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RESUMO

SOUZA, André Gomes Coelho de, D. Sc., Universidade Federal de Vik®saeiro
de 2011.Infeccédo de folhas de cafeeiro po€ercospora coffeicola, identificacédo
de genes para producdo e auto-resisténcia a cercosporina e prage da
cercosporiose em sistemas de cultivo organico e convencior@tientador: Luiz
Antonio Maffia. Co-Orientadores: Eduardo Seiti Gomide Mizubuti ey&ab
Fonseca e Silva.

Dentre as doencas do cafeeiro, a cercosporiose, causad&epmspora
coffeicolg vem assumindo importancia crescente ao longo dos anos. Em vista da
importancia e da escassez de conhecimento sobre a doenca, objetivassetar o
processo de infeccdo @& coffeicolaem folhas ; ii- identificar se 0s genes associados a
producdo da cercosporina e auto-resisténcia em outras egpECi&I0Sporaocorrem
em C. coffeicola iii- o progresso da cercosporiose em lavouras organica sombreada
(LOS), organica (LO) e convencional (LC). Para estudar o procdssmfeccéo,
inoculou-se suspenséo de conidiodeoffeicolanas faces adaxial e abaxial de folhas
de cafeeiros, e se coletaram amostras apos 4 a 168 h e ao 35°imbautkEcao.
Observou-se tropismo dos tubos germinativos em direcdo aos estdmatos, onde
ocorreram tentativas de penetracdo. Nao se observou a formagiess®aos. Apos a
penetracaoC. coffeicolacolonizou o parénquima lacunoso inter e intracelularmente. A
esporulacdo ocorreu através dos estdmatos e ao redor deles. P#reardestgenes
associados a producdo de cercosporina, avaliaram-se seis isoladoseptesede
lavouras organicas e convencionais de cafeeiros do Estado de Mmaés Geanto a
producao da toxina vitro. Selecionou-se o isolado de maior producéo para identificar
genes homoélogos a CTB1 e a ATR1, descritosCGnmicotianaecomo associados a
producao e sensibilidade a cercosporina, respectivamente. OsAJétks CTB1 de
C. coffeicola foram amplificados com primers especificos e ndo especificos,
sequenciados e comparados as sequénci&s deotianaedisponiveis no GenBank.
Adicionalmente, obteve-se a construcdo de GFP e a disrupcdo Be & C.
coffeicola Avaliou-se a esporulacdo e o crescimento micelial dos isolad@ntesit
nao produtores de cercosporina, em meio BDA com e sem higromicina. A esporulacéo e
0 crescimento micelial variaram entre os isolados, mas ositesit@TB1 ndo diferiram
significativamente do tipo selvagem. No terceiro objetivo, estudoufegresso da
cercosporiose em trés lavouras comerciais de café, orgaimdaeada (LOS), organica
(LO) e convencional (LC), situadas em Ervélia-MG, de novembro/20041bro(2008.
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Mensalmente, avaliou-se a incidéncia, severidade, desfolha e enfotbasias folhas
nos ramos das plantas selecionadas. Em geral, os maiores valomsdéacia,
severidade, &rea abaixo da curva de progresso de doenca, dogimga, rdasfolha e
enfolhamento ocorreram nos ramos situados no terco superior e das loealiaadas
na LC. Maiores intensidades da doenca, desfolha e enfolhamenteraconos meses
compreendidos de maio a julho, julho a setembro e outubro a janeiro, ik@spente.
Por meio de analises de séries temporais, com 0 uso dos modelagedsa® nao
linear ARMA, foi possivel representar a dinamica da cercospoeos¢odos 0s anos e

lavouras em estudo.
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ABSTRACT

SOUZA, André Gomes Coelho de, D. Sc., Universidade Federal de Vigaisaiary,
2011. Coffee leaf infection by Cercospora coffeicola, identification of genes
required for production and auto-resistance to cercosporin anatercospora leaf
spot progress on organic and conventional cropping system#édviser: Luiz
Antonio Maffia. Co-Advisers: Eduardo Seiti Gomide Mizubuti and Fabyamseca
e Silva.

Coffee is considered an important commodity worldwide. Diseases are
considered a limiting factor in coffee yield. Cercospora |gadt,scaused by
Cercospora coffeicolais considered a relevant disease in coffee crops. This study
aimed at understanding: i- th€. coffeicola infection process on coffee leaf by
microscopic analysis; and ii-identify if genes associatedh wércosporin production
and auto-resistance in othéercosporaspp. were present and had the same functions in
C. coffeicola and generate mutant(s) @f. coffeicolawith differential cercosporin
production; and iii- the progress of cercospora leaf spot epidemidsren different
coffee production systems (organic, organic under shadow, and convenfiontig
first aim both adaxial and abaxial leaf surfaces were iabedl| with a conidial
suspension o€. coffeicola.Samples were collected from 4 to 168 h, and at 35 days
after inoculation. Germinated conidia showed positive tropism to stowaere
attempted penetrations occurred. Appressoria were not observedpéiisrationC.
coffeicolacolonized the lacunous parenchyma both inter and intracellularly. Sgpamula
occurred through or around the stomata. To achieve the second aith, @ieicola
isolates from Brazilian fields representing organic and conventmoduction systems
in the Minas Gerais state were evaluated for their abdifyrdduce cercosporin vitro.

The highest producing isolate was selected to identify homologa pblyketide
synthase (CTB1) and ABC transporter (ATR1) genes involved in produetnd
sensitivity to cercosporin i€. nicotianae respectively. TheC. coffeicola CTBland
ATR1genes were amplified using degenerate and standard PCR pfliness. genes
were sequenced and comparedCtonicotianaesequences available on GenBank. In
addition, C. coffeicolawas successfully transformed with a GFP construct and with a
CTBL1 disruption. Growth and sporulation of these disrupted strainsdetgemined on
PDA and PDA supplemented with hygromycin. The sporulation and growtk we
variable among isolates, and disrupted strains unable to producspmin did not
differ significantly from the wild type for either growth or sptation. To achieve the



third aim, during 4 years (November/2004 — October/2008) the severity),(SE
incidence (INC), leaf fall (LF) and leaf growth (LG), weneakiated to understanding
the cercospora leaf spot epidemic progress on three differen¢ poffduction systems:
organic (LO), organic under shadow (LOS) and conventional (LC), alid&ivMé,
Brazil. The higher SEV, INC, LF, GL, area under disease progtese, and maximum
disease occurred under LC and upper branches. However, the oppastiteoeasirred
under LOS and lower branches. The period of greater diseasetintéis and GL
were the months between May-July, July-September and Octoberyjaesaectively.
The ARMA model from time series analysis was able to desdhe cercospora leaf

spot progress during all the years studied and the production systems evaluate



INTRODUCAO GERAL

Entre os fatores que decrescem o potencial produtivo do cafeeirorancset
as doencas, como a cercosporiose, causad&groospora coffeicoldBerk & Cook,
que pode causar perdas de até 30% da producado (Zangi@dim1997). Nos ultimos
anos, em vista da expansao das lavouras cafeeiras das areagnaigdpara as do
cerrado, cujos solos geralmente tém baixa fertilidade natudgfieiéncia hidrica
pronunciada de marco a setembro, ocorreu aumento da intensidade dg ddextat
al., 2000).

Para o génerd&ercospora tém-se relatos sobre o processo de infeccdo em
diferentes espécies de plantas, mas ha uma grande variaghaserspéecies. Pata
moricola e C. henningsiiem amora e mandioca, respectivamente, varios tubos
germinativos sdo formados, os gausi podem ou nao formar apressoério éGapta
1995; Babuet al 2007). Em folhas de mandioc&. henningsii forma tubos
germinativos que ramificam para diferentes dire¢cdes e ocorngiiplas penetracdes
(Babuet al 2009). A penetracédo pode ocorrer atraves da epiderme, como exemplo, para
C. henningsiiem folhas de mandioca (Balett al 2009), pela epiderme e estdmatos
como emC. arachidicolaem amendoim (Smitét al. 1992) ou somente pelos estdmatos
como emC. moricolaem amora (Guptat al. 1995),C. beticolaem beterraba (Rathaiah
1976, 1977) &C. caricisem tiririca (Borges Netet al 1998). Apesar da importancia
atual da cercosporiose do cafeeiro, ha caréncia de conhecimentoss kesire a
doenca. Pouco se sabe das etapas da patogér@seatieicola eas informagdes sobre
a forma de penetracdo sao contraditérias. Ha relatos de queetaap&o ocorre via
estdbmato (Echandi, 1959; Siddiqi, 1979) e diretamente no limbo foliar (Castafio, 1956).

Fungos fitopatogénicos usam estratégias para superar aaglefgostas por
seus hospedeiros. A producdo de toxinas desempenha papel importante na
patogenicidade desses fungos (Scheffer, 1991). Muitas espécig3erdespora
produzem a cercosporina, uma toxina fotoativa, que é relacionadaaatigaio desses
fungos (Berestetskiy, 2008). Na presenca de luz, a cercosporina inodugdo de
espécies reativas de oxigénio que danificam células da pRatd,(1982; Daud &
Hangarter, 1983). Nos ultimos anos, tem-se buscado descobrir os gpregglos para
acumulo e acdo da cercosporina. Para algumas espécies, obBeenautantes
deficientes quanto a producéo e a resisténcia de cercosporinaipatensésrupcao dos

genes CFP (“cercosporin facilitator protein”) €mkikuchii(Callaharet al, 1999) eC.
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nicotianae (Upchurchet al, 2005), CRG1 (“cercosporin resistance gene”) e CTB1
(“cercosporin toxin biosynthesis”) e@. nicotianag(Chenet al, 2007b; Choquest al,

2005; Chunget al, 1999; Chunget al, 2003; Herrercet al, 2007), e CZK3 (“MAP
kinase”) emC. zeae-maydi$Shim & Dunkle, 2003). A disrupcédo dos genes CTB3,
CTB5, CTB6 e CTB7 afetou a producéo de cercosporina nos mutantes, os quais
induziram menos lesbes em plantas de fumo que o tipo selvagem, ofaga ee
hipétese de que a cercosporina seja um fator de agressividade €T, 2007a;
Dekkerset al, 2007). Considerando gu@. coffeicolaproduz cercosporina, pode-se
aventar a hipétese de que a toxina seja essencial para patoghirste fungo no
cafeeiro (Martins, 2008; Souza, 2007).

O estresse hidrico e alta insolacdo favorecem o aumento dadatensgla
cercosporiose (Boldiret al, 2000). A produtividade de cafeeiros conduzidos a pleno
sol é maior que a daqueles sombreados (Mirade, 1999), mas a intensidade da
cercosporiose € maior nos cafeeiros a pleno sol (Lépez-Duquengérieez-Borrero,
1969; Almeida, 1986), bem como em plantas com deficiéncia nutriciceal&fdez-
Borreroet al, 1982). Portanto, € possivel que lavouras de café em plantio consorciado
e gue ndo recebam insumos quimicos tenham menor incidéncia da doecgaspata
menor insolagéo e da maior populagdo de inimigos naturais. Estudos dai@pmgiam
comparativa podem auxiliar a entender a dinamica da cercospenosdiferentes
sistemas de cultivo do cafeeiro. Para esses estudos, é fundamajotste de modelos
de progresso. Dentre esses modelos, os de séries temporais podaih psra a
descricdo de processos estocésticos (Boxal, 1994). Considerando o aspecto
estocastico do progresso da doenca, alguns autores usaram 0s modséede
temporais para descrever eventos epidemiologicos (Yang & Zeng, H@62|sonet
al., 1993; Xuet al, 1995; Gueriret al, 2001; Zauza, 2007; Holb, 2008).

Em vista da importancia da cercosporiose e caréncia de infoemapbre a
doencga, delineou-se este trabalho. Especificamente, objetivou-sadaress processos
de germinacao, penetracdo, colonizacdo e a formacéo de fasdiewonidiéforos de
C. coffeicolaem folhas de cafeeiros, utilizando-se a microscopia de lunierascopia
eletrbnica de varredura; ii- identificar se 0s genes ftagbs para outras espécies de
Cercosporacomo requeridos para a producao e resisténcia a cercosporirsaeor
C. coffeicolae gerar mutante desse fungo deficientes na producéo da toxieatudar
0 progresso da doenca em cafeeiros conduzidos nos sistemas de cultivoicoavenc

organico (sombreado e a pleno sol), por meio de modelos de série temporal.
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Infection process ofCercospora coffeicola on coffee leaf

Abstract

Brown eye spot, caused I&§ercospora coffeicolais an important disease of coffee.
Both adaxial and abaxial leaf surfaces were inoculatedavitbnidial suspension @f.
coffeicola.Samples were collected from 4 to 168 h after inoculation and thém atga
35 days. Germinated conidia showed positive tropism to stomata wtienepted
penetrations occurred. Appressoria were not observed. After penettioaffeicola
colonized the lacunous parenchyma both inter and intracellularly. &porubccurred
through or around the stomata. Results from this study provide new sgightthe

infection process o€. coffeicolaon coffee leaf.

Keywords: Cercospora coffeicolaCoffea arabical., leaf spot, pathogenesis, scanning

electron microscope



1 — Introduction

Coffee Coffea arabical.) is largely cultivated in Brazil, and it represents a
strategic commodity to the Brazilian economy. Diseases amsidered to play a
significant role in reducing coffee production in Brazil. Epidenat®rown eye spot
caused byCercospora coffeicol8Berk. & Cooke, are often reported in many coffee
growing areas in Brazil. Brown eye spot is one of the oldeseeaffseases reported
and was first discovered in 1881 in Jamaica (Cooke 1881). In Brazillit@ase was
first reported in 1901 on coffee trees in the cities of CampanasAraraquara in the
state of S&o Paulo (Noack 1901). However, the first record of severe epidemicslin Braz
was in 1971 in the state of Espirito Santo (Carvalho and Chalfoun 1998).

Brown eye spot may occur under both nursery and field conditions anens of
considered to be more severe on plants suffering stress caus@delpyand / or nutrient
deficiency (Fernandez-Borrero et al. 1966; Lopez-Dugue and FernandezeBt®69).
Yield losses may reach up to 50% due to leaf drop and berry dafrageridez-
Borrero et al. 1982). In the past few years, concerns were @igetb an increase in
brown eye spot severity in Brazil (Martins et al. 2008). The aszen brown eye spot
intensity was mainly attributed to several factors such asdhecoffee growing areas
in the Cerrados region, the release of new coffee cultivarsghtheges in cultural
practices and alteration of the climate conditions (Juliatti et al. 2000).

The fungus infects leaves and berries. Numerous lesions appear o tlegtve
coalesce producing large necrotic areas. Diseased lealvearfglin the season. Round
brown-purple spots are formed on berries. The lesions coalesce @mebdarkened,
giving the berries a dried appearance. Furthermore, maturatamctelerated leading to
premature berry drop and reduction in their quality (Castafio 1956heAfungus can
affect both coffee leaves and berries and that there have been several receaksootbre
brown eye spot, the Brazilian coffee industry warrants more sttalidsrive effective
control methods. So far, disease management is heavily based oe thfefursgicides
sprays, and there are no current resistant cultivars to brogvspat. Studies on host
resistance and pathogen variability do require a basic knowtddge pathogen’s life
cycle, especially of its mode of infection.

The genugCercosporashows wide variation in the infection process, and even
the same species shows different pattern on different Hostsospora moricoleon

mulberry andCercospora henningsion cassava form several germ tubes with or
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without appressoria formation (Gupta et al. 1995; Babu et al. 2007). Cavadsaves,

the germ tubes of. henningsiigot branched and made multiple penetrations (Babu et
al. 2009). Penetration may be only through epidermis &s lienningsion cassava leaf
(Babu et al. 2009), through epidermis and stomata &emospora arachidicolan
peanuts (Smith et al. 1992) or only through stomata &S. imoricolaon mulberry
(Gupta et al. 1995)Cercospora beticolaon sugarbeet (Rathaiah 1976, 1977) énd
caricis on purple nutsedge (Borges Neto et al. 1998).

The available information about the penetration and infection stagé&s. of
coffeicolaon coffee leaves is scant and somewhat contradictory. Penethtlun leaf
tissue byC. coffeicolawas reported to occur through the stomata (Echandi 1959;
Siddigi 1979) or directly (Castafio 1956). It has been reported that furigaization
in leaves can be inter and intracellularly or strictly irgtdarly (Castafio 1956;
Siddigi 1979). The present study aimed to determine the evenG. abffeicola
penetration, colonization and sporulation on coffee leaves by light and scanningnelectr

microscopy.
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2 — Materials and Methods

2.1 — Fungus growth and conidia production

Cercospora coffeicolavas directly isolated from diseased leaves and grown on
Petri dishes containing potato-dextrose-agar (PDA) medium. Theigee of drying
the mycelial mass was used to induce conidial production (Souza2800&l). Three
mycelial disks (0.5 mm in diameter) taken from the border of ausirmglony were
transferred to 10 ml of V8 medium (200 ml V8® plus 800 ml of distilletewyan 25-
ml Erlenmeyers that were kept continuously agitated (120 rpm)°at ZGter 4 days,
the content of each Erlenmeyer was poured into Petri dishes cogtarater—agar at
1.5%. The dishes were kept open at 40 cm distance from white fluorescedD W
grow lux lamps, distributed alternately to provide light inteneity.65.3 umol/ s /fn
Incubation conditions were 12-h photoperiod at 25°C. After dehydration of tlueecul
medium (approximately 4 days of incubation), 10 ml of distilled watene added to
each Petri dish, the fungal colony was scratched with a gidssand the suspension
was filtered through one layer of cheesecloth. Conidial cont¢eminaas adjusted to 2

x 10 conidia/ ml with a haemocytometer.

2.2 — Plant inoculation withC. coffeicola

Conidial suspension was sprayed on two leaves of each of 32 coffiée (oha
‘Catuai Vermelho’, 6 months-old) with a DeVilbiss sprayer and grownder
greenhouse conditions. Thirty-two leaves were inoculated on the uppecesarfd the
other 32 on the lower surface. Out of the 64 leaves, 44 werellbacdtached from the
plants and kept with the inoculated surface facing up inside plastis kbkem length
x 11 cm width x 3 cm height) with wet sponges. Two leaves, onaileied on the
upper surface and one inoculated on the lower surface, were splaistia box, which
was closed and kept at 25°C with 90 + 5% relative humidity (RH), anihcious light
(40 W grow lux lamps distributed alternately to provide light intgre 165.3 pmol/s
/m?). The remaining inoculated leaves were left attached to thesptaat were kept in a
dew chamber under the same conditions described earlier. Afferiri@ibation, the
boxes and the plants were transferred to greenhouse at 25 + 3°G &% ®RH and
natural light £385.09 pmol/ s A).
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2.3 — Light microscopy

Thirty-five days after inoculation, four leaf sample2% mnf) were carefully
collected from the lesions border with abundant fungal sporulationransfdrred to
glass vials containing 15 ml of a 50% (v/ v) active chlorine 2.6Rtisn. After 24 h,
leaf samples were transferred to glass slides containingpaalrlactophenol cotton
blue stain. The slides were observed under a light microscopeZg€issl Axio Imager

Al, Gottingen, Germany) using the differential interference contrast technique

2.4 — Scanning electron microscopy

Four leaves from the two boxes were collected at 4, 6, 8, 12, 24, 36, 48, 72, 96
and 168 h after inoculation (hai). Leaf samples kept on the plantcoléreted only at
35 days after inoculation (dai) when symptoms and fungal sporulationsamnde
became evident. A total of 20 leaf pieces (2.5 onsize) per each sampling time were
randomly taken from the leaf blade and carefully transferrethss gials containing 15
ml of fixative (2.5% v/ v glutaraldehyde in 0.1 m sodium cacodybatiéer, pH 7.2).
Samples were stored at 4°C for 10 days and then carefully washiedsadium
cacodylate buffer (0.1 m), dehydrated in a graded ethanol s@desritical point dried
in CO, (Bal-tec, model CPD 030; Electron Mycroscopy Sciences, Hatfieh, USA).
Four specimens from each sample were mounted on aluminium stubst spates
with gold (Balzers Union, model FDU 010; Electron Mycroscopy S&enHatfield,
PA, USA), examined and photographed with a LEO scanning electraoscope
(SEM) (model 1430 VP) operating at 10 kV and with working distancgingrfrom 10
to 30 mm. For each treatment, one stub with four specimens wasnexiaby SEM.
Leaf samples collected at 35 dai were carefully fractureél sviscalpel and examined
under the SEM. The identity of the pathogen on the lesions wasmedfby removing
conidia and transferring them to Petri dishes containing PDAr Aftlys, the colonies
growing on the media were confirmed to Gecoffeicolabased on the morphological

characteristics reported by Echandi (1959).
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3 — Results

3.1 — Conidial germination and fungus penetration

A total of 20 conidia from each sampling time were observed. Conidial
germination did not follow a pattern. After 4 hai, each conidium forroadaverage,
three germ tubes on the adaxial and abaxial leaf surfacesléiy. Germ tubes were
formed by different conidial cells and, occasionally, the gerndnatended to be
bipolar (Fig. 1a,b). Conidial germination on the adaxial leaf surksaded 4 h later
than on abaxial surface. On leaf surfaces examined at 6, 8, 12 and, 2érmadia
formed germ tubes, and fungal growth occurred predominantly towardstcimatal
opening (Fig. 1c,d). Some germ tubes grew towards the stomata, mdtdidnetrate
them. On some occasions, germ tubes passed over the guard seltsoanded them
(Fig. 1b—d). Penetration was observed 36 hai. The germ tubes penetrated mostty throug
the stomata (Fig. le,f) or sometimes through cracks found on theple@rmis (Fig.
1f). Neither appressorium formation nor direct penetration was obsdoredll

infection sites examined.

3.2 — Fungus colonization and sporulation

At 35 dai, profuse hyphal growth @f. coffeicolawas observed underneath the
substomatic chamber from where conidiophores were formed (Figngagdllular and
intercellular hyphae were also present under the epiderrte écunous parenchyma
(Fig. 2b). Conidiophores emerged singly or in groups (fascicles)ghrouaround the
stomata (Fig. 3a—c). Conidiogenic cells were formed on gedi the conidiophores
(Fig. 3a). Conidiophores and conidia were more dense on the abaxislittzadfe (Fig.
3a).

3.3 — Brown eye spot symptoms on coffee leaf blades

Disease symptoms started to develop on the adaxial leaf susfache
appearance of several round brown spots surrounded by yellow halos. Timespiaig/
enlarged and became necrotic. A mature lesion typically hathite centre with a
middle brown ring and an outer yellow ring (Fig. 4a,b). Conidiophoresrgeaanidia
were observed on the lesions (Fig. 4c). Conidi€ .ofoffecicolawere hyaline, acicular
to obclavate, nearly straight, truncate to subtruncate on thesr éh acute tip and

multiseptate.
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4 — Discussion

The germination process @. coffeicolahas not been fully described in the
literature. The present study showed that the conidia germinateély fnos the tip and
/ or basal cells and less frequently from the middle cellsh Eanidium produced one
to several germ tubes, and appressoria were not developed on the flead. stine
formation of several germ tubes has been observ€d moricolaon mulberry (Gupta
et al. 1995) and inC. henningsiion cassava (Babu et al. 2007) with or without
apprressorium formation. Germ tubes ©f coffeicolabranched in many different
directions. On cassava leaves, the germ tub&x bknningsiigot branched and made
multiple penetrations contributing to the higher aggressiveness pathegen (Babu et
al. 2009).

The proximity of conidia ofCercosporaspp. to somata may or may not affect
their germination (Rathaiah 1977; Gupta et al.1995; Babu et al. 200he lorésent
study, majority of the germ tubes present on the abaxialsiedfce tended to be
directed towards the stomata while on the adaxial leaf ®sfdwir growth occurred
randomly. The germ tubes tend to enter the nearest stoma, but nsesndtie
penetration occurs through a stoma situated farther. A simitéegrpas reported in
many other species @ercospora(Dedecca 1957; Gupta et al. 1995; Rathaiah 1976).
For other species dCercospora germ tube growth was extensive and random, and
stomata were not necessarily penetrated by the hyphaeafsdrimmediately beside
or across from them (Echandi 1959; Rathaiah 1977; Siddigi 1979; Babu2€0a).
The microenvironment around the conidia and their growing germ tubebenaycial
to guarantee further growth on the leaf surface. Chemicablsigguch as sugars,
phenolic compounds, volatile metabolites, and physical signals sucloraatatand
cuticle topography, may affect fungal growth on the host leaf surfaces (98a).

The penetration of. coffeicolatook place through the open stomata or cracks
found in the epicuticular wax layer. No evidence of direct pemnatratas found in the
present study which is in conformity with the reports of Echandi (188€) Siddiqi
(1979). However, Castafio (1956) found that penetration can occur bottlydaec
through the stomata. As reported by Echandi (1959), no attemp® obffeicola
penetration occurred on the adaxial coffee leaf surface wheratst@re not present
(Dedecca 1957). Penetration may be only through epidermis @s l@enningsiion

cassava leaf (Babu et al. 2009), through epidermis and stomat€& aarachidicolaon
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peanuts (Smith et al. 1992) or only through stomata &S. imoricolaon mulberry
(Gupta et al. 1995) ard. beticolaon sugarbeet (Rathaiah 1976).

After penetrationC. coffeicolacolonized the substomatal chambers and invaded
the adjoining tissues. Two patterns of colonization are report€d ¢offeicola strictly
intracellular (Echandi 1959) and both inter and intracellular (Casi®6). In the
present studyC. coffeicolacolonized the leaf tissue both inter and intracellularly.

Considering the importance of brown eye spot to coffee production ail Bral
the lack of information in the literature regarding the infectiamtess ofC. coffeicola
the results from the present study offer novel information for terenderstanding of
the fungal life cycle that may help for evolving more effective deseastrol strategies.
The study revealed that only the conidia deposited on the abaxiatudace were
capable of penetration leading to disease development. It givghtingio the need of
efficient fungicide application methods and agents of biological abtdrgeting the

lower surface of coffee leaves for an effective brown eye spot diseasal.cont
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Fig. 1: Scanning electron micrographs of coffee leaves inoculated @aticospora
coffeicola a - growth of two germ tubes from a bipolar-germinated conidiumhen t
adaxial leaf surface 4 hours after inoculation (hai) (Bar grh{; b - conidia producing
germ tubes that crossed stomata without penetration 4 hai @apm);c - the tip of a
germ tube grows in the direction of the stomatal opening. (Bar =nQdt- a germ
tube passed over a stomatal opening and another one surrounded the ridgerad a
without penetration (Bar = 20 punmg;- penetration through a stoma (Bar = 20 pim);
C. coffeicolapenetrating through cracks on the leaf epidermis (Bar = 20 pm). c
cracks; co = conidium; gt = germ tube; st = stomata.
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Fig. 2: Scanning electron micrographs of fractured coffee leaf sanapl85 days after
inoculation with Cercospora coffeicolaa - profuse hyphal growth underneath the
substomatic chamber from where conidiophores emerged (Bar = 20 kum)
intracellular and intercellular hyphae in the parenchyma £BED um). co = conidium;

sc = substomatic chamber, cp = conidiophore; hp = hyphae.
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Fig. 3: Scanning electron micrographs #éndb) and differential interference contrast
microscopy €) of conidiophores emerging singly or in fascicles through or around
stomata on the abaxial surface of coffee leaves at 35 dasss iaficulation with
Cercospora coffeicolda andb =bars are 20 pm; = 400 x). co = conidium; cp =

conidiophore; st = stomata.
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Fig. 4: Brown eye spot on coffee leaf causedd®rcospora coffeicola - brown round
spots surrounded by yellow halds,- close-up of a lesion showing intense necrotic

tissue at 35 days after inoculati@n, fungal sporulation on the necrotic leaf tissue.
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Genes required for production and auto-resistance to cercpsrin and
confirmation that CTB1 gene is required for wild type cercoporin biosynthesis in

Cercospora coffeicola

Abstract

Brown eye spot, caused lyercospora coffeicolacauses significant losses in both
quality and quantity of coffee production. As mamBercospora spp. produce
cercosporin, a photoactivated toxin thought to be involved in pathogenesisiutly
aimed to determine the role of cercosporinCncoffeicolapathogenesis by creating
disrupted strains unable to produce the toxin. We first evaluate®.sooffeicola
isolates from Brazilian fields representing organic and conventmoduction systems
in the Minas Gerais state for their ability to produce cercosparivitro. Toxin
production varied among isolates, ranging from 3.5 - 25.3 pM/ 5 mm plodugtion
was undetectable in one isolate. The highest producing isolatecieated to identify
homologs of a polyketide synthase (CTB1l) and ABC transporter (ATRhesy
involved in production and sensitivity to cercosporirCimnicotianae respectively. The
C. coffeicola CTBRndATRIgenes were amplified using degenerate and standard PCR
primers. These genes were sequenced and compar€d tocotianae sequences
available on GenBank. In addition, we successfully transfor@edoffeicolawith a
GFP construct and with a CTB1 disruption construct to generat€ T84 -disrupted
strains using PEG-mediated protoplast transformation. Although wenedt&i26
hygromycin-resistant strains, only six had a disrupted gene. Gawdisporulation of
these disrupted strains were determined on PDA and PDA supplemerted w
hygromycin. The sporulation and growth were variable among isolatesjismgted
strains unable to produce cercosporin did not differ significantly themwild type for
either growth or sporulation.

Keywords: Coffee, leaf spot, GFP, polyketide synthase, ATR1, disruption, protoplast

22



1 — Introduction

Brazil is the major world producer of coffee. An important coffesease is
brown eyespot, caused I§ercospora coffeicolawhich causes vyield losses in both
guality and quantity of production (40). Although the importance of thesfaafis well
known, there are no resistant cultivars to the pathogen, and disease caigs too
much on fungicide sprays. Additionally, aspects related to the pathogesfe€i
coffeicolato coffee are not well known.

Plant pathogenic fungi use many strategies to break the defein$esr hosts.
Toxins produced by plant pathogens are important to their pathogeR8sidviany
plant pathogenic Cercospora species produce cercosporin, a photoactivated
perylenequinone toxin, which is hypothesized to be involved in the ability of these fungi
to parasitize plants (4, 14). Cercosporin generates singlet oxyglesugeroxide that
damage plant cell membranes when irradiated by light (13, 15, ¥Hto€porin
production is affected by physiological and genetic factors. Lighhe most critical
factor for cercosporin production (39). The ability to produce cercospasimvell as
aggressiveness and growth rate, are variable among isol&@egpiafopi(33). Research
studies have been undertaken to discover the genes required for cencospor
accumulation and action. For some species, mutants deficient fopbsperin
production and auto-resistance have been obtained by gene disruptiongeridse
include: CFP (cercosporin facilitator protein, encoding an MFS transporterf.in
kikuchii (5) andC. nicotianag(35); CRG1(cercosporin resistance gene, encoding a zinc
cluster transcription factor)CTB1 (cercosporin toxin biosynthesis, encoding a
polyketide synthase), al&TR1(encoding an ABC Transporter) @ nicotianae(2, 7,

8, 10, 12, 22); an€ZK3 (encoding a MAP kinase) i@. zeae-maydi§9). Mutants in
which the genes encoding cercosporin biosynthetic enzymes were dis(@iiB1,

CTB5, CTB6, and CTB7) produced fewer lesions as compared to theypddathen
these mutants were inoculated onto tobacco leaves, demonstratiogrtasiporin is an
important aggressiveness factor in disease development (6, 17).

There are no reports on the genes involved in cercosporin producti@h by
coffeicolg although coffee leaf spot severity has been correlated with lighas been
shown that shading reduces fungal penetration and that fewer |deiisp on shaded
leaves (18). Through studies conducted at the Universidade Federajada VWFV)

(25, 30), we found high variability in cercosporin production by isolait€s coffeicola
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collected in different locations of Minas Gerais state. Souzag|30)found a positive
correlation between cercosporin production and aggressiveness. Thesg sigdjest
that cercosporin is an important aggressiveness factoC.faroffeicolainfection on
coffee, and that efforts to identify genes involved in cercosporirtaasis may provide
a novel strategy for developing coffee with resistance to the Cercosposadeaf

Genes that confer resistance to cercosporin have been insertédeiritmmgus
Cochliobolus heterostrophuand in transgenic tobacco plants (27, 34, 35). These
studies demonstrated increased cercosporin resistanCe lheterostrophusand also
resulted in a reduction in the size of lesions following inoculatiotheftransgenic
tobacco plants, confirming the utility of engineering with cercosporistegsie genes.

In our research, we aimed to identify genes preser@.icoffeicolathat are
involved in cercosporin production and auto-resistance to the toxin. Theateseas
conducted in the Department of Plant Biology, North Carolina Stateetsly, from
September 2009 to August 2010. Specifically, we accomplished the following:

1- Developed a genetic transformation protocolGorcoffeicolaand confirmed

transformation using gredtuorescent protein (GFP);

2- Recovered and sequencéd coffeicolahomologues forCTB1 and ATR],

genes that are known to be associated with cercosporin productiorutard a

resistance iiC. nicotianae

3- Generated mutants @. coffeicolawith differential cercosporin production

usingCTB1gene disruption technology;

4- Quantified, in vitro, cercosporin production, growth rate, and sporulation of

wild type and mutants isolates.

We anticipate that our results will contribute to the development of
coffee plants with resistance @ coffeicola as well as to generate information

that may enhance the efficient development of new fungicides.
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2 — Materials and Methods

2.1 —Isolates

We used a total of six Brazilian isolates@f coffeicoladiffering in production of
cercosporin and aggressiveness. These isolates came from theseG#érais regions
(Mata [M], Sul de Minas [S], and Triangulo [T]) and from two @y systems
(conventional [C] and organic [O]). The six isolates used were:MOB3, WT-S040,
WT-SC31, WT-MC56, WT-TO02, WT-TCO7 (the meaning of the isolate cades
WT = wild type; M, S, T =regions; C, O = crop systems; nusbee random) (Fig. 1).
The isolates were routinely cultured on “complete medium” agar or pide¢atoose agar
at 25°C in either lighted (for cercosporin production) or dark growth lobesmas
described (2). All analysis of variance and means comparisores peeformed with
SAS®v. 9.1.

2.2 —Cercospora coffeicola DNA isolation

The same methodology for DNA isolation was used for wild type GhB1
mutants. Genomic DNA was isolated from mycelia according gootocol previously
described (11)C. coffeicolamycelial disks (0.5 mm diameter) were placed onto the
center of Petri dishes containing potato-dextrose-agar (PDAjume incubating at
25°C under a 12-h photoperiod. After 12 days, nine mycelial disks (0.5 mmteliame
taken from the border of a fungus colony were transferred to 209 potato-dextrose-
broth (PDB) medium in 500-ml Erlenmeyer flasks that were kept uodetinuous
agitation (150 rpm) at 25°C in the dark. After 4 days, the mymelvas harvested by
filtration, stored for 12-h at -80°C, and lyophilized for 72h. The dry mycehlvas
ground in liquid nitrogen to a fine powder and placed into 1.5 ml tubes at.-Z6°C
extract C. coffeicolaDNA from the powdered mycelium we used the Fungal DNA

Miniprep kit (Omega Bio-Tek).

2.3 — Amplification of an ABC Transporter (ATR1) and a polyketde synthase
(CTB1) from Cercospora coffeicola

Standard methods for PCR amplification, cloning, and sequencing veose ith
current use in the Daub’s laboratory as described (2, 8). PCR aauphifi of
C.coffeicolahomologues ATR1 and CTBlwere conducted from a single isolate, WT-

S040, that had high levels of cercosporin production and aggressivemessAIR1
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is highly conservedATREspecific primers derived froi@. nicotianaesequences were
used to generate multiple PCR products that were sequenced antledsienobtain

the full-length genomic copy. Amplification of ATR1PCR was perfedmusing
standard procedures in 50 volumes using Denvill® Taq Polymerase (Scientific,
Metuchen, NJ) with the following mix:b of 10x PCR buffer, 0.3iM of dNTP, 0.3

uM of each primer, 100 ngl of DNA, and 2ul Tag DNA polymerase. The standard
thermal cycling program consisted of: 4 min at 94°C; 30-40 cydld$ sec at 94°C, 45
sec at 50-70°C, and 1-5 min (varying upon the length of the expected BARtpr
generally conducted as 1 min per 1.0 Kb) at 72°C; and 10 min at 72°C. For
amplification of CTB1 fromC. coffeicolaDNA we used both CTB1-specific primers,
derived fromC. nicotianaesequences, and degenerate primers derived from highly
conserved polyketide synthase sequences. The PCR was performgdstasidard
procedures in 5@l volumes using ApeX Taq PolymeraseGenesee ScientifiSan
Diego, CA, USA) with the following mix: d of 10x PCR buffer, 0.3M of dNTP, 1,5

uM of MgCl,, 0.3 uM of each primer, 100ngl of DNA, and 1ul Tag DNA
polymerase. The standard thermal cycling program consisted ah &tr84°C; 30-40
cycles of 45 sec at 94°C, 45 sec at 50-70°C, and 1-7 min (varying uptim ¢éng
expected PCR products; generally conducted as 1 min per 1.0 KBiGtand 10 min

at 72°C. Commercial kits were used according to the manufactinstrsctions unless
otherwise stated. As previously mentioned, primer sequences designed from
conserved regions to tl@@ nicotianaeCTB1 and ATR1 sequence available in GenBank
database from the National Center for Biotechnology Informatioce¢stwon numbers
AAT69682.1 and ACD42872.1, respectively). PCR primers were synthesized by
Integrated DNA Technologies. The PCR products were sent to Etociddios for
sequencing. Sequencing results and gene assembly were done ussgpukace

analysis software Vector NTI v.10 (Invitrogen).

2.4 -Cercospora coffeicola protoplast generation

For protoplast generation, we used a protocol adaptedGramcotianag(20). Five
plugs (0.5 mm diameter each) from the margin of a fungal cujinen on PDA were
placed in a microcentrifuge tubes with 2 ml of sterile PDB1\sterile glass beads and
vortexed for 2 min. The ground mycelia was placed in 50ml of PDB in 125ml
Erlenmeyer flasks; the flasks were covered with black plastd kept in complete

darkness at 25°C/150 rpm. After 4 days, we ground the 50ml-culture fecld s
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sterile mixer/grinder and transferred the ground culture to 2@InRDB in 500ml
flasks that were covered with black plastic. The flasks stayedmplete darkness at
25°C/150 rpm. After 24 h, the mycelial suspension was centrifugdéCain sterile
bottles for 10 min at 8,000rpm, the supernatant was discarded, angellet was
washed by re-suspending it in 100ml of cold wash solution (1M NaCIMLOQ&aCh).
The solution was centrifuged for 15 min at 8,000 rpm, the supernatant scasdeid,
and 25ml of enzyme mix solution (Lysing-enzyme 10 mg /f¥Blucuronidase 1%;
Kitalase 10 mg / ml; Driselase 10mg/ ml; Vinoflow 64 mg/mBs added to the tubes
which were incubated with shaking at 30°C/ 60 rpm during 4 h. The solwhems
checked for protoplast generation every 30 min under light microscsiper the
protoplasts were released, the enzymatic solution was filteredgh a sterile funnel,
layered with glasswool plus four layers of cheesecloth into 56tenille conical tubes.
The solution was centrifuged for 10 min at 5,000 rpm using a swingiog, and the
supernatant was discarded. We re-suspended gently the protoplastd SnnmilOof
sterile cold STC (1 M Sorbitol, 10 mM Tris-HCI pH 7.5, 10 mM Ga®y tapping and
inverting the tubes. We centrifuged the solution at 10 min at 5,000dipoarded the
supernatant, and re-suspended the protoplasts gently in 1.5 ml of coldT&&C.
concentration of protoplasts was adjusted tocklls / ml using a haemocytometer. The
protoplast solution was stored at -80°C in a solution of four partsg®t@ne part of
60% PEG. The protoplasts generated were used for transformatioa @FEP construct

or a CTB1 disruption construct.

2.5 -Cercospora coffeicola transformation with Green Fluorescent Protein (GFP)

The plasmid pCT74 (24) containing the toxA constitutive promoter fused to a
modified version of the green-fluorescent protein gene (sgfp) and a iedodif
hygromycin resistance gene (HygR) was used to generate GiFBformants.
Escherichia coli strain DH5a was transformed with pCT74using standard
transformation protocols. Briefly, tubes containig coli competent cells stored at -
20°C were thawed on ice. Approximately 200uh@f the chilled pCT74 were added to
a 1.5 ml microcentrifuge tube containing [@0f competent cells, and they were mixed
gently and placed on ice for 30 min. Cells were heat-shocked bynglée tube for 1
min at 42°C followed by chilling on ice for 5 min. After heat-shockimg cells, 95Qu
of Luria broth (LB) were added, and the cells were incubated dbB87°h. After the

last step, we spread 1Q0 of the cell suspension ontol5 cm-diameter Petri dishes
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containing LB solid medium with ampicillin (10Qg / ml) and incubated at 37°C
overnight in the dark. Single colonies were transferred to tubes with 5 ml aid_Bjd

of ampicillin, incubating at 37°C at 75 rpm overnight in the dark. For pth&NA
extraction we used the GeneJETPtsmid Miniprep Kit 0503 (Fermentas)heE. coli
solution was centrifuged at 6,500 rpm/3 min/4°C, the supernatant waslddscand we
added 25Qd RNAase and mixed. We added 28300f Lysis solution and incubated the
mixture at 25°C for 5 min followed by adding 350 of neutralization solution and
centrifuging at 5 min at 13,000 x g. The supernatant was trargsfeerrepin columns
and centrifuged for 1 min at 13,000 x g followed by adding wash solutoh a
centrifuging again twice. In the last step, we added! %0 deionized water at 70°C and
centrifuged 2 min at 13,000 x g, and the DNA concentration was gedniihe pCT74
vector was digested with Sall, Clal and Ncol to verify the vector construction.

The C. coffeicola GFP transformation protocol was adapted from those
described by Chung et al. (11) and Lorang et al. (24) and usedipdéye glycol to
facilitate DNA uptake. For the transformation, were used 40QInuufified plasmid to
make the direct transformation into the wild-type strain protodfastgal transformants
were selected on regeneration minimal medium (RMM- 1 Mos#cr0.1% Yeast
Extract, 0.1% Casein) containing 12§/ ml of hygromycin (HYG), plated in large Petri
dishes (15 cm diameter) and incubated in the dark for 12 days at 25°GroWib of
individual colonies was monitored after 3 days incubation, and the colomies w
transferred to 5 cm-diameter dishes containing PDA and HYG (@28l). The green
fluorescent signal was monitored in fungal colonies in culture byostgopic analyses.
Microscopic analyses were performed using a Zeiss Axiophot pbaseast
microscope. Hyphae growing on media were collected from each indizidloay and
placed onto glass slides, covered with a cover slip, and observedauds@-490 nm

excitation filter and a 520 nm barrier filter for observation of GFP (11).

2.6 — CTB1 gene disruption

The isolates WT-SO40 and WT-SC31 (highest cercosporin production and high
aggressiveness) were selected for CTB1 gene disruption experifgetse disruption
strategy similar to the one described by Amnuaykanjanasin amth @ and by
Choquer et al. (8) was used to cre@€Bldisrupted strains. A disruption vector
pCTB115 containing a hygromycin-resistance ge¢hé@ flanked by CTB1 sequences

was used forCTB1 gene replacement. The vector pCTB115 has been previously
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described and used by Choquer et al. (8). To facilitate gene esmat, DNA
fragments containing a split hygromycin phosphotransferase B i@ (marker (5
CTB1 fused with 3 HYG fragment and SHYG fused with 3 CTB1 fragment) were
amplified from pCTB115, and the PCR products were directly transfrimto the
wild-type strains according to the protocol described by Chogqued. (8). Two
different overlapping PCR fragments were amplified from pCTBIibwere used as
part of the split-marker strategy to disrupt the target g&r&6-kb fragment containing
5 CTB1 fused with 3 HYG was amplified using primers 0315L {5
ggcagtctcacagctcttgad)y3 hyg3 (3-ggatgcctccgectcgaagtd)y3 and another2.4-kb
fragment containing '5HYG fused with 3 CTB1 was amplified with 0315L (5
ggcagtctcacagctcttgadgy3and hyg4 (5cgttgcaagaactgcctgad-3The resulting PCR
products were used to transfofcoffeicolaprotoplasts, and the transformed cultures
were selected according to the method described aboveC.focoffeicola GFP
transformation.

The transformants were screened initially for lack of rednpigt production in
culture according methodology described below, @ndtoffeicolatransformants that
did not produce cercosporin were verified by PCR to confirm sucteBsfuption. To
PCR reaction, the primers 3R (5’-CTCCAAGAACGTTTCGCTGT-3daOUTF (5'-
CCATCTCATCTGCACT TCCGTTCTT-3’) were used to amplifyragment of CTB1
gene specific only to the intact WT sequence. The 3R primedesigned to hybridize
inside of the CTB1 region (position of the 3240th nt) putatively disruptedhby
disruption-cassette, whereas the OUTF primer hybridizeldeab'tupstream region (-
200nt). The second set of primer OUTF and HYG3
(5’GGATGCCTCCGCTCGAAGTAS') was used to amplify a region spagnthe

disruption construct to confirm gene disruption the CTB1 gene by the HYG gene.

2.7 — Assays to evaluate cercosporin production

To assay for cercosporin production, the transformants and the wédwgre
grown on PDA at 25°C, 12 h light, conditions that induce cercosporin produgtitye b
wild type. The production was visually checked as a red pigoretite under-side of
colonies 4-5 days after plating. Cercosporin production was also fig@nby
extracting mycelial plugs in 5N KOH. The amount of cercosporirhédxtract was
quantified spectrophotometrically by measuring absorbance at 480, 59%84@nam
(39). The wild type strain used to generate the mutants as well as th€ otbéfeicola
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strains were used as controls. The experiment was in randoconeplete block
design with three replicates (one tube = one experimental unit).

2.8 — Assays of growth and conidia production

C. coffeicolawild type and CTB1 mutant strains were grown in Petri dishes
containing PDA medium with and without HYG (1&Pml). Each plate was inoculated
with a mycelial disk (0.5 mm diameter) taken from the border &ingal colony.
Grown was assessed by measuring the colony diameter of sedate iover a 12 day
period in intervals of 3 days. The technique of drying the mycelads was used to
induce conidial production (31, 32). Three mycelial disks (0.5 mm diamaken from
the border of a fungal colony were transferred to 10 ml of @8iam (200 ml V8 plus
800 ml of distilled water) in 25-ml Erlenmeyer flasks that wkept continuously
agitated (120 rpm) at 25°C, 12 h light. After 4 days, the contemtach flask was
poured into 10 cm-diameter Petri dishes that were kept open under flubrescent
lamps, at 25°C, 12-h photoperiod. After dehydration of the culture medium
(approximately 4 days of incubation), 10 ml of distilled water veslged to each Petri
dish, the fungal colony was scratched with a glass rod, andisiperssion was filtered
through one layer of cheesecloth. The conidial concentration was edhlwah a
haemocytometer. Each experiment was conducted twice, each timeamdomized

complete design with three replicates (one plate= one experimental unit).
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3 — Results

3.1 — Cercosporin production

Cercosporin production of wild type cultures was quantified from rglqaugs
grown on PDA as described. The isolate WT-SO40 had the higeesbsporin
production, 25.171M/mycelial plug of 0.5 cm diameter, compared to WTZC56 where
the presence of the toxin was not detectable (Fig. 2). Thetypié&isolate with highest
cercosporin production (WT-S040) was selected for disruption of the CTB1 gene.

3.2 — Amplification of an ABC Transporter (ATR1) and a polyketde synthase
(CTB1) from C. coffeicola

To sequence the full-length of ATR1 froth coffeicola ATR1-specific primers
were used to amplify multiple PCR products that were subsequssqlyenced and
assembled to obtain the full-length genomic copy. ATR1-spepifioer design was
facilitated by the high degree of nucleic acid and protein homologgnedxs for ATR1
homologs of various fungal species sequences available in the GenBank database

The sequence of ATR1 fro@. nicotianae(accession number EU530631) was
compared to publicly available homologs by using the Blastn or Blalgiorithms.
Alignments resulting from these analyses were used to dégigi-specific primers.
A total of 25 primers were used to amplify multiple ATR1 fragtséromC. coffeicola
that were subsequently assembled using the software Vectodatalr{ot showed). To
determine the presence of the ATR1 homolo@ ircoffeicola the full-length (4369nt)
was also amplified by PCR using ATR1 specific primers (B)g.The genes frort.
coffeicola and C. nicotianaewere found to be 93.3 % identical, considering the
sequence given bymnuaykanjanasin and Daub (2)

We identified a 72 bp intron located between the $7@8and the 3849 nt.
This intron is also found in ATR1 fror€. nicotianae(2). The ATR1 gene front.
coffeicolawas translated into a 1456 amino acid (aa) protein showing 96.8%tydenti
and 97.4% similarity to the ATR1 from @icotianae. Thus, as already observed for
ATR1 homologs from different fungi, ATR1 fron€. coffeicolais also highly
conserved. A premature stop codon (TGA) was found at positidhr31205" aa) We
are further investigating this region of the gene to confirmpitesence of the stop
codon. However, this premature stop codorCincoffeicolawill result in a truncated
and inactivated ATR1 protein (Fig. 4 A and B).
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The CTBL1 full-length gene was amplified by polymerase chaintien (PCR)
using a total of 37 primers (data not showed). Initially, fouredegate primers were
designed from two CTB1 conserved regions [Ketosyntase (KS) andTAagkferase
(AT)] from C. nicotianaeand were used to amplify the CTB1 homolog fr&@n
coffeicolagDNA. The products of the reactions were sequenced and usetdote
new primers. Four primers outside the CTB1 gene f@micotianaewere designed to
obtain information on non-coding 5’- and 3’-end regions of the ger& icoffeicola
The size of the CTB1 gene fro@ coffeicolais 7044 nt, and it is 90.3% identical to
CTB1 fromC. nicotianae The size of the CTBL1 protein @. coffeicolais 2196 aa and
it is 98.2% similar and 97.5% identical to its counterpaf.imicotianae Similar toC.
nicotianae CTB1 in C. coffeicolashowed a total of eight small introns. The CTB1
introns in C. coffeicolaranged from 47 to 80 bp in size and they are distributed
throughout the gene, as follows: Intron 1: 294-344; Intron 2: 649-706; Intron 3:1488-
1534; Intron 4: 1687-1743; Intron 5: 1793-1839; Intron 6: 4504-4583; Intron 7: 4940-
5000; and Intron 8: 6314-6368 (Fig. 5 A and B). Thecoffeicola CTBkequence was
deposited in the GenBank database under accession number HQ173811. Alignment
analysis of five conserved protein domains (keto synthase, an atglerase, two acyl
carrier protein a thioesterase/claisen cyclase)@f nicotianae(GenBank accession
number AY649543) withC. coffeicolashowed high level of conserved amino acids

between these proteins (Fig. 5C).

3.3 —Cercospora coffeicola protoplast generation and transformation with Green
Fluorescent Protein (GFP)

Due to the lack of a previously described protocol for protoplast production from
C. coffeicola we had to determine the optimal conditions for protoplast isolation from
this fungus. We adapted the protoplast production protocol described prevanuSly f
nicotianae Briefly, the lysing step was carried in the presenasoaiplex enzyme mix
that includedg-glucuronidase, lysing enzyme mix, kitalase, driselase, and vinoflow.
High vield of protoplasts~(L(® protoplast/ml) were obtained frof. coffeicola(Fig.
6B). To first test the transformability &. coffeicolaprotoplasts, we transformed the
fungus with a GFP construc€C. coffeicolastrains transformed with GFP (pCT74
plasmid) were analyzed by fluorescence microscopy. Out of 43 hygnoresistant

colonies obtained, one highly expressed GFP (Fig. 6 A and C).
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3.4 — CTB1 gene disruption and evaluation of cercosporin production

Previous work has described procedures to generate CTB1-disrupties sir
C. nicotianae The generated mutant strains did not produce cercosporin and had lost
aggressiveness. However, similar studies are lacking fazoffeicola Based on the
high similarity found between the CTB1 proteing®bfnicotianaeandC. coffeicola we
hypothesized that disruption constructs used to disrupt CTB1@omcotianaewould
be effective in disrupting the CTB1 homolog frdn coffeicola The vector pCTB115
containing a hygromycin-resistance geh&r' 9 cassette used to disrupt CTB1 fr@n
nicotianae was also used for CTB1 gene replacementCofcoffeicola We first
propagated the vector pCTB115En coli. As described in Materials and Methods, a
split-marker approach was used to generate two different P@RAugis with
overlapping hygromycin sequences. These PCR products were use diréxhsform
the isolates (Fig. 7).

Since cercosporin is red, toxin-deficient mutants are easiesed for lack of
red pigmentation on PDA medium. To verify the cercosporin production Wibch
type and CTB1 disrupted strains, cercosporin was extracted frooresulgrown in
solid medium supplemented with 1g@8 hygromycin (HYG). In addition to chemical
analysis, a molecular analysis by PCR reaction to verii8ICgene disruption was
undertaken. As expected, on PDA medium the wild-type had red color arouhd of
mycelium due to cercosporin production whereas the red pigment was eotezbfor
many transformed strains. To confirm that the strains statde transformed strains to
lack to cercosporin production, they were transferred six time®DRé dishes
supplemented with HYG before we quantify the cercosporin productioncospmrin
production is readily detectable by a green-color when in the preseébbeKOH, that
is not observed in strains that fail to produce cercosporin (Fig. 83t kMgenerated
cultures were hygromycin-resistant and cercosporin producer, tresrefer included
two these strains in our analyses as control (MUT5 from WT-S@4dOVUT13 from
WT-SC31). Out of 126 Hyg-resistant cultures obtained for both isolaites,did not
have detectable (ND) levels of cercosporin by KOH extractiethad (Fig. 9). Out of
126 Hyg-resistant cultures a total of 111 strains were obtaired the highest
cercosporin production isolate (WT-S0O40) and 15 Hyg-resistant strares obtained
from WT-SC31. Out of 111 strains obtained from WT-SO40 and 15 from WBILSC
wild type, only four and five strains did not produce cercosporin, césply (Fig. 8

and 9). Cercosporin absorbance values differed between wild typeTaiidisrupted
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strains unable to produce cercosporin. The typical spectrum of cercoépith peaks

at 480, 590 and 64D) extracted from wild type and strains that produced cercosporin
(Fig 10A) was not observed when the toxin was extracted from thpnodacing strain
(Fig.10B).

Strains in which cercosporin was not detected by KOH extractethod were
analyzed by PCR to confirm targeted disruption of CBT1 gen@. afoffeicola The
primers 3R and OUTF were used to amplify a fragment of CTB& gpecific only to
the intact WT sequence (Fig. 11A). The second set of primer OW@FHY G3 was
used to amplify a region spanning the disruption construct to confirm diengption
the CTB1 gene by the HYG gene (Fig. 11B). Nine strains lackiegosporin
production were analyzed molecularly, and six of these strains MWIUT7,
MUT12, MUT88, MUT95 and MUT98) were confirmed to be disrupted in the CTB1
gene. To the others three strains (MUT6, MUT11 e MUT27) we netrable to detect
the CTB1 disruption by PCR reaction (Fig. 12).

3.5 — Growth and conidia production for wild type and CTB1 disrupted strains

Wild type and the disrupted transformants were analyzed fowtlgrand
conidial production. For the growth studies, according to the Levers,sthere was
no homogeneity of variances between the two experiments to both wild type @rains
0.0001), consequently each experiment was analyzed independently. The gnowth f
both wild type strains was not statistically different of @EB1-disrupted strains on
PDA medium for the first (P = 0.9434 and P = 0.8993 to WT-SO40 and WT-SC31,
respectively) and second (P = 0.9753 and P = 0.8354 to WT-S0O40 and WT-SC31,
respectively) experiments. The growth at both strains on PDA suppted with HYG
was statistically different in both experiments (P < 0.0001). avezage radial growth
on PDA medium to the strains from WT-SO40 ranged from 1.64 cm @Iy 1.11
cm (WT-S040), at the first experiment, and from 2.35 cm (MUT98)806 &m (WT-
S040), at the second experiment. The average radial growth on PDA miedit
strains from WT-SC31 ranged from 1.55 cm (MUT11 and MUT12) to 1.28Wiin (
SC31), at the first experiment, and from 2.28 cm (MUT11) to 1.79 cm $@31), at
the second experiment. Radial growth on PDA supplemented with HY&Gzara to
both wild type strains (WTSO40 and WTSC31), at the first and secquefriment.
The largest radial growths on PDA supplemented with HYG tonstfaom WT-S0O40
were 1.43 cm (MUT98) and 2.11 cm (MUT27) on the first and second expesiment
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respectively. The largest radial growth on PDA supplemented wil3 kbYstrains from
WT-SC31 was 1.54 cm (MUT11) and 2.23 cm (MUT11) on the first and second
experiments, respectively. Disregarding the medium and expdfinggowth of
disrupted strains was not statistically different independent ofwviltetype (Tukey's
test,a =0.05). In both experiments, the growth of disrupted strains was ndtcsigtly
affected by presence of the antibiotic HYG in the medium, edsrthe wild type
isolates were sensitive to HYG (Table 1).

For the sporulation experiments for both wild type strains and rgpec
mutants, according to the Levene’s test, the variances of bothiregpes were
homogeneous (P = 0.5243 and P = 0.6354 to WT-SO40 and WT-SC31, respectively).
Therefore, to compare the isolates we analyzed each experg@parately. At each
experiment, the sporulation differed between strains from both wkel iy < 0.0001).
Sporulation of strains from WT-S0O40 ranged from 262,500 conidia/ml (WT-St040)
13,000 conidia/ml (MUT98) and 215,000 conidia/ml (MUT27) to 125,000 conidia/ml
(MUT88) on the first and second experiments. Therefore, the sporulationio $tean
WT-SC31 ranged from 292,500 conidia/ml (MUT12) to 14,250 conidia/ml (MUT4) and
485,000 conidia/ml (MUT11) to 170,000 conidia/ml (MUT27) on the first and second
experiments. No correlation was detected between cercosporin poodactl conidia
production to all strains from both wild type. The ability of a giisaiate to sporulate
varied between experiments. For example, the most- and lesdasing isolates were
MUT12 and MUT98 in the first experiment and MUT11 and MUT88 in theose,
respectively (Table 2).
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4 — Discussion

Many species of plant pathogenic fungi produce toxins astdadrarulence and to
establish the parasitism with their hosts (28). Specificadycospora sppcommonly
produce cercosporin that is a light-activated photosensitizing toxan peghogenicity
factor (15). Mutants ofC. nicotianage C. kikuchij and C. zeae-maydihave been
generated to confirm the role of cercosporin as a virulenderfés, 8, 29). We have
found evidence of the involvement of cercosporin on the virulen€z obffeicola as
there was a positive correlation between cercosporin production anessiggness
(30). To conclusively show the relatedness between cercospordugian and
virulence toC. coffeicola it was necessary to find the gene(s) involved in cercosporin
biosynthesis and generating mutants lacking these gene(s). Taeméoisolated &.
coffeicolaPKS gene@TB1), and an ABC transporter gen®TRJ). We also determined
CTB1's role in fungal cercosporin biosynthesis by generating sti@ikeg this gene
related to cercosporin production.

We found no reports abo@. coffeicolaprotoplast production methodology,
generation of mutants lacking cercosporin production, and on the m&tisathat
coordinate fungal pathogenicity and virulence. The methods used to make
transformation of some fungal species require the use of asmdia. However, this
may pose a problem wit@. coffeicolabecause of the asexual multicelled conidia the
fungus produces. These multicelled conidia may become a threat galfun
transformation because it may be effective in one cell but camdsked by the
presence of wild type nuclei in other cells (21). Therefaregur study we used the
protoplasts to get the transformants. We were successful itingopaotoplasts by the
enzyme digestion method that digests the cell wall, using a methgdmdiagted from
research withC. nicotianae (20). Considering the lack of information regarding
molecular biology ofC. coffeicola we undertook transformation with the GFP marker
to check whether this fungus is transformable, given that GFHdraraion has been
used with many filamentous fungi (24) to detect gene expressioteirptocalization,
trafficking, and dynamic subcellular processes over time, dsaw@hfection processes
in the plant (37, 11, 3). We got satisfactory results with GRRstormation, and the
GFP transformant was easily visualized on phase-contrast sop®siue the bright

green fluorescence in the mycelium. We were also able tovachktable constitutive
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expression of SGFP frof. coffeicolacells. Therefore we assumed tRatcoffeicolais
a transformable fungus, and GFP transformation can be used in fuidies svith this
fungus as with gene expression.

The hypothesis about the pathway of cercosporin biosynthesis cameafr
earlier study that tested whether the toxin is synthesizadavpolyketide pathway,
although no experimental evidence was provided to support the hypothesi3q26).
evaluate this hypothesis, an earlier study isolated and deterth@aedle of a fungal
polyketide gene, CTB1, in cercosporin biosynthesi€byicotianae(8). The authors
found that the CTB1 is essential to cercosporin biosynthesis, and nocedfithat
cercosporin is biosynthesized via a polyketide pathway (8). In owy,shelnucleotides
and amino acid sequence of the CTB1 gen€.otoffeicolahad strong similarity to
other polyketide synthase (PKS) sequences of many fungi.CThmffeicolaCTB1
sequence also had strong similarities to some PKS sequenceblaviailthe GenBank
database. In addition to similarity to the CTB1 protein involved in ospa@rin
production byC. nicotianae(accession number AY649543), it was also similar to the
ALB1 protein involved in the conidial pigment biosynthesisPienicillium marneffei
and Aspergillus fumigatus(accession numbers XM002147681 and XM751002,
respectively). TheC. nicotianae CTBhene consists of five catalytic domains: a keto
synthase (KS), an acyltransferase (AT), a thioesterage &l two acyl carrier protein
(ACP) domains that are distributed along the gene, similar to other fungal PKS
genes (8, 38). These domains were also foun@ faoffeicolaand are hypothesized to
be required for elongation and condensation of cyclic cercosporin. Othes, gene
CTB3, CTB4, CzZK3, and CFP, are also involved with cercosporin production,
confirming that cercosporin biosynthesis is probably a processnwltzes multiple
genes and signals (5, 8, 9, 17, 29).

The ATR1 gene was reported to be involved in the resistance to perncog).
We were successful in isolating and sequencing the ATR1 gemeCir coffeicola This
gene was found to be a conserved one, as it is very similar toABItransporters in
different fungal species. Understanding the role of genes, edpélese@akconserved ones
such as ATR1, can be very helpful in studies related to evolutionaryagodomic
characteristics of fungi. It has been shown that the ATR1 gér@ nicotianaeis
involved in both production and resistance to cercosporin (2). The fungsthres
transporters may be divided in three groups depending on the proceasetmyolved
in: 1- those that regulate self-resistance and efflux of compoasdsyd ofAspergillus
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nidulansand ATR1 ofC. nicotianag1, 2); 2- those involved only in protection, as SirA
of Leptosphaeria maculand.9); and 3- those related to the secretion of endogenously
produced compounds, as CTB4 Gf nicotianae(9). The understanding of which
mechanism a fungus uses and which genes are involved in thamresis important in

the development of new fungicides and resistant cultivars. For ieskangendall and
Upchurch (23) generated sugar beet plants resistant to cercodyairexpressed the
fungal CFP. Therefore, we may foresee a development of a coffiéear that
expresses a fungal gene conferring resistance to cercosplthiough we are able to
generate the ATR1 sequence, we believe that this copy magdigre inC. coffeicola
because of the presence of the premature stop codon. Anyway,neuwwags similar of
ATR1 gene fromC. nicotianaethat has been shown to be active (2). If our result is
correct, in future studies witG. coffeicola different isolates and techniques should be
used to better understanding whether ATR1 gene is really inagtiaedified copy, has
multiple copies on the DNA, or it is variable among isolates.hpothesize that &3.
coffeicolahave evolved, the gene might be inactivated, either because it isseatial

to the pathogen or other genes may take the same function. GivekirRatmay be

not essential t&. coffeicola we believe that other genes already described as CRG1 of
C. nicotiana€12) or CFP ofC. kikuchi{(5), may occur irC. coffeicolaDNA to assure
cercosporin resistance.

As an outcome of the gene disruption experiment, from @vocoffeicola
isolates we were able to generate strains that do not produwosmparin by knocking-
out the CTB1 gene. Therefore, the CTB1 gene is functionally refjtorecercosporin
biosynthesis inC. coffeicola This information is the most significant finding of our
study, because the results provide the first report on the cercodposynthesis
pathway inC. coffeicola Moreover, our results confirm the essentiality of this gene to
cercosporin production, as found previously wWithnicotianaeg(8). Those authors were
able to generate ctbl-disrupted strains that did not produce cercospalrimvith
significantly reduced virulence when inoculated onto tobacco plantshyfinghesis of
involvement of cercosporin production in pathogen virulence comes froeadier
study in which mutants of. kikuchii were generated through UV mutagenesis,
although the gene involved in the process was unknown (36). Recentlyspmin
biosynthesis has been studied through the generation of disrupted fstrairdifferent
species and genes. For example, CFP and CZK3 genes were studietetrate

disrupted strains with less cercosporin production and less virulleacehe wild type
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isolates of C. kikuchii and C. zeae-maydjsrespectively (5, 29). Subsequently,
considering that the CTB gene cluster is comprised of eight ercgeimes, CTB1-8,
studies have been undertaken to understand the function of all gebesigotianae
By generating the disrupted CTB3, CTB4, CTB5, CTB6, and CTB?7, itshas/n that
these genes are involved in the cercosporin biosynthesis and, motbavez,TB4 is
also involved in the secretion of the toxin outside the mycelium (6, 9,H@\ever, in
some cases when the gene is disrupted, the strains can beharentlffdepending of
the gene. For example, with CTB3 disruption, a yellow/brown pigmemh fthe
mutants accumulated in PDA medium, and was suggested to be areditgenproduct
of cercosporin biosynthesis (17). Our results provide an additional informat
confirming the importance of the CTB1 gene in cercosporin producti@n @offeicola
as has been shown i@. nicotianae Given the importance ofercospora sppin
agriculture, it is worth understanding cercosporin biosynthesis, mostiguse it has
been consistently found that there is a correlation between cencogwoduction
ability and virulence of these pathogens (5, 8, 29, 30). Regarding cercosporin
biosynthesis, we believe that our results are conclusive to suppdrypbéhesis that
cercosporin is biosynthesized via a polyketide pathway.

The relationship between growth and cercosporin production has beem studie
for different pathogeni€ercospora spp(9, 36). In our study, growth in vitro was not
different between strains that either produce cercosporin or noimikarsresult was
reported when CTB4- and CTB3-disrupted strain€ oficotianaewere compared, and
the disrupted strains produced less cercosporin although they hadaa ghowth as
the wild type (9, 17). Similarly, disruption of the CFP gen€okikuchiiled a loss of
95% of the cercosporin production as compared as the wild type isdllateonloss of
growth. In contrastC. kikuchiiUV-mutants unable to produce cercosporin grew more
than the wild type on solid medium, although the growth on liquid medigmali
differ (36). The authors considered that growth may be not a pathogefaicior,
because no cercosporin producer and nonpathogenic isolates had simildr gnow
liquid medium than cercosporin producers and pathogenic isolates (36)arlginm C.
zeae-maydisgdisruption strains for the CZK3 gene that are defective in geocos
production also had higher vegetative growth than the wild type (29). foterave
can conclude that the effect of loss cercosporin production on thehgrewariable

amongCercospora sppand this is dependently of the disrupted gene.
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Cercospora spp.sporulate profusely on the lesions to generate secondary
inoculum that accounts for biological fithess and survival. There are reportssola@e
being a non-cercosporin producer and having reduced sporulation (5, 29, 36), although
in other studiesC. nicotianae CTB1 and CTB3 mutants lacking in cercosporin
biosynthesis sporulated similarly to the wild type strain (8, 17).didenot find a
significant difference in sporulation between producing and non-cer@ogpoducing
isolates ofC. coffeicola Considering the relevance of sporulation on disease progress
on the field, it would be interesting to quantify both cercosporin productch a
sporulation on the host tissue to verify if there is any relation between them.

The data we presented demonstrate Ghaioffeicolawild type isolates differ in
the production of cercosporin from 25.M/plug to undetectable levels. A protoplast
preparation and transformation protocol €rcoffeicolawas developed by modifying
existing protocols folC. nicotianae We found that wild type isolates @f. coffeicola
were hygromycin-sensitive when using a concentration ofut2%l. As confirmed by
fluorescent microscopy, we successfully transfori@edoffeicolaprotoplasts with the
green fluorescent protein (GFP). TWo nicotianaehomologs,CTB1andATR1 were
identified and sequenced @ coffeicola Sequence analysis indicated a high degree of
homology for both genes t©. nicotianaegenes. A split marker strategy was used to
generatectbl-disrupted strains i€. coffeicola Out of nine lacking detectable levels of
cercosporin, six were confirmed to be disrupted by molecular asalyien compared
to the wild type, both growth and sporulationvitro of C. coffeicolaCTB1-disrupted
strains were not significantly influenced by the lack of cqgvoas production. This is
the first report on the cercosporin biosynthesis pathwag.iroffeicola Following
previous reports that hypothesize the cercosporin toxin is a faicpmathogenesis, we
will further test the aggressiveness of ctbl-disrupted straigsftee plants and try to
confirm the role of cercosporin €. coffeicolaaggressiveness. We expect that the
molecular genetics results gained in this work will be used tonadvatudies oIt.
coffeicolaand its interactions with coffee plants, and may provide practsesd for our

knowledge for better control of Cercospora leaf spot.
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Table 1. Average radial growth (diameter in cm) of wild type asspectivectbl
disrupted transformant cultures grown on potato dextrose agar (PDA)PBAd

supplemented with hygromycin (PDA+HYG) medium, in two experiments.

_ _ First experiment Second experiment
wild Type Strain
PDA* PDA+HYG* PDA* PDA+HYG*
WT-SO40 WT-SO40 1.11A 0.00B 1.80 A 0.00B
MUTO95** 1.26 A 0.95A 1.92A 1.30 A
MUT88** 1.47 A 1.18 A 2.00A 1.80 A

MUT98** 1.59 A 1.43 A 2.35A 2.03 A
MUT27 1.64 A 131 A 2.22A 211 A
WT-SC31 WT-SC31 1.28A 0.00B 1.79 A 0.00B
MUT6 1.44 A 1.36 A 2.19A 2.13A
MUT7** 152 A 1.40 A 2.09A 2.09A
MUT4**  1.53 A 1.44 A 210A 222 A
MUT11 1.55A 1.54 A 2.28A 2.23 A
MUT12** 1.55A 151A 2.20A 2.22 A

*Values with different letters in the same columhaowild type strain indicate significantly
different growth (Tukey’s test; = 0.05).

** Strains that showed lack of cercosporin prodmetiand CTB1 gene disrupted by PCR
reaction.
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Table 2. Average sporulation (conidia/ml) of wild type and respective CTBlptksi-

strains, in two experiments.

Wild Type Strain First experiment*  Second experiment*

WT-S040 WT-SO40 262500 AB 145000 A
MUT27 215000 B 215000 A
MUTO95** 27500 C 145000 A
MUT88** 18000 C 125000 A
MUT98** 13000 C 175000 A

WT-SC31  MUT12** 292500 A 170000 C
MUT7** 282500 AB 217500 C
MUT6 225000 ABC 342500 B
MUT11 165000 C 485000 A
WT-SC31 16750 D 362500 B
MUT4** 14250 D 402500 AB

*Values with different letters in the same columh @ wild type strain indicate
significantly different sporulation (Tukey’s test,= 0.05). For the statistical analysis,
the sporulation values were transformed to logrigiption).

**Strains that showed lack of cercosporin product@and CTB1 gene disrupted by

PCR reaction.
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Fig. 1. Isolates ofC. coffeicolacollected from three Minas Gerais regions in Brazil
(Mata, Sul de Minas, and Triangulo) from two cropping systems (caowahtand
organic). The isolates differ in cercosporin production and aggressseiheC.
coffeicolaisolates were grown in PDA dishes for 12 days at 25°C and 12 h of light.
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Fig. 2. Average cercosporin production of thecoffeicolaisolates grown on PDA (12
days, 25°C, 12h light). Bars with different letters indicate sicpuifily different toxin
production (Tukey test;=0.05).
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Fig. 3. PCR amplification of ATR1 transporter frdn coffeicolastrain WT-SO40, the
highest cercosporin producekTRZ1specific primers were used to generate the PCR
product.
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(A)

atgccttccetccaacggtcagggtegtgggtegeacctgggectggoatraggagaagaggtetaccgeacgctcageaatgctatctcgtgageg
ggaagaaatctgaatatgaagacccgatggaaagcgatgaatccascageatgactggaagetcatggaagaggtgaaggeegtggetaztaaaga
ctgatggagccaaagcacgaaagcttggtgtcacatggaaggacttgagugeattggtgccgatgctgctttcaacgaaaacgecattttpaaettice
cagactcatcaaggagagccggcaaaagcecgecactcaagacaateatagecatggatgtgtcaagectggagagatgctectegtactaymtaggt
gccggctgeaccacactactcaagatgcttgccaacaagagactiggatagtecactggegatgtcaagticgggtcgatggacgcgaaagaggeat
atcgtggtcagatcgttatcaataccgaagaagagctgticttcarfactitcggtcagacaatggacttcgcgacacgaatgaagatccaacametticy
aacgtaaaggacaccaaggagttccaacagattaccagagactgadetmtgggcatcgaacacacccacgagaccaaggtcggaaangagtaf
gtgtctccggaggagagegcaagagagtctctatcatcgagactatgggtygticggtattetgttgggataacagcacgcgaggtetcgasgmsgegce
tcgagtacactcgctgcatccgagcaatgacggatgtcatgggaattstgitacgctctaccaagetggtaacggeatctacgagetetaagtgettgttc
ttgatgaaggcaagcaaatattctatgggeccatggcacaagegdeatgmaggatctgggattccagtacaccgacggagecaacgtcgaco@etct
ggtgtcaccgtgccgacggagegaaagatcagacctggettcgaatiatctrycaccgcggacgagatcegegeggaatatgagagaacgtagtte
tcatggagaaagagtacgattatcctaccacgtctgacgccatttogasegatttcaaagaaggegttcagcacgagaaagcaccaagtatpagiaa
cctitgacggtcgacctctacacgcaaacgaaagctgctgtcatcdggeageteatctggggtgacaaggecacattcgtgatcaagcaaggéttgtgc
aagcacttattgctgggtctctettctacgactcccccaacacctcgggtmtetccaagggtggtgccatcttettetetetgctgtacatitatcgetatgtcgg
aagtcacggactccttcgctgctcgaccggtecttgctaagcatcdegggtictatcacccegeagecttitgettcgcacagattgcage taeumatcatct
tcttccaggtcacagtctttgctetgccattgtatttcatggtggggrgagactgegggtgcgtteticagetactgggteatcttgticgattergtgcatgactg
cattcttccgetggetgggegeggcectticgaaacatttgacgatgeadegictggatttgcggtcagtgeactgatcatgtacgctgggtatgtgmageca
gatatgcacccgtggttcgtctggatctactggatcaatccactg@mtcgaggctttgtitggcgtggagttcaaagacaccatcattemzgyceccaat
ttggttcctetcggecccaactacacggactccagcetttcaagetgégitagaggtgctgaggtcggggecgcetitcgtcaccggegagettgegggct
tgtcttattcatcctctcacatctggeggaactttggeatcatttggmtag gtettgtttgtegettgtactgtettctgcacatcgegatgdiggettctggcaactc
cggcttectggtcatccecacgtgagaagcagaaggctgccatgcadatiggatgaagagaacctgccagagaagagecgegetcgegatgogageiaa
ccaggatggtaatgtcgaggatcaacttatccgcaacacctctgttfigasgaacctcacatacacggtacagacgecttcgggtectedgogtgeicgacy
tccaaggctgggtcaagecaggeatgctgggtyctetgatgggttgiharmggcaaaactactcttctcgatgtectcgetcaacgcaagagiaszasaica
agggtagcatcctggtcgacggecgegaacttccaatctcattccaagajggtactgcgaacagctcgatatccacgagectcttgccagtgperycgct
tgagttttctgcccttcttcgacaaagtcgcgagactectcgcgaggatmagtatgtggacaccattatcgacttgetggagatgcacgagategecate
attggcaccagccgegegggtetetetgtcgagcagegcaagegsttmtigtigaacttgtatcccaagecaagtattctgatcttectcggegacttcegg
tctggacggacaggctgcattcaacattgttcgettccttcgcaadgemtmttggtcaagetgtictcgtcaccatccatcaaccttccgctgitegttcaattty
atacattgttgctcctcgccaagggaggeaagaccgtctactttggtggagataacggegetaccatcaaagagtacttcggecgctacgacyracgce
ccaacgccaaccccgctgaacacatgatcgatgtegtttctggaageatgaygcaaagactggaatcaagtgtggctgaacageccagagiaeagae
aacggagcttgaccacatcatccaagacgcagcctcgaaaccactgmmagatggccacgagttcgecatgccaatttgggaccaaatggamay
caacgcatgaacaccgcgctcttccgcaacaacgaatacacaaatiagcaaticacatcggeagtgecctcettcaacggettcacgttctggeggegat
agcgtcacagacctgcaattggecttgttcaccatcttcaacttagtmytacceggtgtcatggcacagetgcaaccactctttctcgaaggtajttacgaa
gcgagagaaaagaagagcaaaatgtaccactggtccgectitgtaacagoggtcagcgaaateccataccteatcatctgtgecatcttetfctgctggtac
tacacggtaggcttcccaggcgacagcaacaaagccggagcagiatttitgatgtacgaattcatctataE e e e e S e e Ly

e e e M R T s s as 2 atcggccagttcgtcgcagectacgctcccaacgecgteticgcogooataccececteatcate
ggagtcctegtctecttctgeggtgttctectcecttacagccaaatoraiitggcggtactggatgtactacctcaaccegttcaactacgoegggttcttcat

gctcgtcttcacgctcttcgacgccgaggtgcaatgtaacgaagampeadttttcgacacacccaatggcgaaacctgcgcegagctatctitatggcaa
ggacctggaagcaggacgaatttggtgaatccggatgctacgagiommtitgtcagtatggacgtggatcggattatttgtatacgttgamatigpctacta
ctatggatggagagatgcagcgattgtcgegttgtttgcgtitagtgegattgtctatgttctcatgaagttgaggacgaagcagtcgaaaggagag
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(B)

mpslgrsgswvapgpgsgsgeevyrtlsnaisrtfsgkkseyedpmie&dadwkimeevkavagqtqadgakarkligvtwkdltvkgigadaaéien
fafniprlikesrgkpplktiddshgcvkpgemllvigrpgagcttlikamkrigyaevtgdvkfgsmdakeaeqyrggivinteeelffptltvgqgtaitmk
iphhlpsnvkdtkefqqitrdffirsmgiehthetkvgneyvrgvsggersiietlasrgsvfcwdnstrgldastaleytrciramtdvmglssigtigngiyel
fdkvlvidegkqifygpmaqakpfmedlgfqytdganvadyltgvtvptepgfedrfprtadeiraeyertsikflmekeydypttsdaisntadfkghek
apslpkkspltvdlytgtkaavirqygliwgdkatfvikqgstivqaliafydspntsgglfskggaiffsllymsliamsevtdsfaarpvlaklafghpaafcf
agiaadipiiffgvtvfalplyfmvglketagaffsywvilfasaicmtifvigaafetfddaskvsgfavsalimyagyliakpdmhpwfvwiywiaggfea
Ifgvefkdtiipctgpnivplgpnytdssfgactgvrgaevgaafvtglglsyssshiwrnfgiiwawwvlfvactvfctsrwsmasgnsgflviggkaam
hlvsdeenlpeksrardaekssqdgnvedglirntsvitwknltytvgguellddvggwvkpgmigalmgssgagkttlldviagrktegtikgsllyrelpi
sfgrsagyceqldiheplatvrealefsallrgsretpreeklkyvdigishhdientiigtsraglsveqrkritigvelvskpsilifldeptsgidaafnivrfirkla
dvggavivtihgpsaalfagfdtlllakggktvyfgdigdngatikeyiglapcppnanpaehmidvvsgtlskgkdwngvwinspeyknmttetpttza
skppgtvddghefampiwdgmklvtgrmntalfrnneytnnkfalhigegftfwgigdsvtdiglalftifnfifvapgvmaglqgplflerrdiyeakkskm
yhwsafvtglivseipyliicaifyyvewyytvgfpgdsnkagavffvmipefiytgkfktpsgfpyhsplggnanncppgiggfvaayapnavfaditgpl
vsfegvllpysqigpfwrywmyylnpfnylmaaffmivitifdaevgcnegaifdtpngetcasylseylggpgsrtnlvnpdatsgcrveqygrggtiyin
dyyygwrdaaivalfafssyalvyvimkirtkgskkae

Fig. 4. Cercospora coffeicoldATR1 nucleotide and protein sequence. A- Complete
ATR1 nucleotide sequence froth coffeicola The premature stop codon and an intron
are highlighted in gray and black, respectively; B- ATR1 amind sequence. Stop
codon is highlighted in gray.
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(A)

atggaagatggagcgcagatgcgagtggtggegttcggggatcagmmtgtagegaggccgtctcacagcttttaagagtccgegacgatgtumgity
acttcctcgaacgagcaacggecgttgtgaaggcagagttgaccageasgagcaacaagaagagactccacgattcgccacgctcgctypmetty
ctaccgagctggceacctigaatccageagtgtcgcaggcattgaasgeangctggggettttcatdy e e o T e e e e T e e
PRI acaacacagcagcggacaggaagectaccccacagecaacgatagtiggagtctgcaccggagegetgaccgecegtegetgteggct
ctgcttcgagtgtgaccgctttggtgcegctegeattgcacactgttggoggegegattgggtgctcgagectgggaaattggecgctgcctatpeiggga
gaggtgcggatggecgttatgettcttggacgtcggeggtgggegaiatcecaagaccttcaggatcgaatttcagcatacaccgeCde e B B s
e T e e e e e e L e e e ISR e g Ctcttg cateegtgtecgttcegtatetetcggcageggtcggg cotRgcticegtgtcggeg
ccacccgtcatcctcgacgcegttcctcageacacttctccgaccgetgemegcgacttcccattaccgeteegtatcacgeacctcacctgtgamagatgt
gcagcatgtcagggactgtctgcctcccagegaggeatggecgacagtgcacatcatcagettctcccgegatgaggeggtgtcgegtggtgttaacy
gccgecatgagtgaggecgtgegagactgcttgatccgecccattgoonigeatggeagtgageattgecagtcatgecgegagatettggcaaggayct
tccgtcgeccategetetgtegttcagegacaagetgggceccacaagigesacttgccaggegegaaggeacccacgegegagetgacat caetzaoe
ccgtetgctacaggagcggaacagcageccatggcaaaggeccaattjgetgectetggtegtticccacaatcttcatccatggactggghcgtactt
atcaatggcgtcgatacgcacgaacttgtccctccgaccegttggapmgaacatgtttccgaagatcccaaggccaagaatgtatctgg cHtmagtgct
ggctccacgaagcecggtgaatitgatgecgcctattttaa i el e R e e e e B Bz gt ccgegtgaagegecgea
ggttgatccagcacagegtctegegctettgactgccaccgaagegu@agecggeattgtcccgaacagaacatcgtcaactcagaaaatygighat
ggtacggegceaaccagaa R e e e R atEes tg gatg gagaccaacagcegctcaaaacgtty
atacatacticattcc ey T e e e I e ERpe e 0 g g caatcgegcattcatcccaggaagagtgaactacticcacaagttta
gtggcccatcttacacgatcgatacagectgcagetccagtttggtggmeatggegtgcaacgcactitggcgaggcgaagtcgatacagecmtayg
accaacgtcctcacgaatccagacatgacggcaggactcgacgcdiiteaaggtctggaaattgtaagaccttcgacgacgaagecdatiygaga
ggcgaggceagtggtgaccctcattctcaaacggctgccagacgcggemgegigatccaattcaggcettcaattctgggaattgccactaagemedge
cgcctetatcactaggcctcatgccggagegeageaagacttgtt@gttntaacggagacaggtcttaccgcgaacgacattagtgtgtgogatggtact
ggcacccaggcetggagacagtggtgaaacaacgtccgtegtggagauomttitgaaccgatccggcetetgetgtgcgaacaacacctctagegttagt
taagtccaatgtgggtcatgctgagtccgeagetggggtcageagtzggatcttgcttatgctcaageattccaagatcectectcatgtgggarcgaag
ctgaatcaccggctaccagacctagctgcacgaaatacacacatagcigegmtacctiggectcggcccaagaatggcaagegtegtgttagiatic
tcggcegetggaggtaacacgtgecttgtgetigaggatgegececgagaggactctcaagaagtcgaccctagagaacatcacctegttgagateiabac
acctgattcaatggtgaacaacctcacgaacatgataacctggaiggaciatggagacagcatcgecacctigectcaactgtettacacggcaegaag
agtgcaccatagacacagagccgtagctaccggeactgatctgegtiatcgcticaagaacagcttgaccgeeggttgtccggegagageagica
cccgeccaatggacctagctitgtetitgetttcactggccaaggettgmraggtatgggtgtagatctctaccaacgttttgecteattagétcattgctegtta
cgatcagatctgcgagcggatgagectaccctcgatcaaagctaagacaagtcgtictccacagcttcaccaactgtgcagcagcttgicaatattc
agatggccctgtacagactgtggaagtccctcggegtacaagcgasagiuggccacagettgggtgagtatgctgeactctacgeegetggattgeaa
tctgatacgctctatctggtgggtcggegageacagetgatggagaetcgtaaggcacceatgcgatgctggetgtccgagcgaaagaaaiginic
agcgatcgatgggecgecgggagaagegtacgatttctettgccg cam@epgegaaacgttcttggaggeaccgtcgatcagatccaggtagegaa
gcttgaggctaagaagattcgatgccagtacttgaacaccccgatggaatttggecaagtcgatecgattctgcccgagetcttgcaggtamgtgtyctee
atccaggatccccaaattectgtcatctccccagcatatggcaaaagattyccaaggacttcctaccagagtacttcacccatcactgetagacgiacatg
gtcgatgctctccaaagtgcagtcgaagaaggcttacttgacaagigmtttcgagatiggeectggeccagtegtcacacagttcgtgagogtaggc
acaaccatgcagacctttgcgtccatcaataaagacaaagacacatgatErgcaagegctagetaagttctatcttgcaggtgccagtdgmpagegct
atcacgaagacttccctggagctcagaaagtccttgagcetcecggaiigggcctigaaaaactactggctacaatatgtcaacgactggygegggcga
tccagecgtggttgttgccgegtcaaatttggaactctcttcgtcgasmptcataaccaacacgatcaccgccaacagcgacggegaggggogtaga
cctcagtcgagaggacctgcatcccatggttcaggggceatcaggtitatggctgtgcacaccttcegtgtacgeggatatcgetctgacangeggatgttc
gacaggtcatcaagccaggcgaggttgcacagacatccgtcgaagtggtgapcatccaaagegeactagtggctaacaacacgggcagamiioaac

ORI G E LI C VR eeeE IET MRl ok g tatcaaggtcagtcgtgagggtcatcagcteattatggattceatyigaats

R e e el lcgagcagcatgctaattgcaagatceggticgggagtctcgagaagagacgctcaagagtgctgcactagetgcccaage
cagaatggccgctctgaaaacacaagttggccaggatgacaacacttanmpaaggceatgatitacaagatgatcggecaattagetgagtggagta
ccgegggctetgcgegatcacactcgacaacgacgecatggaagoriegggatcattcaagggcattccaaacgagggcaaattccactgtamtate
SRR B W s Eles e R e Bl gt cagtagcgatagtagacageacattgtagagtgcgatgctadgtitittiaElelisl
ggatcttgagaaagaagtctttgtcaatcacggctggggttccatgtiggticgctctggatccageaatgacttactacactcatgtgaaga@mggcaaag
acaaattgtggaccggcgatgtcttgatcttcgacgacaagcaadegtigattgtcgggggagtggegttgcagggegtgcccaagegacitsagattgt
tacagctgccaacaagaaagcttccggeectccgacagagaagaggactigecagtcgaaaagaaagecagegcgccagicgegcccacageace
atccagcgtaagaatgcttcgattcctccacctgcaacccaagtgeatempaagaccatcaagacgecaagtgtgtcggeactgatageategggatt
gttagcgaggagatccggatgccaatcgacgagetcaaggatgatitagegatgetggtcttgacagtcetgctttccttggtaattagcagteggggace
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agctgggcatcgaattcgaatccgegeagtticatggagattggatgtgtemtcaaggagttcttgaccaggetcagtcccccagtagcagtigmuastge
cgtggaaattgtcaaggaggaagegctcaccteatiggaagagcttaaigacctaacgagatcggeactgtctggegegatgeectcaagiatoetaga
gagtggcctcactgatgaggagtigactgatgacacaagtttcgcogmegttgatagectcatgagtettgtgatcaccagtcgectacggattggacate
gacttcccggaccgagceattattcgaagaatgccagactatattipgrarigaggttctctgggtcaacggaaagcttcgactcgacgacgcctggegct
ggtgatgcgacgecacctctgaccgattccagegegteatcteegtoateticgatggcgagacgcecgatgactgatctggacgaggtdticgacca
gcgcagaagaggataccatccccgeccaaaggacgaatcccgectggatgpttigcaaggctcacagaageggtcgaaggagattctitimtagac
ggcgctggegecgceaacttcttacttgtctttacctegtttgggtgaatggegtagtcgccticaaticgectitcalt T e R e e e ETe|
B e e i gacaccgcacaagttigctgatcataccttaccggacgtcatcgdgtegiaaggceaticgaggecgtcaagegcaaggte
catatcatctgggcggctggtetgctggtggtatctiggectatgecgtimagaactcatcgecgcetggcgaggaggtttcgacactccteacatggettcy
ccaaccaaaggcctggatcgecttccgacacgattettcgatcactguayigggactctttggaacggagctgtcccgaggeagtggaggtemmmuace
tgagtggctgatgcctecacttcagagegtccattgagctgctacaagacigetccgectatgaagettggcaacaagacgaaagtgatg giemoggega
atgtgcatttgatggcgttcgcetatgcccacataccgccatctgcatammmtgaagacactgaaggceatgaagttcttgactgagaagcotiggagee
acagaatgggcgagtttgtticctggeactgatgttgacgcgagagégagcgagcatcacticageatgatgcgegatcatggtgcacagétgagtaca
tgcgagacgggttgggaattgtctcatcatga
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(B)

medgagmrvvafgdqtydcseavsqllrvrddaivvdfleratavvkésdeqgeetprfatlaelvpryragtinpavsqaltcitqlglfirgpgeayptand
scitgvctgaltavavgsassvtalvplalhtvavaarlgaraweigiategadgryaswtsavggispgdlgdrisaytaeqalasvsvpylsgemsasvsap
pvildafistlirpltttripitapyhaphlftaadvghvrdclppseatvgipiisfsrdeavsrgasfpaamseavrdclirpialarmavsiadig&dsvipspi
alsfsdklgpgvnshipgakaptreltstssipsatgaeqqpmakapi&irfpgsssmdgfwdvlingvdthelvpptrwnaathvsedpkakigigg
wlheagefdaayfnmspreapqvdpagrlalltatealeqagivpgitestgvwygatsndwmetnsaqgnvdtyfipggnrafipgrvnyfhkfsgid
tacssslaalhmacnalwrgevdtaivggtnvltnpdmtagldagtgtscktfddeadgycrgeavvtlilkripdagadkdpiqasilgiatntesssitrpha
gaqqdlfqqvitetgltandisvcemhgtgtqagdsgettsvvetlegggeavritplyigavksnvghaesaagvsslakillmlkhskipphudiitiripdl
aarnthiartevpwprpkngkrrvlinnfsaaggntclviedapepesidgeshhlvalsaktpdsmvnnltnmitwidkhsgdsiatipglsyttihrhr
avatgtdllgirsslqeqldrrisgersiphppngpsfvfaftgqgsafiggdlyqrfasfrsdiarydgicermslpsikamfeddksfstasptttaegigmal
yrlwkslgvqakavvghslgeyaalyaagvisgsdtlylvgrragimedgthamlavrakeeaivaaidgppgeaydfscrngeqrnviggtvadias
eakkircqylntpmafhtggvdpilpellgvaaacsiqdpqipvispayigkakdflpeyfthhcrssvnmvdalgsaveeglldkniigleigpgmfvkea
vgttmgtfasinkdkdtwglmtqgalakfylagasvewsryhedfpgaghwaygwtlknywlgyvndwslrkgdpavvvaasnlelsssihkvitatisd
gelvvdadisredihpmvqghgvygvplctpsvyadialtigeyvrgwgyagtsvevaemnigsalvanntgrvqlirtyakfdpkagvasctisiegk
irfgslekektalksaalaagarmaalktqvggddntyrfskgmiykntegiidekyrglcaitidndameasgkvsfkgipnegkfhsspayldajgtdm
nanegvdlekevivnhgwgsmrffaaldpamtyythvkmaqgkdklwigddkqaligivggvalggvpkrimhyivtaankkasgpptekktsgmgpv
kkasapvaptrpaigrknasipppatqvtpgnktiktpsvsaliapak@rmpidelkddidftdagldslislvissrmrdqglgiefesaqfreigmylkefltrl
sppvavavataveivkeealtsleeltdpspneigtvwrdalkilsedegltddtsfadvgvdsimslvitsrirdeldidfpdralfeecqtikitfsgstesfdst
tpkpgagdatppltdssassppssefdgetpmtdidevfdsppaqkkpsppawsmylggsgkrskeilflfpdgagaatsylslprigediginspfm
ktphkfadhtlpdviasyvegirgrqgaqgpyhlggwsaggilayavaagieevstlllidspsptkgldriptrffdhctnvglfgtelsrgsggpméwlmph
frasiellhdyhappmklgnktkvmviwagecafdgvryahippsagdtegmkfltekrkdfgatewaslfpgtdvdarvvesehhfsmmrdhgagml
ehmrdglgivss
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©)

Beta-Ketoacyl Syntase (KS) domain

©.C. PIAILAASGRFPQSSSNDQF WDVLINGVL THELVEPTRUNAATHVSEDPKAKNVSGTG GCWLHEAGEFD AAYFNHSPREAPQVDPAQRLALLTATEALEQAGRVENRTSS TQRNRVGV

©.N. PIAILLASGRFPOSSSEDQFWDVL INGYDTHELVE PTRUNAATHVEED PRAKNVSGTGR GCLHEAGEFD AL YFNNEPREAPOVDP AORL ALL TATEAL EQRGHVENRT S TORNRVGYY
¢.c. YoRTSNDUNE TNSAQNVD TYF IPGGNRAF IPGRVNYFHEF 5GP YTIDTACSSSL AALHNACNALVRGEYD TAIVGGTNVL THF DT AGLDAGHF LSRSGNCKTTDDEADGYCRGEAWT

€ .N. TGATSNDUNETNSAQNVDTYF IPGGNRAF IPGRVNYFHEF SGPSYTIDTACSSSL AALHMACNAL VRGEVDTAIVGGTNVL THE DN T AGLDAGHF LSRSGNCKTTDDEADGYCRGEAWT
¢ .. LILKRLPDAQADRDPIQASTLGIATNASAEALS ITRPHAGAQQDLF QQVLTETGL TAND ISVCENHGTGTQAGDSGETTSVVE TLAPLNRSGS AVRTTPL YIGAVESNVGHAES AAGVSS

€.N._LILKRLPDAQADKDPIQASILGIATNASAEALS ITRPHAGAQQDLFQQVLTETGL TAND ISVCEMHGTGTQACDSGETTSWVE TLAPLNRSGS AVRTTPLYIGAVESNVGHAE S AAGYSS
C.C. LARILLMLRHSKIPPRVGIKTRLNHRLFDLAARNTRI ARJEVP UPRPRNGERRVLLNNF S AAGGNTCLVLEDA

C.N. LAKILLMLRHSKIPPEVGIKTRLNHRLFDLALRNTHI ARGEVP UPRPRNGRRRVLLNNF 5AAGGNTCLVLEDA
Acyl Transferase (AT) domain

c.c [VFAT TGQGSLFAGHGVDLYQRHSFRSDIF.R?DQICEPJ{SL?SIHLHTEDﬁSTRSP QL THVSLONALYRLUKSLGVQARAVVGHSLGE YAAL TAAGVLSQSDTL YLVGRRAQL
.N. FULAFTGQGSAF AGHGVDL YKRF ASFRSDIARYDQICEGHSL PS TRANF EDERVTSTASP THOQL THVCF QNALYRLUKSLGVQARAVVGHSLGE Y AL YAAGVLIQSDTLYLVGRRAQL
C.C.HEnLSQGTHAMLA‘JMKEEAIWJ.IDGPPSELISCPNGEQRNVLGGWDQIQVAKMLEAKKIRCQ‘ILNTPHA]‘HTGQVDPILPE].].WMACSIQDPQI?VISPHGKVIRSAKDF

C.N. HERALSQGTHANLAVRAKEEATVAATDGPPGEA YR SCRNGEQRNVLGGTVAQIQARKAALE ARKTRCQYLD TPHAFRTGQVDP ILPELLQVARACSIQDFQIPVISPATGKVIRS AKDF
c.c. lPEYFTHHCRSSVNHUMLQSWEEGLLDQ]IGLEIGPGPWTQFVKENGTT

C.N, QPEYFTHHCRSSVNHVD ALQS AVEEGLLD KNRICLEIGPCPVVTQFVKEAVGTT
Acyl Carrier Protein {ACP) domain 1

c.c. LEIVSEEIRMPIDELKDDIDFTDAGLDSLLSLVISSRMRDQLGIEFESAQFHEIGS IGGLREFL

C.N. LEIVIEEIRMPIDELKDDIDFTDAGLDSLLSLVISSRURDQLGIEFES AQFMEIGS IGGLREFL
Acyl Carrier Protein (ACP) domain 2

c.c. LKILSEESGLTDEELTDD TSFADVGYDSLUSLVITSRLRDELD IDFPDRALFEECQTI
c.N. LILSEESGLTDEELTDDTSFADVGYDSLUSLVITSRLRDELD IDFPDRALFEECQT]

Thicesterase (TE) / Claisen cyclase (CYC) domain

c.c. FILFLFPDGAGAATSFLELPRLGEDIGVVAFNSPFMKTPHRFADETLRDVIASYVEGIRGROAQGP THLGGUS AGGILAYAVAQEL TRAGEEVS TLLL IDSPSPTRCLDRLI TRFFDECT
C.N. EILFLFPDGAGRATS YLALPRLGEDIGVYAFNSPFMKTPHRF ADETLPOVIASYVEGIRGROAQGR THLGGUSAGGILAYAVAQEL TRAGEEVSTLLL IDSPSPTRCLDRLPTRFFDECT
.C. NVGLFGTELSRGSGGPNKTPENLHPHT RASTELLHDYHAFPHRL GNKTRVIVIUAGECAFDGVRY ARIPPSACDTDED TEGHKFLTERRKDFGATEVASLFPGTOVD ARVVESERHF SHH

C.N. NVGLF GTELSRGSGGPNKTPEVLHPHF RASTELLHGY AP PHEL GNKTEVIVINAGECAFDGVRY AR IPPS ACDTDED TEGHRFLTERREDFGATEASLFPGTOVDARVVESERER SN
c.c. RDHGAQULVERNRDGLGIVSS

¢ N RISGAQMLYEHNRDGLGIVSS

Fig. 5. A- Sequence of cercosporin polyketide synthase gene (GMB1L. coffeicola
with introns highlighted in black; B- CTB1 amino acids sequence €ogoffeicola C-
Alignments of Cercospora coffeicolgC.C.) CTB1 with conserved protein domains
(keto synthase, an acyl transferase, two acyl carrier protdimoasterase/claisen
cyclase) of C. nicotianag(C.N.) (GenBank accession number AY649543). Conserved,
similar and distinct amino acids for all peptides are highligimegellow, green and
white color, respectively.
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ToxA promoter
and 5' UTR
~ 400 bp
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Fig. 6. (A) Fungal transformation plasmid containing the GFP gedeaghygromycin
(HYG) resistance selectable marker (HygR) from Lorangalet(24). (B) Light
microscopy ofC. coffeicola potoplasts obtained by enzymatic removal of cell walls of
a mycelial culture (C) Mycelium dE. coffeicolatransformed with GFP emitting green

fluorescence under fluorescence microscopy.
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NCO1 Kpnl

0315L Hyg 3
A, bl

EcoRV
x JD3I5R
_ A

—
Hyg 4

NCOI NCOI lN COI EcoRV

Fig. 7. Split marker strategy to disrupTB1lin C. coffeicola. (A) Two truncatedCTB1
fragments fused with overlapping HYG sequences (HY/YG) vadatained by PCR
amplification from the pCTB115 vector (Choquer et al., 2005) harboring the disruption
construct. Primers 0315L/Hyg3 and 0315R/Hyg4 were used for PCR antificéB)
Partial restriction map of th€TB1 locus (WT= Wild Type). (C) Map of atbl-

disrupted strain. Diagrams adapted frémmicotianae (8).
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WT-S040 MUTS MUTS5 MUT27 MUTSS MUT28 MUT4 MUT7 MUT11 MUT12 MUT13 WT-SC31 MUTS

B Highest cercosporin production isolate Second highest cercosporin production isolate B

Fig. 8. Cercosporin production of wild type (WT) and 11 Hyg-resigtansformants

of two isolates ofC. coffeicola (A) Colonies grown in PDA with HYG (12 days, 25°C,
12h light); (B) For each culture, cercosporin was extracted fromwelial plugs in 5N
KOH. The presence of cercosporin is reflected by the greenicokl®H. The MUT5,
MUT27, MUT88, MUT95 and MUT98 strains came from the highest cercosporin
production isolate (WT-S0O40). The MUT4, MUT6, MUT7, MUT11, MUT12 and
MUT13 strains came from second highest cercosporin production igiateSC31).

The MUT5 and MUT13 are cercosporin producers and Hyg-resistant.
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Fig. 9. Average values of cercosporin production in the wild type @«d)transformed
strains (MUT) quantified by spectrophotometry. The absorbancensasured in KOH
extraction solution. Out of 126 hyg-resistant cultures obtained for baolttes, nine did
not have detectable (ND) levels of cercosporin. The MUT5, MUT27, 88)MUT95
and MUT98 strains came from the highest cercosporin production i§@dies040).
The MUT4, MUT6, MUT7, MUT11, MUT12 and MUT13 strains came from second
highest cercosporin production isolate (WT-SC31).
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Fig. 10. Absorbance spectrum of cercosporin extracted from the ypi&d () and a
transformed strains unable to produce cercosporin (B). Each colengrexan in PDA
with HYG (12 days, 25°C, 12h light), and cercosporin was extrdoted mycelial
plugs in 5N KOH. The presence of cercosporin is reflected byratimo peaks at 480,
590, and 640 nm. In the disrupted strains, the presence of interferingenpsgm

prevented quantification at 480 nm.
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CTB13R HYG 3
primer primer
e —
cTB1 HYG
—_— —_—
OUTF OUTF
primer primer

Fig. 11. lllustration of the CTB1 gene (gray bandaHYG gene (Black bar), primers and primer
annealing region on the genes used to make the re@gtion to verify the CTB1 disrupted strains. A-
Primers 3R and OUTF used to amplify a fragment ©BC gene specific. B- Primers OUTF and HYG3
used to amplify a region spanning the disruptionstauct to confirm gene disruption the CTB1 gene by

the HYG gene.
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Fig. 12. Molecular analysis @. coffeicolawild type (WT) and transformed cultures
(MUT). Protoplasts were transformed with the two PCR fragmeRegenerated
colonies were selected for both HYG resistance and lack of pertosproduction.
DNA was extracted and strains were analyzed by PCR disrupfitheCTBL1 locus.
Two sets of primers (OUTF and 3R= 3.5 Kb; OUTF and HYG3= 4.0 Kb, shawed
black and gray color box, respectively) were used to identify dedugtrains. The
MUT4, MUT6, MUT7, MUT11, MUT12 and MUT13 strains came from second highes
cercosporin production isolate (WT-SC31). The MUT5, MUT27, MUT88, MUT95 and
MUT98 strains came from the highest cercosporin production isoldieS040).
Amplified bands in the gray panel indicate presence of the disrig#gre. Arrows

indicate disrupted mutants.

62

K

b

<4



Progresso da cercosporiose em cafeeiros sob diferentes sistemas
de producgédo em Ervalia-MG

RESUMO

O cultivo organico vem crescendo nos ultimos anos em muitas cultaras, a do
café. Neste sistema de cultivo, um fator limitante a producé&acéreéncia de doencas,
como a cercosporiose, causada fmrcospora coffeicolaApesar da importancia
crescente da doenca, os estudos s&o escassos e muitas vezes h&o/osonc
principalmente, no que se refere a epidemiologia da doenca em difesistemas de
cultivo. Assim, objetivou-se avaliar o progresso da cercosporiosérésmlavouras
comerciais de café: organica sombreada (LOS), organica €éL&ynvencional (LC),
situadas em Ervalia-MG, de novembro/2004 a outubro/2008. Mensalmente aavaliar
se a incidéncia e severidade da doenca, desfolha e enfolhameramesnde plantas
marcadas em cada lavoura. Em geral, maiores valores deniiaidéeveridade, area
abaixo da curva de progresso de doenca, doenca maxima, desfkatifialheamento
ocorreram nos ramos situados no ter¢co superior e nas plantazaldaslina LC.
Maiores valores de intensidade da doenca, desfolha e enfolhamenterasnonos
periodo de maio-julho, julho-setembro e outubro-janeiro, respectivamenteeikode
analises de séries temporais, com 0 uso dos modelos de regrégdawar ARMA,
representou-se a dindmica da cercosporiose, em todos 0s anos e lanowstsido.
Conclui-se que, na LOS e no terco inferior das plantas, ocorreraondicoes menos
favoraveis a ocorréncia da cercosporiose, e que 0s modelos detesd@nporais foram

eficientes em descrever o progresso da doenca, durante todo o periodo do estudo.

Palavras chave:Cercospora coffeicoleséries temporais, cultivo organico
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Progress of cercospora leaf spot at different coffee production
systems at Ervalia-MG

Abstract

Organic crop production systems has been increasing in thgeat, specially in
coffee. A limiting yield factor in coffee organic systene aliseases, as the cercospora
leaf spot, caused b§ercospora coffeicolaAlthough the importance, studies on the
disease are scarce or not conclusive. Therefore, this studyd awneinderstand
epidemics of cercospora leaf spot epidemic on three coffee pralggstems: organic
(LO), organic under shadow (LOS), and conventional (LC), Ervalia-BiGsil, from
November/2004 to October/2008. Disease severity (SEV) and incid®&tCk leaf fall
(LF) and leaf formation (LG), were evaluated to understandospora leaf spot
epidemics. Higher values of SEV, INC, LF, GL, area under diseagegss curve, and
maximum disease occurred at both LC and upper branches, whereasdawesrof all
variables occurred at both LOS and lower branches. Higher valukseake intensity,
LF, and GL occurred in the period between May-July, July-SeptearmkOctober-
January, respectively. The ARMA model from time series amsalgiescribed the

cercospora leaf spot progress throughout the study period.

Keywords: Cercospora coffeicoldime series, organic system
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1 — Introducéo

Entre os fatores que reduzem a produtividade do cafeeiro encontrasn-se
doencas, como a cercosporiose, causad&parospora coffeicol@8erk & Cook, que
pode causaperdasde até B% (Zambolimet al, 1997). Os sintomas da cercosporiose, nas
folhas, incluem manchas necréticas, com centro de coloragag @laundadas por um anel de
coloracdo marrom arroxeado de bordos amarelecidos, e, nos fruttd)asia@escuras e com
aspecto ressecado (Lépez-Duque & Fernandez-Borrero, 1969; Zandiodin 1997). Nos
altimos anos, em vista da expansao das lavouras cafeeiragassradicionais para as
do cerrado, cujos solos geralmente tém baixa fertilidade natutafi@éncia hidrica
pronunciada de marco a setembro, ocorreu aumento da intensidade da agessospor
(Juliattiet al, 2000).

O controle da cercosporiose baseia-se, principalmente, no uso de fungicida
cupricos e triazol. No entanto, o uso irracional desses produtodgyadea impactos
ambientais e sociais e aumentar o custo de producdo. Com issotimos @nos,
ocorreu aumento do nimero de lavouras que adotam o sistema odgEmicducao.

Em algumas culturas, como na do café, sob cultivo orgéanico, tem-seantssezducéo
na intensidade de doencas (Workrethal, 1993; Abbasket al, 2002; Santo®t al,
2008). Com a expanséao da cafeicultura organica e conscientizac&o @osimnpactos
mencionados, tem-se buscado desenvolver estratégias alternatteasrdie da doenca
para diminuir o uso de fungicidas e métodos de manejo que possam & NEa
lavouras organicas (Peregtal, 2008; Botelheet al, 2009; Galdeanet al, 2010).

Apesar de a cercosporiose do cafeeiro ter sido estudada ha décadas
importante atualmente, os conhecimentos sobre o progresso da doengeas&osee
nao conclusivos, principalmente em se tratando do cultivo organicosé’tazer o uso
adequado das estratégias de manejo, € essencial o entendimepitedaotgia da
cercosporiose, inclusive dos fatores que podem contribuir para anui@mdé doenca.

O estresse hidrico e a alta insolacdo favorecem o aumento wsidatke da doenca
(Boldini et al,, 2000). Apesar de a produtividade de cafeeiros conduzidos a pleno sol ser
maior que a daqueles sombreados (Miraedal, 1999), a intensidade da doenca é
maior nos cafeeiros a pleno sol (Lopez-Duque & Fernandez-Borrero, ABB6ida,

1986; Salgadoet al, 2007), bem como em plantas com deficiéncia nutricional
(Fernandez-Borreret al, 1982). Espera-se, portanto, que lavouras de café em plantio

consorciado e que nao recebam agrotoxicos, tenham menor incidéncieodpmense,
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por causa da menor insolacdo e da maior populagédo de inimigos natotaatario,
muitas das afirmativas carecem de rigor cientifico parbag@as conclusivas. Nesse
contexto, demandam-se mais estudos epidemioldgicos sobre a cercosporiose.

Estudos de epidemiologia comparativa podem auxiliar a entender aaindam
doenca em diferentes sistemas de cultivo do cafeeiro. Paraestséss, o ajuste de
modelos de progresso tem papel importante, pois sdo relevantes patar dete
descrever o padrdo temporal de ocorréncia de doencas. Dentre edséssnos de
séries temporais podem ser Uteis em descrever a dinamica dasi@&mc et al., 1994).
Os modelos tradicionais usados para descrever o progresso da daesga nficazes
para descrever doengas que tenham um comportamento atipico de ar@woélocigo
da estacado de crescimento da cultura, como € o caso da cercosporiosardo Natse
aspecto, os modelos de séries temporais sdo uma alternatvadgsarever o
comportamento de doencas que ndao possuem um padrédo de ocorréncia ao longo da
estacdo de crescimento da cultura e, adicionalmente, podem genmaetpasaque
auxiliem a interpretacéo biolégica do ciclo da doenca. Os modelasids ®mporais,
diferentemente dos modelos tradicionais de progresso de doenca, eonsiger 0s
erros ndo sao independentes, pois se avalia 0 mesmo individuo (plegea)idamente
ao longo do tempo, o que possibilita melhores ajustes e descridaerdz (Box et al.,
1994). Considerando-se estes aspectos associados as vantagens dosdeadzies
temporais para descricdo a dinamica de doenca e 0 aspectastst do progresso de
doencgas, estes modelos ainda ndo sdo amplamente usados em fitop&toieyanto,
alguns autores usaram 0s modelos de séries temporais paraveleseventos
associados a epidemias de doencas (Yang & Zeng, 1992; Hudelalhnl993; Xuet
al., 1995; Gueriret al, 2001; Zauza, 2007; Holb, 2008).

Espera-se que a dindmica da cercosporiose seja diferenciaasesistemas de
cultivo do cafeeiro. Assim, esse estudo objetivou obter informacbes qsanpos
contribuir para o manejo racional da doenca, principalmente consideramuErdas
crescentes causadas pela doenca e o0 numero de produtores que adBEmaD
organico de cultivo. Especificamente, objetivou-se estudar o progtassgeycosporiose
em lavouras organica sombreada (LOS), organica (LO) e convendi@alsituadas
em Ervalia-MG, no periodo de novembro/2004 a outubro/2008, por meio de
epidemiologia comparativa, com o uso de diferentes técnicas dgeanam énfase em

modelos de séries temporais.
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2 — Material e Métodos

2.1 — Caracterizacéo das lavouras de café

Conduziu-se o estudo por quatro anos consecutivos, de novembro-2004 a
outubro-2008, em lavouras comerciais de café localizadas no Sitio B@a Kivalia,
Minas Gerais, situado a altitude de 827 m, latitude de 20°54'52" S euldagite
42°37'20" W. Nesta regido, o periodo chuvoso ocorre de outubro a janeiro e o da
estiagem de marco a agosto (dados ndo mostrados). Na aremertaride relevo
acidentado e solo do tipo argissolo, cultivam-se plantas de café iddadar ‘Catuai
Vermelho'. Na propriedade, h& trés lavouras, distintas quanto amaide cultivo: i-
convencional (LC), com 0,6 ha, cafeeiros de 8 anos, no espacamento de 21@;x 1,5
usam-se insumos quimicos (calcario dolomitico, adubo N-P-K, 20-05-20, exctie
cobre, supermagro e calda vigosa); ii- organica sombreada (E@8)),5 ha, cafeeiros
de 16 anos, no espacamento de 2,5 x 1,5 m; 4 anos antes do inicio e durante o
experimento, cultivavam-se os cafeeiros em consoércio com barsap&rdadas nas
entrelinhas da lavoura, com espacamento de 2,5 x 3,5 m; e iii- orgé@igacém 0,8
ha, plantas de 20 anos, no espagamento de 2,5 x 1,8 m; 4 anos antés daluriante
0 experimento, cultivavam-se bananeira nas entrelinhas, espacatia® de 3,5 m.
Para manejo de doencas e corre¢ado do solo nas LOS e LO, usagm+seagro, calda
Vigosa, incorporacdo de restos das bananeiras, esterco de cumra decgalinha. A
floracdo e granacao transcorreram de setembro-outubro e jaoeiroegpectivamente,
com colheita era manual realizada de maio a junho. Para cada pk¥iadaliagdo, em
meédia, efetuaram-se cinco e duas pulverizacbes de calda vicosdavoasas

convencional e organicas, respectivamente.

2.2 — Delineamento experimental

Para estudar o progresso da cercosporiose, considerou-se onuefhiteeale
blocos casualizados com quatro repeticbes em esquema de Fafoghadida no
tempo (periodo de 12 meses), sendo os blocos representados pelos quatro pontos
cardeais. Os fatores considerados foram lavoura, terco e tempo (subparcela).

Em cada lavoura, efetuou-se caminhamento em W para a selsgderdadantas
avaliadas. Considerou-se cada planta como uma unidade experimentald&pianta,
marcaram-se 12 ramos, igualmente distribuidos nos tercos infgriongdio (M) e

superior (S).
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2.3 — Progresso da cercosporiose e enfolhamento do cafeeiro

Considerou-se como um ano de avaliacdo o periodo de novembro a outubro.
Mensalmente, avaliou-se a intensidade da doenca (incidéncia edaze®k e se
quantificou o numero de folhas em cada ramo selecionado. Para a im@gidénc
considerou-se uma folha como doente quando nela havia pelo menos unigiesao
de cercosporiose. Para a severidade, adotou-se uma escaladi@gracom cinco
notas: 1- 0%; 2- >0 a 3%; 3- >3 a 6%; 4- >6 a 12%; 5- >12 a 25% al¢ofiezr doente
(Oliveira et al, 2001). Para as analises estatisticas, usou-se o valor interonediar
compreendido entre o limite inferior e superior de cada nota. Enraania avaliaram-
se, também, o enfolhamento (proporgéo de folhas que surgiram em eelagd@mcao
anterior) e a desfolha (proporcéo de folhas que cairam em relacéo a a\aiiager).

Plotaram-se os valores meédios de incidéncia, severidade, enfolhamento
desfolha em funcdo do tempo, para obter curvas de progresso da doetea,
enfolhamento durante o periodo de avaliacdo. Estimaram-se o0s pontodxidea m
incidéncia e de maxima severidade por ano, para cada lavoucadarterco. Para cada
fator, integrou-se a dinamica temporal da epidemia da cercosp@ela area abaixo da
curva de progresso de doenca (AACPD) para incidéncia (AACEBD3everidade
(AACPDS), calculadas segundo Shaner & Finney, 1977.

2.4 — Anélise dos dados

Realizou-se analise descritiva dos graficos de incidéncia, ridade,
enfolhamento e desfolha em fungéo do tempo, para cada lavoura denagaderco.
Submeteram-se os valores de AACPD a anélise de variancia(AN® se adotou o
teste de Tukeyu(= 0,05) para comparacao de médias.

Para descrever o progresso da incidéncia e da severidadecdapogepse,
modelaram-se as médias obtidas para cada nivel dos fatoresalavterco com um
modelo de regressdo nao linear cuja variavel explicativa fompaeO modelo em

questao, obtido de Baet al (1994), é:

12 < x; =24

24< x, =34
36 < x; =48

CIX{

v; = a+ bsen (—q) + &;, para

em quei” € o i-esimo més, corfi” variando de 1 a 48, sendo que para o 1° periodo de
avaliacao”i” variou do 1° ao 12° meses; para 0 2° periotiovariou do 13° ao 24°

meses; para o 3° periotid variou do 25° ao 36° meses; e para 0 4° periddaariou
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do 37° ao 48° mesedy” é a variavel dependente (incidéncia ou severidd@®);
representa a média de %b” representa a distancia da média até o valor maximo (pico);
pode-se obter o valor maximo pela soma”"dee "b”; "c” representa a metade do
namero de ciclos da epidemli;” representa o tempo em mese%g€o erro aleatorio.
Para a descricao detalhada dos parametros do modelo, efetuou-spuamae@-igura

1).

Como se obtiveram as medidas de intensidade subsequentemente nos mesmos
ramos ao longo do tempo, os erros associados ao modelo ndo foram considerados
independentes, e portanto, foram modelados por um processo autoregressivo (p) de
médias moveis (q), ARMA (p,q). Neste processo, assume-se que o valoo @éon um

,,,,, ép), € que 0 Novo erro

(que representa efeitos de outras variaveis exceto o tempo) taapb&senta a mesma

dependéncia (a

a.q), de forma que o termq passa ser considerado o verdadeiro
erro (ruido branco) associado ao modelo utilizado (8oal, 1994). Este processo é
dado por:

g; = 1&gyt + Opep+ @y ++6a,, +a;, a; ~N{0,0%)

Ajustou-se o modelo em questdo por meio do procedimento MODEL do
software SA8 v. 9.1, o qual utiliza o método dos quadrados minimos generalizados
para modelos de regressdo nao linear com o0 processo iterativause Ngavton. A
qualidade de ajuste dos modelos foi verificada por meio do coefidiemteterminacao,
dado por:

, 5QF s
R?=1———— =r(y,§)?
SQTotal ~ 2%

Adicionalmente, plotaram-se os valores dos residuos em funcdo doss valore
preditos para checar a independéncia dos erros.

Como ja relatado, a estimativa do pico, denotado a partir de agcgagdada
por #=d+ b. Assim, comparou-se este parametro por meio do método da
sobreposicao de intervalos de confianca de 95% entre as difdesaieéss (LO, LC e
LOS) e tercos (S, M e I) em cada ano. O intervalo de confianca é dado por:

B + 1,96,V(p), sendd’ () = V(&) + V(b) + 2cov(d, b).

As estimativas dos picos entre, por exemplo, duas lavouras seratecatas

estatisticamente diferentes se o limite inferior do intergaa o pico de uma das

lavouras for maior que o limite superior do outra, ou seja, se ndo houver sobreposi¢ao.

69



3 — Resultados

3.1 — Area abaixo da curva de progresso da doenca (AACPD) para incidéncia e
severidade

Para cada ano, por meio dos valadesAACPD para incidéncia (AACPDI) e
severidade (AACPDS), observaram-se diferencas entre as lgvioemagomo entre 0s
tercos (Tabela 1). Detectou-se interacdo significativa estfatores lavoura e terco, no
1° (P = 0,0284) e 4° anos (P = 0,0003). No 2° e 3° anos, observou-se sigaifieanci
0,0001) apenas para o efeito de lavoura, com maiores valores da AAGRRIRDS
na LC. No 3° ano, os valores de AACPDS néo diferiram entre LO.eNb 1° ano, os
valores de AACPDI e AACPDS no terco inferior nas lavouras IL©eao diferiram,
enquanto nas demais combinacdes, os valores na LC diferiram dos dalLO3
(Tabela 1).

Estudou-se o efeito do terco da planta, dentro de cada ano e ldtouraco
superior e médio, ocorreram 0s maiores valores de AACPDI e BSCORb 1° e 4°
anos. Apenas na combinacado 4° ano e LC, os valores de AACPDI e AAQPiRrco
superior foram diferentes daqueles do tergo inferior e médio. Nas LOS, nédo se
observou o efeito do fator tergo para os 1° e 4° anos de avaliagéo (Tabela 1).

3.2 — Progresso da Cercosporiose e enfolhnamento do cafeeiro

A doencga ocorreu ertodas as lavouras e anos, mas a intensidade variou ao
longo dos anos. Houve tendéncia de dinamica similar nos 1° e 4° anosae bai
intensidade no 2° e 3° anos (Figura 2). No 1° ano, a intensidade de doencawadment
forma continua, do inicio das avaliacbes (novembro) até maio, prineip@ma LC.
Maiores valores de intensidade da doenca ocorreram no 1° ano, emstéalasuens,
sendo os valores de maxima incidéncia 26,43; 15,75 e 8,84% e severidade 5,78; 2,44 e
0,86% nas LC, LO e LOS, respectivamente. Entre as lavouras, oesnaadores de
incidéncia e severidade ocorreram na LC e menores na LOS (Figura 2).

Quanto ao terco das plantas, a intensidade da cercosporiosedionasafolhas
do tergo superior e menor nas do terco inferior (Figura 2). Enh geratensidade foi
menor no periodo de novembro a dezembro e maior de maio a julho. Em algumas
combinacdes de ano, lavoura e terco, a intensidade foi maior de novedezengro e
tenderam a zero nos demais meses, como no 3° ano na LOS, independangte do te

para severidade na LO nos tergcos médio e inferior (Figuran2)aliil, detectaram-se
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picos de severidade no 2° ano nos ter¢cos médio e superior da LO, no 3° aigo no te
inferior da LC, 4° ano no terco superior da LOS e de incidéncia madho terco
inferior da LC (Figura 2 A, B, C e F). Entretanto, mais tarde,agwsto, € que se
detectaram os picos de maxima incidéncia no 2° ano nos tercosepefierior da
LOS, 4° ano nos ter¢cos médio e inferior da LOS, e severidade no 2° ano no tergo inferior
da LOS, 4° ano no tergo inferior da LO e LOS (Figura 2 C, D, E e F).

O enfolhamento dos cafeeiros foi minimo de abril a setembro prlimapte, e
o maximo foi de outubro a janeiro, nos diferentes anos, lavouras e (feigos 3 A, B
e C). Para algumas combinagcbes de ano, lavoura e terco, detedendéacia
diferente, com ocorréncia de um segundo pico de enfolhamento fora dad&sodta
anteriormente, como no 3° ano no terco médio na LO e LOS, quando o maxineo ocor
em abiril, e no 4° ano, quando o pico no terco inferior da LC, LO e LOSnfonaco
(Figura 3 B e C). O maximo de enfolhamento para a LC, LO e bD&of4° ano, em
todos os tergos, entre todos 0s anos, exceto no tergo inferior pad&,aohde o
maximo ocorreu no 2° ano. Maior enfolhamento ocorreu para a LC em todas as
combinacdes de ano e ter¢co, com excecdo do 3° ano no terco médio, emaguram m
foi na LOS (Figura 3 A, B e C).

A desfolha foi maior nos meses de junho a setembro. Além de ocossasne
meses, observou-se um pico precoce, em abril, no 3° ano no terco mé@i@ IS e
um tardio no primeiro més do 2° ano, novembro, no terco superior da lténtefao
final do ciclo do 1° ano (Figura 3 D, E e F). Em geral, a desfolhanaior na LC e
menor na LOS, mas foi maior no 4° ano no terco médio e inferior na LOS e no 1° ano no
terco superior da LO (Figura 3 D, E e F). Em geral, na LO8reéisam-se 0s menores
indices de desfolha (Figura 3 D, E e F).

3.3 — Modelagem da doenca

O modelo ARMA de regressédo néo linear adotado foi eficiente eonegtes o
progresso da cercosporiose. Adaptaram-se as funcbes matematreascapia
combinacdo de ano, lavoura e terco, para modelar as dindmicayvalmaske e
incidéncia da doenca. Geraram-se 72 equacdes; na maioria delas, os val6rfesate R
superiores a 60 %. As estimativas dos trés parametros (@) lhlas modelos estéao
apresentadas na Tabela 2. Com o modelo, além de se descrevericadiedmporal da
doenca, obteve-se a estimativa de maxima intensidade, o que gossdunlinparar a

dindmica da cercosporiose nas diferentes condi¢des de cultivo (Tabela 2).

71



Com o gréfico plotado a partir da funcdo usada, observou-se tendéncia similar de
progresso da doenga préximo aos dados observados (Figuras 4 e 5)rakEcogeos
trés parametros estimados, foi possivel modelar a dinamica dério e severidade,
nas combinacdes de ano, lavoura e terco. Em certas situacfes, hoagéovaa
intensidade da doenga, e a exatiddo do modelo foi menor. Como exemples, @8m
picos de severidade e incidéncia nos 1° e 4° anos no terco superionedmédl, a
dindmica da severidade no 2° ano da LC no terco superior e a dinanmcidéacia,
no 1° ano dos tercos inferior e superior da LO e no 2° ano do té&dio o LC
(Figuras 4 e 5). No 2° e 3° anos, as estimativas da incidésereadade da doenca
tenderam a zero nas LO e LOS (Figuras 4 e 5). Em algumag@ats, mesmo havendo
aparente diferenca, os picos de maxima incidéncia e severidadesendetectou
diferenca significativa, em vista da variabilidade nos valorastdasidade da doenca
entre as folhas avaliadas, o que gerou um intervalo de confianga amplo (Figuras 6 e 7)

Em geral, os valores do pico de severidade e de incidéncia floa#res para a
LC e menores para a LOS. Considerando a LC, os valores do pico ddask/éram
significativamente maiores que os das demais lavouras no 2° ana@msueerior, e 4°
ano no terco médio e inferior. Para incidéncia, os picos ocorreram r¥sel8° anos
do terco superior, 1° ano do tergco médio e 2° anos do terco inferiorad-gyar 7). Os
valores de pico da LOS foram significativamente menores sonment&® ano de
avaliacao, independente do terco (Figuras 6 A, E e | ; e 7 A,.BBarlas de intervalo
de confianca se sobrepuseram para as LC, LO e LOS, quanto aansé&xienidade em
todos os tercos do 3° ano e nos terco inferior e médio do 2° ano; incidéncia houve
sobreposicao e essas nao se diferiram no terco médio para3® &3as e terco inferior
no 4° (Figuras6 C,F,G,JeK;e 7F,Gel).
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4 — Discussao

Apesar da importancia da cercosporiose do cafeeiro, ha cadénicitormacoes
sobre a doenca, principalmente quanto a sua dinamica temporalr Apesajuste de
um modelo que descreva o progresso é importante para melhpreemsfo da
doencga, ndo se obtiveram relatos de modelo efetivo em descrever &aiténporal
da cercosporiose do cafeeiro. Este fato, provavelmente, se deve porteomento
atipico da cercosporiose do cafeeiro ao longo dos anos, o que dificajtste de
modelos tradicionais de progresso de doenca, como o de Gompertz dicologéra
descrever a dinamica temporal de epidemias da cercosporiose, isteas
convencional e organico a pleno sol e sombreado, usaram-se a AACPD,deurva
progresso da doenca e modelos nao lineares. A intensidade da cercosjurante a
estacdo favoravel a doenga aumentou gradativamente ao longo do tempdeva gue
inferir sobre a ocorréncia de ciclos secundario do patdégeno, conésmeeado para
epidemias de cercosporiose (Vereijsseal, 2007) e ja observado para a cercosporiose
do cafeeiro (Santos et al., 2008).

Na LC, ocorreram condi¢cdes mais favoraveis ao progresso da cerosspppue
nas lavouras que adotam o sistema organico de producéo. Maiores dalék€PD,
intensidade e de pico da doenca ocorreram na LC. Em outros estudesraobte
resultados similares: na Costa Rica, a intensidade de doengaaifmi na lavoura
convencional que na organica (Samayoa & Sanchez, 2000). Em dois anokagé@va
maiores valores de AACPDI média e de incidéncia em frutos oaprrem sistema
convencional que no organico (Santos et al., 2008). A incidéncia maxidwedea foi
de 15% em lavouras convencionais e 3% em organica (Teeteata 2005). Poder-se-
ia esperar menor intensidade da doenca em sistema convencipnadiuigiio, em vista
do uso intensivo de fungicidas, o que ocorreu com a cercosporiose do sabhugueli
causada polC. depazoidegHolb et al, 2009). Entretanto, na presente situagédo, o
produtor pulverizou calda vicosa na lavoura organica, apesar de sereapr m
intensidade que na convencional.

Em geral, na LO a intensidade da doenca foi maior que na LOS. Proeate|
este efeito deveu-se a radiacdo, pois a exposicdo ao sol fai neeh0S. Ha relatos de
que a exposicdo de cafeeiros ao sol € mais favoravel a ocord@ncercosporiose
(Echandi, 1959; Lépez-Duque & Fernandez-Borrero, 1969; Lamowrbak, 1995).

Cercosporaspp., comoC. coffeicola,produzem a cercosporina, toxina fotoativa que
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induz a producdo de radicais livres que desestruturam tecidos do hasfedabet
al., 2005; Martins, 2008). A habilidade de produzir a cercosporina € considerada c
um fator de agressividade de isoladosCdecoffeicola(Souza, 2007). Considerando o
observado neste estudo e as informacdes disponiveis na literaturage podaar a
hipotese de que a maior intensidade da doenca, observada nas lavourasicom
exposicdo ao sol, como LC, LO e no ter¢o superior, deveu-se, provavelmemer
agressividade dé&. coffeicolaem vista da maioproducdo de cercosporina nesta
condicdo. Para alguns autores, a maior intensidade da cercosporiosafe@mos
expostos ao sol deve-se ao fato de estas plantas estaresujeitas ao déficit hidrico
e, concomitantemente, ao estresse nutricional, condicbes tambéntasiesomo
favoraveis a ocorréncia da cercosporiose (Echandi, 1959; Takinaihhi2001; Salgado
et al, 2007; Santo®t al, 2008). Portanto, acredita-se que o fato de a intensidade da
doenca ter sido maior nas plantas mais expostas ao sol deveuesagid de variaveis
ambientais como precipitacdo, umidade relativa, radiacdo solar, regorpe e
molhamento foliar.

Especificamente, na LC a ferrugem do cafeeiro, causada pateidevastatrix
e outras doencas do cafeeiro mantiveram-se em niveis baixos dosaai®os de
avaliacao (dados ndo mostrados). Portanto, o fato de a intensidegieaiporiose e
desfolha terem sido maiores na LC refor¢ca a importancia daspariose como fator
de desfolha do cafeeiro. Esse fato € conhecido dos produtores e deesdasadores
(Phiri et al, 2001; Santost al, 2008). Acredita-se que o processo que leva a desfolha
prematura esteja associado ao aumento na produc¢ao de etileno nasfethedas por
C. coffeicola como determinado par&. arachidicola em plantas de amendoim
(Ketring & Hassan, 1982). No presente estudo, o periodo de maior desfakginho
a setembro, que coincide com o periodo de maior intensidade da cercespoaiosa
julho, o que reforca a hipotese de que a desfolha deva-se a oeodéndboenca nas
folhas. A época de maior intensidade da cercosporiose coincide conmodopde
escassez de chuvas e ap0s a granacdo, o que pode favorecer aetoangia de as
plantas estarem mais sujeitas a estresses hidrico eamatriSantot al, 2008). Ja se
relatou que a incidéncia maxima da cercosporiose ocorre em Eedodidares aos
observados neste trabalho, maio a julho e maio a setembro, que coiccoem
periodo de estiagem (Talamiei al, 2001, 2003). Em algumas combinac¢des de ano,
lavoura e terco, a intensidade maxima de doenca ocorreu precocesiraiiéemente

ao que ocorreu em lavoura de cafeeiro consorciada com ingae@ir@gje 0 maximo
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de incidéncia ocorreu em marco (Salgagtoal, 2007). Caracteristicas locais de
precipitacéo, temperatura e de nutricdo podem levar a estas situacgoes.

O enfolhamento maximo dos cafeeiros ocorreu de outubro a janeiro egomini
de abril a setembro. A época de menor intensidade de doenca, noeddrembro,
coincidiu com o periodo de maior enfolhamento, o que pode se dever atdsislf a
intensidade da doenca foi menor em vista da presenca de novos teadios
demandando a ocorréncia de novos ciclos de infec¢des; ou 2- a époba\vdesestar
se iniciando e com ela, os novos ciclos de infeccdo, como ocorre faragem do
cafeeiro (Teixeiraet al, 2005; Santo®t al, 2008). A dinamica da cercosporiose
variou ao longo dos quatro anos de avaliacdo, em todas as lavouras, apesardde
similar nos dois primeiros anos. Tal fato ja foi relatado e pst@e eelacionado ao ciclo
bienal de producéo do cafeeiro (Sardgbal, 2008).

Em vista do comportamento da dindmica da cercosporiose nas lavdaeisasa
deste estudo ao longo das estagcBes de cultivo, ndo foi possivelsusardelos de
crescimento rotineiramente usados para descrever e inferirasbdoencas (Xu, 2006;
Jagger & Richards, 2007; Contreras-Med#al, 2009). Portanto, pela primeira vez,
usou-se um modelo de série temporal para representar o progressoodaariose do
cafeeiro. Com o modelo de regressao nédo linear para séripsrégsn efetuou-se
descricdo adequada do progresso da doenca e usaram-se osrpaur@stietados para
comparar os diferentes fatores estudados. Portanto, como em outri®$rgldang &
Zeng, 1992; Hudelsoet al, 1993; Xuet al, 1995; Gueriret al, 2001; Holb, 2008), os
modelos ARMA foram eficientes em modelar o progresso da epidemia.

O melhor ajuste obtido com o modelo de série temporal, provavelmentesedeve-
ao fato de que os erros associados ao modelo ndo sdo independentes asabiagao
num tempo é dependente da avaliagdo em tempos anterioregt(Bbx1994). Este
aspecto € importante, pois as avaliagbes ocorreram sempre NO®IMESNOS da
mesma planta, ou seja, a intensidade de doenca de um dado momento depende da
observacdo anterior. Além disso, o modelo de séries temporal étuidasipor
parametros que tém uma interpretacéo pratica do evento em d3tuxdet @l., 1994).
Os resultados obtidos co a interpretagdo dos graficos de incigéseieeridade predita
foram similares aqueles obtidos com a andlise descritiva. Agdepmimeses que se
observaram os picos de doenca estimados pelos parametros do modelesle sé
temporais ocorreram no mesmo periodo da maxima intensidade obsenada

analise descritiva.
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Os modelos de séries temporais, ainda ndo amplamente usados ewidijana
foram usados para descrever a dinamica de determinados eventos: flutuacaa tlempor
esporos dePodosphaera leucotricha Monilinia fructigena (Xu et al, 1995; Holb,
2008), dispersdo temporal de ascosporodghonectria parasiticeem plantas de
castanheira (Gueriat al, 2001), padréo espacial Beccinia striiformisem plantas de
trigo (Yang & Zeng, 1992), disperséo espaciaPdeudomonas syringg®e/. syringae
em feijoeiro (Hudelsoret al, 1993) e progresso da ferrugem do eucalipto (Zauza,
2007). Os autores usaram modelos de séries temporais para olegirasépoca de
maior movimentacgdo de esporos, ocorréncia da doenca, efeito degesttatthanejo e
observar a ocorréncia ou ndo de sazonalidade da doenca. No entantomadotara
diferentes modelos e estruturas de ordens dos erros,como AR (aessiredr MA
(médias moveis), ARMA (auto-regressivo com medias moveis), ARI{duto-
regressivo integrado de médias méveis), SARIMA (auto-regresgizgrado de médias
moveis que incorpora o comportamento de sazonalidade), segundo o objetivo e o
patogeno em estudo (Yang & Zeng, 1992; Hudelsbml, 1993; Xuet al, 1995;
Guerin et al, 2001; Zauza, 2007; Holb, 2008). Um fator determinante para que 0s
modelos de séries temporais sejam eficientes em descreirginaica de doencgas é a
escolha correta do modelo e da estrutura de ordem dos errogt(Bbx1994). Em
muitos experimentos epidemiolégicos, efetuam-se avaliacoesdespem um mesmo
individuo (planta, haste, caule, ramo, folha, flor, semente e fruto), &s, gesalmente,
transcorrem em intervalos constantes ao longo do tempo. Assim, pedajusar
modelos de séries temporais, para que se possa descrever 0 pestessstico de
interesse (Boxet al, 1994). Portanto, acredita-se que no futuro, estes modelos tornem-
se mais aplicados para descrever doencas cuja dinamica ademesentada pelos
modelos de crescimento, hoje comumente adotados em epidemiologia.

Neste estudo, efetuaram-se analises quantitativas e commgadgivepidemias
da cercosporiose em lavouras de cafeeiros conduzidas nos sisten@astivie
convencional e organico a pleno sol e sombreado. Com as técnicas e naogelos
adotados, foi possivel entender a dinamica da cercosporiose e defoindicbes de
manejo cultural relacionadas a menor intensidade da doenca. Est#ados s&o
importantes para ampliar o conhecimento da doenca e para avadigggeas de manejo
da mesma. Ademais, com 0 uso da andlise de série temporal, setwroa
abordagem inovadora para descrever a dinamica da epidemia cdapoeiose do

cafeeiro. Espera-se que este tipo de analise possa ajudamlathos futuros que

76



envolvam eventos estocasticos em patossistemas. Entretanto, dersanchaais
pesquisas para se determinar como os fatores ambientais amerfar dinamica de
epidemias. De qualquer forma, neste estudo visualizou-se que a adalgia geatica
de cultivo afeta o progresso da cercosporiose do cafeeiro. Essaagéar, aliada ao
conhecimento do efeito do ambiente e de informacdes sobre medidastrdéec pode
vir a ser aplicada no manejo integrado da cercosporiose dorocaéai lavouras

comerciais dessa importante cultura.
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Tabela 1: Valores médios da area abaixo da curva de progresso para irecidénci
(AACPDI) e severidade (AACPDS), referentes aos quatro anosvdéacdo da
cercosporiose em lavouras convencional (LC), organica (LO) e oeg&ombreada

(LOS), em ramos dos tercos superior (S), médio (M) e inferior (1) de azdeei

AACPDI AACPDS
Ano Tergo Lavoura Lavoura
LC LO LOS LC LO LOS
1* S 140,06 Aa 71,73 Ba 32,75Ba 24,76 Aa 10,16 Ba 4,05 Ba
M 141,46 Aa 71,40Ba 24,39 Ca 23,49 Aa 12,98 Ba 5,83 Ba
I 75,19 Ab 67,67 Aa 19,59 Ba 11,18 Ab 7,26 Aa 1,95 Ba
2%* ns 45,57 A 12,44 B 10,15B 4,45 A 1,43 B 1,20 B
3** ns 22,65 A 12,31 B 3,99C 2,15A 1,39 A 0,46 B
4* S 104,44 Aa 27,77 Ba 13,32 Ba 15,94 Aa 2,78 Ba 1,80 Ba
M 68,83 Ab 16,36 Ba 15,88 Ba 8,44 Ab 1,50 Ba 2,14 Ba
I 41,19 Ab 11,43 Ba 10,30 Ba 3,98 Ac 1,35 Ba 0,90 Ba

*Para os anos 1 e 4, médias seguidas da mesmaniaitiacula na linha e mindscula na coluna dentro do
mesmo ano e variavel (AACPDI ou AACPDS), nao difierentre si (Teste de Tukeys0,05).

**Para 0s anos 2 e 3, os efeitos de terco e daaigdie terco-lavoura ndo foram significativos (fgra
cada um desses anos, para cada variavel (AACPDAAPDS), médias seguidas da mesma letra

maiuscula na linha, ndo diferem entre si (Testéudey,0=0,05).
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Tabela 2: Estimativas dos parametros (a, b, c), ordens das estruturasrode er
autoregressivos (p) e médias moveis (q), ARMA(p;q), e coeficidmtdeterminacao
ajustado (B para modelos ndo lineares de progresso de incidéncia e sevetialade
cercosporiose nos ramos de tercos superior (S), médio (M) ieir{fede cafeeiros em
lavouras convencional (LC), organica (LO) e organica sombreada (d@2004/05 a
2007/08 (anos 1 a 4).

Severidade Incidéncia
Terco Lavoura Ano Parametros ARMA R? Parametros ARMA R?
a b c  (p:9) a b C (p;9)
S LC 1 051 385 0,72 11 0,97 12,09 13,33 -2,08 2;2 0,95
2 029 080 160 11 0,55 415 437 159 11 0,82
3 004 013 094 11 0,79 0,66 1,10 1,00 2:1 0,88
4 151 169 -2,04 11 0,85 549 22,17 -0,98 1;1 0,75
LO 1 071 217 0,81 11 0,80 3,70 13,30 0,71 1:1 0,86
2 014 0,19 281 11 0,82 1,14 1,06 -2,02 21 0,93
3 010 0,12 3,02 11 0,48 1,85 1,76 -0,90 1;1 0,83
4 0,22 0,13 5,03 22 0,49 260 3,08 501 11 0,77
LOS 1 0,09 062 066 11 0,86 280 3,19 -198 11 0,80
2 010 0,13 155 22 0,89 0,08 1,49 -0,88 2;2 0,95
3 005 0,02 474 11 0,59 0,73 0,74 130 11 0,52
4 018 0,19 292 11 0,79 1,38 2,03 -2,65 1;1 0,95
M L.C 1 032 336 0,77 11 0,96 546 2544 0,64 11 0,95
2 044 052 158 33 0,79 283 1,08 143 11 0,77
3 023 0,28 1,00 21 0,55 0,76 235 099 11 0,73
4 144 1,48 -2,06 21 0,86 577 482 -2,10 11 0,83
LO 1 075 253 0,78 11 0,85 2,73 1190 0,72 21 0,97
2 016 0,12 2,89 11 0,66 1,09 057 1,09 11 0,83
3 016 0,13 1,27 11 0,46 2,12 -198 091 1:1 0,54
4 0,13 0,17 2,44 2;2 0,91 0,81 060 512 2;2 0,80
LOS 1 0,08 059 066 11 0,95 0,44 3,29 0,67 11 0,91
2 007 009 138 22 0,66 0,37 037 1,34 22 0,83
3 011 0,06 050 21 0,90 0,96 -040 224 11 0,49
4 018 0,17 242 11 0,85 058 1,61 2,27 22 0,84
I L.C 1 0,6 1,717 090 11 0,95 0,58 10,33 0,84 11 0,92
2 077 062 136 11 0,63 3,00 212 158 11 0,78
3 036 046 045 11 0,59 1,87 2,73 0,79 2;2 0,92
4 038 034 240 11 0,84 256 206 240 21 0,84
LO 1 0,14 120 096 11 0,93 452 13,80 0,79 11 0,65
2 015 -0,20 162 11 0,61 1,62 -0,78 158 11 0,54
3 038 002 042 1;2 0,70 391 3,20 -0,92 11 0,95
4 011 0,02 248 11 0,83 1,30 0,73 250 21 0,78
LOS 1 0,07 035 084 11 0,84 0,46 3,15 0,83 11 0,81
2 020 011 117 2;2 0,64 1,21 050 1,35 2;2 0,50
3 014 -005 1,04 11 0,59 145 -0,58 1,04 11 0,63
4 008 008 244 11 0,72 1,29 149 0,15 11 0,63
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y =a+b'sen(c'T *x/12)
y =10 +5"sen (2* 7 *x/12)
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o = 2
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X

Figura 1: llustracdo do modelo ndo linear adotado para descrever o progresso da

incidéncia e severidade (y) da cercosporiose do cafeeiro, ao longo de 48 meses (X)
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Figura 2: Médias de severidade (A, B e C) e incidéncia (D, E e Fedmsporiose do cafeeiro em ramos dos ter¢os superior (A e Dy (Bedi
e E) e inferior (C e F), em lavouras convencior-#=(), organica =) e organica sombreadi"- ). No eixo referente a periodo, as letras N,
F, M e A referem-se, respectivamente, a novembro, fevereiro, maio e agostapeate=2008.
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Figura 3: Percentagem de enfolhamento e desfolhadas do cafeeiro, em rantegaosuperior (A e D), médio (B e E) e inferior (C e Fn e
lavouras convencional=#= ), organica (== ) e organica sombreade+~ ). No eixo referente a periodo, as letras N, F, M e éreei-se,

respectivamente, a novembro, fevereiro, maio e agosto, entre 2004 e 2008.
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Figura 4: Severidade da cercosporiose, observ +Ja (predita =) pelos modelos néo lineares referentes aos anos | (2004/05), Il (2005/06),
[l (2006/07) e IV (2007/08) de avaliacdo em ramos dos tercos supAri@ ¢ C), médio (D, E e F) e inferior (G, H e |) de cafeeem
lavouras convencional (A, D e G), organica (B, E e H) e org&un#reada (C, F e I). No eixo referente a periodo, as lefres M e A

referem-se, respectivamente, a novembro, fevereiro, maio e agosto. Os model@guUsiados para cada periodo de forma independente.
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Figura 5: Incidéncia da cercosporiose, observe+)pg predita ==) pelos modelos nédo lineares referentes aos anos | (2004/05), 11 (2005/06), |
(2006/07) e IV (2007/08) de avaliacdo em ramos dos tercos superiore(&)Bmédio (D, E e F) e inferior (G, H e I) de cafeeirodamuras
convencional (A, D e G), organica (B, E e H) e organica sombreada €d). No eixo referente a periodo, as letras N, F, M dfekem-se,
respectivamente, a novembro, fevereiro, maio e agosto. Os modelos foram ajustadadaperiodo de forma independente.
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Figura 6: Estimativas da intensidade maxima (soma das estimativggmdisetros a e b) de severidade referentes aos anos I, 2004/05
(A, E e I), ll, 2005/06 (B, F e J), lll, 2006/07 (C, G e K) e IV, 2004D8H e L) de avaliagdo em lavouras convencional (LC),
organica (LO) e organica sombreada (LOS), em ramos dos tengesor (A, B, C e D), médio (E, F, G e H) e inferior (I, & K) de
cafeeiros. Estimativas cujos limites dos intervalos de cardiassintéticos de 95% se sobrepdem dentro do mesmo graficoondo sa
estatisticamente diferentes.
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Figura 7: Estimativas da intensidade méxima (soma das estimativascioegiros a e b) de incidéncia referentes aos anos |, 2004/05
(A, E e ), ll, 2005/06 (B, F e J), lll, 2006/07 (C, G e K) e IV, 2004D8H e L) de avaliacdo em lavouras convencional (LC),
organica (LO) e organica sombreada (LOS), em ramos dos tengesor (A, B, C e D), médio (E, F, G e H) e inferior (I, & K) de
cafeeiros. Estimativas cujos limites dos intervalos de cardiassintéticos de 95% se sobrepdem dentro do mesmo graficoondo sa
estatisticamente diferentes.
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Conclusodes Gerais

Em vista dos resultados obtidos, concluiu-se que:

1- os tubos germinativos d& coffeicolativeram tropismo positivo para os estbmatos,
onde ocorreu a penetragdo, sem a formacédo de apressorios;

2- Cercospora coffeicolaolonizou, inter e intracelularmente o parénquima lacunoso;
3- a esporulacao de.coffeicolaocorreu através e ao redor dos estdmatos;

4- os seis isolados do tipo selvagemQiecoffeicolavariaram quanto a producédo de
cercosporina; para um desses, ndo se detectou a producdo da toxina;

5- os genes ATR1 e CTB1 d& coffeicolaamplificados tiveram similaridade com as
sequéncias disponiveis no GenBank garaicotianae;

6- obteve-se sucesso na construcdo de GFP e na disrupcdo do genenCTB1 e
coffeicolg

7- isolados do tipo selvagem e mutante CTB1 ndo diferiram sigiifienente quanto a
esporulacdo e crescimento micelial;

8- a incidéncia e severidade da cercosporiose e desfolha e enfuibhadoecafeeiro
foram maiores em ramos do terco superior e em cafeeiros da lavoura convgnciona
9- maiores valores de intensidade da doenca, desfolha e enfolhamentram de
maio a julho, julho a setembro e de outubro a janeiro, respectivamente; e

10- a andlise de séries temporais, com o0 uso dos modelos desd&egné® linear

ARMA, representaram, efetivamente, o progresso da cercosporiose do cafeeiro
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