!for!azoxystrobin,!which!degradation!under!
alkaline!(pH!9)!condition!is!faster!than!under!neutral!(pH!7)!or!acidic!
(pH!4)!condition!(Singh!et!al.,!2010).!

Our!"ndings!demonstrate! that! tank!mix!application!of!copper!hy-
droxide!either!with!DMI!or!QoI!fungicides!reduces!the!control!of!coffee!
leaf!rust.!Although!this!practice!is!very!common!in!coffee!production!
areas,!it!should!be!avoided,!since!it!may!compromise!the!effectiveness!of!
disease!control.!
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