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Nota prévia

A escrita desta tese de mestrado encontra-se gaalilmglesa uma vez que esta € a lingua
cientifica universal. Por esta razdo, o conhecimentreino da sua escrita e gramatica revestena-se d
uma importancia acrescida para quem tenciona semodr carreira em investigacao cientifica em
Biologia. A escrita da presente tese nesta lingpeesenta assim um exercicio apropriado que poder-

se-a revelar proveitoso no futuro.

No decorrer deste mestrado foram reunidas as gieglpara a escrita de artigos cientificos em
revistas internacionais, razédo pela qual a pregests foi escrita sob a forma de duas publicacbes
cientificas de acordo com o Art® 4 das Regras @mRendacdes Para a Elaboracéo de Dissertacbes de
2° Ciclo (Mestrado) do Departamento de Biologiamali Desta forma visa-se acelerar o processo de
elaboracdo dos manuscritos e suas subsequentésapiibs. Cada um dos manuscritos foi escrito de
acordo com as instrucdes para autores das respectvistas cientificas a que se pretende submeter.
Especificamente, o 1° artigo segue as directrizesedista Fungal Diversity e o 2° artigo segue as
directrizes da revistaMolecular Ecology. No entanto, para facilitar a leitura, e seguidanormas do

Art° 4 previamente referido, as figuras e tabedaarh incluidas ao longo do texto.

As referéncias bibliograficas da Introducdo Gévahm elaboradas segundo os parametros da
revista cientifica internacionallrends in Ecology and EvolutiorEsta € uma das revistas mais
relevantes na area em que esta tese foi deserav@vimbssui um sistema de citacdes comodo para a
leitura de textos de revisdo cientifica. Adicionaral seu elevado factor de impacto na sociedade
cientifica, pareceu apropriada a escolha destasteevdiomo referéncia para a apresentacdo da

bibliografia.
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Resumo: O café é uma dos produtos mais comercializados cgfa 6 mundo, contribuindo

significativamente para a economia de mais de @8epatropicais. A sua importancia a nivel
econdémico e social é patente quando se consideracentenas de milhdes de pessoas dependem,
directa ou indirectamente, do rendimento que eshastria Ihes fornece para garantir o seu bem-estar
qualidade de vida. No entanto, a sua producdo pmmieextremamente sensivel a distarbios
provenientes de factores extrinsecos, tal commesgas fungicas, e as consequéncias que dai advém
acarretam efeitos socioecondmicos devastadoresnmaitas dos paises produtores. Por outro lado, a
maioria das variedades de cafeeiro actualmentvadiéts em todo o mundo, resultam de um recente
periodo de domesticacdo que, apesar de ter pevnaitidiacdo de variedades extremamente produtivas
e de alta qualidade, diminuiu grandemente a vdidalbie genética das suas populagcdes. Em termos
praticos, tem-se reconhecido cada vez mais quecestdo homogeneizador fomenta a emergéncia e
disseminacdo de agentes patogénicos, facilitandoaaadaptacdo e transmissdo entre hospedeiros.
Deste modo, e dada a crescente ameaca que as slcansadas por estes agentes patogénicos estdo a
gerar, torna-se essencial que as estratégias sa controlo incluam a maior quantidade possigel d
informacdo no que toca aos aspectos evolutivos reogigificos desses agentes, analisando as
assinaturas deixadas na estrutura das suas pogsil@a@ue se reflectem na variacdo neutral e
adaptativa na

A antracnose dos frutos verdes do cafeeiro, codaemomo Coffee Berry Disease, € uma
devastadora doenca qUeffea arabicaa espécie de cafeeiro mais importante e valiosmercado.
Esta doencga, causada pelo fun@olletotrichum kahawaeé relativamente recente, tendo sido
documentada pela primeira vez no Quénia em 1928ddentdo, tem-se disseminado por todos as
regides onde o cafeeiro Arabica € cultivado no inente Africano, onde ainda hoje se encontra
confinada. No entanto, uma vez que esta doencdaaeno o principal factor limitativo na producao
de café Arabica neste continente, o receio da dsperdo para outros paises produtores,
particularmente para Ameérica Latina, € motivo denge preocupacao.

Vérios estudos tém sido realizados na perspegéventender como é g kahawaesurgiu e
como é que as suas populacbes estdo estruturadasarkira a retirar informacédo acerca do seu
potencial patogénico, assim de como essas popuglagdtuiram e dispersaram ao longo do tempo e do
espaco. No entanto, apesar do esforco empreendgle, agente patogénico tem revelado uma
variabilidade genética extremamente baixa, o géeagbra tem limitado possiveis inferéncias acerca

da sua historia evolutiva. Deste modo, a maiorianflarmacdo que se tem acerca da sua origem e



disseminacao baseia-se em dados histéricos.

Duas razbes principais tém sido invocadas pardiceakpa uniformidade genética de.
kahawae Em primeiro lugar, supde-se que tenha tido umgeor recente do grupo de espécies
proximo, C. gloeosporioidese trés hipoteses tém sido propostas nas quaism &rsergéncia tera
ocorrido através de: 1) mutacdo a partir de umdaliem ligeiramente patogénica d&
gloeosporioides existente em cafeeiros Arabica; 2) hibridacdo eentluas linhagens deC.
gloeosporioidepresentes nas espécies parentaiS.dabicg comoC. canephorau C. eugenioides
3) transferéncia de uma das espécies parentéis al@bicg onde estaria presente como saprofita, para
se tornar um agente patogénico agressivo no cafédeibica quando este foi reintroduzido no
continente africano para fins comerciais. No ewta@t gloeosporioide® um complexo de espécies
extremamente abrangente, que ocorre em mais de &8P€cies vegetais, e tem permanecido
taxonomicamente mal descrito, pelo que a simpies@fdo da sua proximidade c@nkahawadraz
muito pouca informacédo. Deste modo, a questéo makgante que se coloca é de que linhagem dentro
deste complexo tera surgi@o kahawae

A segunda razao diz respeito a assexualidade #ahawaeA auséncia de fase sexuada, quer
em meio de cultura, quer no campo, associada astugura populacional aparentemente clonal, tém
sido mencionadas como evidéncias sugestivas dauadisede desta espécie, embora inconclusivas.
Neste aspecto, uma analise complementar Gtil eesméevado a uma informacao mais completa sobre
0 modo sexual de varias espécies de fungos, temasiavestigacdo da evolugdo molecular dos genes
que regulam a reproducdo sexual, designados gerds &mtre espécies proximas, tal cor@o
kahawaee C. gloeosporioidesPor outro lado, o génef@olletotrichumpossui um sistema genético de
reconhecimento sexual Unico em todo o reino dogdsine cujo conhecimento acerca da evolugao
destes genes tem permanecido desconhecido.

Neste trabalho, recorrendo a vérias ferramentagdsoriais e analiticas da biologia molecular,
pretendeu-se cumprir dois amplos objectivos. Enmeiro lugar, desenvolver novos marcadores
moleculares mais informativos do ponto de vistaginético e filogeografico, que pudessem ser postos
em préatica para concretizar o segundo objectivajevendar ndo sé as relacdes filogenéticas entre
isolados deC. kahawaee de C. gloeosporioidgsmas também a diversidade genética e estrutura
populacional deC. kahawag de maneira a se poderem realizar inferénciaaada sua origem e
dispersao.

Neste trabalho foi conseguido com sucesso o debémento de seis novos marcadores



moleculares na regido gendomica Apnl/MAT, que seclagam extremamente varidveis e mais
informativos que os marcadores tradicionalmentelasaUsando uma amostragem representativa de
22 isolados de varias espécies dentro do comp&xgloeosporioidese incluindo C. kahawag
aplicaram-se estes novos marcadores, verificandps® aumento do nivel de resolucéo das relacdes
evolutivas entre espécies, e até entre populagt@extremamente significativo. Um dos marcadores
desenvolvidos, que compreende uma regido intecgémévelou um potencial singular em termos
informativos, permitindo por si s6 uma inferéncilmdgenética equivalente a concatenagédo de sete
marcadores. Por outro lado, uma vez que o templivdegéncia entre varias espécies proximas dentro
de complexos tende a ser muito reduzido, dete@airgla uma presenca acentuada do fenbmeno de
lineage sortingincompleto, que tem como uma consequéncia a digcom entre as topologias das
arvores filogenéticas reconstruidas a partir dosanarcadores utilizados. Salienta-se deste modo,
ser essencial o uso de marcadores de vi@deo genoma para a resolucao deste problema.

Com base na selec¢cdo démci mais variaveis, analisou-se um total de 85 isaado
compreendendo uma extensa amostragem de isolam@nntes de uma vasta area o6d&ahawae
€ encontrado, assim como uma selecgcdo representivsolados d€. gloeosporioidesie Coffea
spp. e de outros hospedeiro. Utilizando um conjutgcseis marcadores moleculares (IFSub2,
ApMAT, Apnl5L, MAT1-2-1 e MAT5L) e recorrendo a alolagens analiticas filogenéticas e
filogeograficas, os resultados obtidos revelarana dimergéncia muito superior ao esperada edtre
kahawaee isolados d€. gloeosporioidesle cafeeiros, 0 que ndo suportava a hipétese deotigem
recente. Por outro lado, uma linhagem @e gloeosporioidesproveniente deMangifera indica
apresentou uma relacdo filogenética extremament&inpa com C. kahawage ainda que
biologicamente fosse uma espécie distinta devisieadgincapacidade de causar sintomas de antracnose
nos frutos verdes. Estes dados sugerem que o agatugénico,C. kahawage possa ter emergido
saltando de um hospedeiro diferente para os cafeio contrario do pensamento corrente emdjue
kahawaeevoluiu e emergiu do géneoffea Por outro lado, foi também possivel desvendarnady
variacdo genética dentro de. kahawae distinguindo-se trés grupos de haplotipos quavest
intimamente relacionados e estruturados de acampacsua distribuicdo geogréfica. Reconstruindo o
estado ancestral desses trés grupos e com baseos&ragem utilizada, verificou-se que o grupo da
regido Angolana era o mais ancestral, enquantsalados do Quénia e de outras regides do Este
Africano eram derivados desse grupo. Estes remdtaém contrariar a ideia actual da origenCde

kahawaecentrada no Quénia e sugerem uma hipotese alteangtie aparentemente ndo € suportada e



dificilmente seria prevista a luz dos dados histigidisponiveis. No entanto, a origem assumida para
C. kahawadaseia-se na premissa de que este emergiu admeapécies de cafeeiros, o que pode ndo
corresponder a realidade e que de alguma formadermma possivel explicacdo para o padrao
evolutivo encontrado no nosso estudo. Finalmerde) @ mesma amostragem, foi realizada uma
analise da evolugcdo molecular do gene MMRT1-2-1 baseada em modelos estatisticos de maxima
verosimilhanca NMlaximum likelihoodl que se revelou que este gene parece estar sahiniemsa
seleccao purificadora, possivelmente devido a wmg&o biologica importante. Apesar disso, dois
haplotipos separados por uma mutacdo ndo-sinéronaanfencontrados nos grupos @ekahawage
revelando a inesperada presenca de duas protafeeentes ao nivel da sequéncia de aminoacidos
numa espécie tao geneticamente uniforme. Apesaéadee conseguir excluir a hipétese uma variacao
fenotipica neutral, este evento pode sugerir que psoteina tenha um papel adaptativo a nivel
populacional dentro d€. kahawae No geral, este trabalho cumpriu os objectivapia foi proposto,
revelando resultados inesperados e que irdo certameguerer uma investigacao futura para apurar as
hipoteses aqui levantadas. Espera-se assim queeerla a ter impacto na comunidade cientifica
interessada nesta doenca e agente patogénico \egha a estimular futuros estudos e trabalhos na
biologia evolutiva deste agente patogénico, tdevegite ao nivel econémico e social. No geral, este
trabalho cumpriu os objectivos propostos, revelandsultados inovadores e inesperados,
particularmente na origem do agente patogénicodadty e que irdo certamente requerer uma
investigacao futura para apurar as hipéteses agantadas. Espera-se assim que ele venha a cantribu
para o aumento do conhecimento e que seja Utilgpacamunidade cientifica interessada nesta doenca

e agente patogénico, tao relevante a nivel econdensocial.

Palavras-chave:Coffeaspp., Doenca vegetal, Antracnok®st-shift Filogenética, Filogeografia
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Abstract: In this work, a range of phylogenetic, phylogeqinia and statistical methods of

molecular evolution were used to investigate thelwionary biology of an emergent pathogen in
coffee cropsCoffeaspp.),Colletotrichum kahawaeC. kahawaeavas first reported in Kenya, 1922, and
causes severe disease (Coffee Berry Disease) moaraoffee throughout the African continent, where
it is still restricted. However, the origin and spd of this pathogen has hitherto relied on histbri
data, and molecular studies have not been abladarth enough genetic variation to infer aboutehes
processes, possibly due to its putative asexuar@atnd assumed recent evolution frGwoffeaspp.
inhabiting strains of th€. gloeosporioidesomplex. To address this issue, a set of molecutakers
was successfully developed, including a mating-typee MAT1-2-1), showing a greater informative
potential than traditional markers. The most valeaarkers were selected and used to analyze a
representative sampling @. kahawagthroughout most of its range, a@d gloeosporioidesmainly
from Coffeaspp. worldwide. Unexpectedly, the obtained resfrtisn the evolutionary relationships
betweenC. kahawaeandC. gloeosporioidesuggest that the former may have emerged througisia
shift from hosts other thafoffea spp.. Moreover, the phylogeographic analysisCofkahawae
revealed a geographically structured population #red Angolan group as the most ancestral state
inferred. Although our results come in oppositian the current Kenyan hypothesis and are not
supported by the historical reports, the prevailmgw follows the premise th&. kahawaesvolved
from Coffeaspp., which our data suggests otherwise. Regattmgnolecular evolution dWIAT1-2-1

our results suggest a possible adaptive role withikahawaepopulations, due to the presence of two
haplotypes in a highly conserved gene. These sehalte significantly contributed to fill a void ihe
current knowledge of the evolutionary biology ofstipathogen and will hopefully stimulate further

research.

Keywords: Coffeaspp., Plant disease, Anthracnose, Host-shift, Piggoetic, Phylogeography
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General Introduction

General Introduction

Coffee is a primary export of many developing costthat rely to a greater or lesser extent on its
foreign exchange earnings for financing essentigharts and services. Its industry in developed
countries is generally perceived as prosperousiandntroversial. But, although the coffee busingss
booming in consuming developed countries, curreck bottom prices are causing immense distress to
countries where coffee is a key economic actiasywell as to the farmers who produce it. Coffeg ha
been subjected to the rigorous discipline of maféetes, with depressed prices resulting from exces
of production over demand, interspersed with speriods of high prices stimulated by temporary

setbacks in production.

Meanwhile the costs of inputs, such as transpoaghimery, labor and materials, have continued to
increase. The decreasing profit margins resultimmf these opposing trends have forced coffee
farmers to economize and this has often led taaatén in the use of agricultural inputs necessary
optimal coffee production. The effects have bedinniest by the millions of smallholder farmers who
rely on coffee as their only or main cash cropswahd lack financial resources and the possibilites
economy of scale. Resources allocated to crop @iotehave often been the first to be cut, and this

has added further distress in pest management.

Over the last decades there has been a marked astéy from the reliance on pesticides for
management of pest and diseases, towards a megeated approach using a variety of methods. As a
tropical perennial crop, coffee has a wider envimental effect as it is grown in some of the world’s
most ecologically sensitive regions. Moreover\ilag in which coffee crops are currently grown using
agricultural practices, has led to a highly susbéptgro-ecosystem not only for the emergencesof n
pathogens but also for their transmission. An ustdeding of the biology and ecology of such
pathogens is therefore essential, as a sustainsnagement system of coffee crops is unlikely to be
achieved without it. Diseases on coffee crops amerging and many examples can illustrated how
sensitive are both crops and the populations #igtan them, to the nefarious disturbances frors¢he
extrinsic factors. The Coffee Leaf Rust (CLR), caidyHemileia vastatrixBerkley and Broome and
Coffee Berry Disease, caused BylletotrichumkahawaeWaller and Bridge, are the most impactful

diseases ravaging coffee crops and have limitdad gheduction to a fairly high extent.



General Introduction

Objectives

In this research the focus has been given to tlodugenary biology of the emergent pathog€én
kahawaeand its closely related taxa, using a wide rangeploflogenetic, phylogeographic and
statistical methods of molecular evolution. Thelgematic of its origin and spread has been elusive
far, much due to the lack of appropriate molecaiarkers to unravel those issues. This has lefiic vo

in the current understanding of the evolutionanycpsses that led to its emergence and dissemination
and of the evolutionary potential that this pathogeay present. The present work intents to, at,leas
contribute to fill these gaps by studying the patteof neutral and adaptive genetic variationCof
kahawaeand its closest taxa, providing information on &wents that shaped their past evolutionary
histories in order to more effectively preparevidrat the future may reserve. Specifically, thiseesh

aimed at the:

1- Development of a molecular marker suite that mayvide a significant improvement in
phylogenetic and phylogeographic resolution for tekahawae— C. gloeosporioides

complex

2- Analysis of the genetic variability and differeritten of C. kahawaeandC. gloeosporioides
populations through a multi-locus sequencing apgrp#o infer evolutionary relationships

and dissemination patterns.

3- Analysis of the molecular evolution of a mating¢ygene MAT1-2-] to assess selective

constraints and haplotype distribution in interd amtra-specific datasets.

Before presenting this work, a brief general intrcitbn was made on the most relevant aspects of the
host,Coffea arabicd.., the disease, Coffee Berry Disease, and theogathC. kahawagon the scope

of the issues that will be addressed latter. A frsicle will follow, in which the development afnew

set of molecular markers is described and preseagadore suitable to address the problematic above
mentioned. The application of those and other marke unravel the longstanding issues @f
kahawaeemergence, dissemination and evolution is predentthe second article. Finally, some final
remarks will be made concerning how this reseaeshdontributed to enhance the current knowledge

of this severe disease and possible future dinestm its research are suggested.



General Introduction

1. The Host — Arabica coffee plants

1.1 Taxonomy

According to Cronquist (1988) [1], the taxonomiasdification of th&Coffeagenus is as follows:
Kingdom: Plantae
Division: Magnoliophyta
Class Magnoliopsida
Order: Rubiales
Family: Rubiaceae
Genus Coffea

At the infrageneric level, Chevalier's (1947) ciisation [2], based on geographical distributiamda
fruit characteristics, remains one of the most wmadl comprises four sectoRaracoffea Argocoffea
Mascarocoffeaand Eucoffea Nonetheless, taxonomic progress has been madeupaly since the
80's [3,4], in order to clarify this classificati@iven the increasing number of described speaeds a
the new molecular, biochemical, cytogenetic andgggahical methods available [5-7]. The current
subgeneric classification of the genus encompa$8sdescribed species and only two subgenera
[4,8,9]: Coffeasubgen Coffeaand CoffeasubgenBaracoffea, with most of the species belonging to
the CoffeasubgenCoffeg including those used for producing the beveragtee. It is noteworthy that
70% of these species are threatened with extina@®ra combination of a decline in quantity and
quality of the habitat [9].

Only three species are used in commercial coffeelymtion: C. arabicg C. canephoral. and C.
liberica Bull ex Hiern[9]. Among these thre&;. arabicg also known as Arabica coffes, by far the
most important commercial speci@scounting for over 75% of world productidd. canephoraalso
known as Robusta coffee accounts for most of teeakthe trade, witlC. liberica contributing with
less than 1% [10].

1.2 General Characteristics

Coffeaspp. are evergreen, glossy-leaved shrubs or trébs5wiOm high and most are adapted to a
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tropical forest habitat [10]. Their general botahifeatures include elliptical leaves, with pointgus
and occurrence in pairs. They have short petiolgéls small stipules, and domatia (small pits) are
present on the undersides of leaves at the junofitihe main veins. Following the rainy seasonywéo
clusters are produced in leaf axils and usuallyeaod of nine months spans between flowering and
fruit ripening. The fruit starts as a two seedeéegrdrupe, becoming red or yellow as it ripens. The
stems exhibit a dimorphic branching due to theedéht development of two buds that occur, one
above the other in each leaf axil of the main st&€he upper bud develops to produce a lateral or
primary branch. The primaries develop in succes§iom the base upwards and grow horizontally
(plagiotropic) on opposite sides of each node, theg bear the flowers and fruits. The lower bud can
only develop into a vertical (orthotropic) branemd remains dormant until the main stem has been
damaged or pruned, when it grows
around the primary to produce a new

vertical vegetative shoot.

One particular and interesting aspect
of this genus is not only its

morphological variation but also the
adaptation of its species to a wide
range of environmental conditions.
The habitats of the various coffee
species often correspond closely
with specific biotopes [11].C.

arabicais better adapted to cool and

¥ C arabica = s

*  C brevipes ' L humid environmental conditions at

E Eg"”d higher altitudes (1300-1800m)[12]
3 1011

o EE;"/: and has a center of genetic diversity
. erl

: C.rlnulind/'ensis on the Ethiopian plateau, which lies

Z i outside the distribution area of the

¥ C zanguebarioe other species[13]. However, the most

© Mascarocoffea

likely center of origin is in Uganda

Figure 1. Geographic distribution of nativ@offeaspp. [11]. where the distribution of the two

parental species overlaps [13[.
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canephoraand C. liberica are native to the tropical regions of west Afremrad are usually found in
humid and warmer environments of the lowlands [The current geographic occurrence of natural

Coffeaspp. populations is depicted in Figure 1.

All Coffeaspecies are generally self-sterile diploids (2B2F except forC. arabicg which is a self-
fertile allotetraploid (2n = 44) with a diploid-Emeiotic behaviour [13]. This event has been shmwvn
be the result of a natural hybridization betweenadernalC. eugenioidesike and aC. canephordike
genomes, followed by an unreduced gamete formatiohenhanced autogamous reproduction [14,15].
Moreover, the lack of genetic divergence from tlheeptal genomes and with. arabicacan argue

for a unique and relatively recent origin [13]. Ahge crossing barriers appear to be absent in this

genus, even though there is a varying degree aksstul hybridizationfl1].

Despite being rather susceptible to disea€esgrabicais also responsible for the production of the
best quality coffee, with lower caffeine contem. ¢dombination with the ease that its traits are
genetically stabilized due to an autogamous repmtialy, it has long been a desirable target for

domestication and crop exploitation.

1.3 Domestication and Dissemination

Hosts and their pathogens are often entwined ilosednterdependence, which led to the realization
that the nature and evolution of the host itself/pkay a critical role in the emergence and sprafad
pathogens. Arguably, one of the most dramatic evienthe evolutionary history of a plant host is th
transition from naturally occurring wild populat®rio dense and uniform agricultural ecosystems
(agro-ecosystems), with the advent of agricultwvbjch has enormous consequences in the host-
pathogen system [16]. Moreover, the subsequent humeadiated movements of plant material
associated with the agricultural practice wererumental in shaping the present distribution of

pathogens [17].

The history of the domestication and disseminatibnoffee throughout the world is relatively recent
and incomplete, with much of the information saatieand often a mixture of fact and fantasy (Figure
2). Despite its African origin, Arabic coffee culition may have begun as early as AD 575 in Yemen
[18,19] but only in the 1Bcentury, prompted by the discoveries, reportssofiltivation and beverage
quality reached Europe [20]. The early diffusioncoffee crops was slow, mainly due to the desire of

the Arabians to maintain the monopoly of the palfie business that coffee was already becoming
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[11]. It was not long until the Europeans apprecidie potential of coffee as a crop in the overseas
territories and in the 7century, the Netherlands East India Company mahtmship coffee plants to
Java, which took over Yemen as the main sourcefée, before other European nations entered the
trade [10,21]. In the early T8entury, a single plant from Java was taken toAtimsterdam Botanic
Gardens, where it flowered and produced berridis-was latter known as “typica” variety of coffee
(C. arabica“Typica” Cramer), which is currently the most connmby far. The French East Indian
Company soon followed and, during thé"icentury, several introductions were made from Yerae
Reunion, an island on the East African coast, wiieeecrop flourished - the “Bourbon” variet§.(
arabica “Bourbon” Choussy) [18]. These early introductiameated the two narrow genetic basis that
fostered most of the commercial Arabic coffee croppsldwide and represent the onset of the coffee

cultivation in a large and global scale [22].

‘I\{Iya‘_frtinigue

L/ Suriname s

Timescale: s
— <1500 =
—1501-1600

Brazil
— 1701-1800

Figure 2. Schematic overview of the main steps in Arabictieeodissemination with a timescale.
The red circular blur indicates the geographiciarigf C. arébica Bottles represent countries in
which severe historcial bottlenecks have occurred.

In 1706, plants were brought from the Botanicaldgas in Amsterdam to Surinam, onwards to French
Guiana and from there to Brazil, in South Ameri2@,p1]. Further introductions of “Typica” coffee
were made by the French in Martinique [10]. Subsetly, during the 18 century, the crop rapidly
dispersed throughout most of the suitable locatmn&atin America, not only from sources within the
continent but also from Reunion [21].

In the African continent, coffee crops were notnsach interesting for the established Europeans and
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thus, the history of its cultivation only begartfire 18" and 18' century [20]. Despite, being the cradle
of the Arabic coffee, most of the actual commergkantations have resulted from re-introductions
mainly from South America and Reunion [10,21]. Tugbout this period, Arabic coffee crops began to
emerge in East Africa mostly from Reunion and atsthe West coast from several locations in South
America [20,21].

The other currently significant commercial specféscanephorais indigenous to the forests of West
Africa but it was not used or cultivated until theginning of the 20 century (L. Manuel, PhD thesis,
Instituto Superior de Agronomia, 2007). By thisdinit became widely produced in the low lands of
many West African countries, where it is natived afso in regions seriously affect by coffee dissas
such as Coffee Leaf Rust due to its higher resist§ai].

In summary, the domestication of coffee crops ¢&n compared with other agricultural crops, such a
wheat and barley [23,24], emerging between th& 45d 16' centuries and its dissemination on a
global scale only spanned three to four hundredsydatensive selection, severe bottleneck evamis a
cultivation of selected phenotypes altered the faijmns of the wild progenitor species into the
domesticated varieties of the crops we know todyng with an astonishing decrease of their genetic
variability [25]. This new and rapidly created agroossytem provided denser and genetically uniform
host populations, highly conducive for the emergeawed dispersal of plant pathogens [16]. The ldck o
genetic variation in Arabica crops makes them hyighilnerable to disease outbreaks because virulent
pathogen genotypes adapted to a particular hositgms can increase very rapidly in frequency,
quickly generating a degree of host specificityrace specificity rarely seen in natural ecosystems
[16,26,27].

1.4 Production and Economic Relevance

The importance of coffee for man cannot be ovesdtas it is the world's most heavily traded
commodity after oil [28]. According to the Interiatal Coffee Organization (ICO), coffee production
in 2008 was over 120 million 60Kg bags (7 millians) with more than $70 billion total retail value
(see: http://www.ico.org). Africa corresponded with 5% of world production, Asia and Oceania with
25,6% and Latin America with 62,9% (see: http://wiaw.org). The main coffee growing countries are

Brazil, Vietnam and Indonesia, which account fona@ét 60% of the total coffee production worldwide.

Its importance is even greater for the over 50 peot) countries where coffee can represent thegkern
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of total exports revenues and influences directlyndirectly the lives of roughly 120 million peepl
(Figure 3). Coffee is currently grown in most tregdiand sub-tropical regions with a prevalenc€ of
arabicain Latin America and East Africa artel canephoran West Africa and Asia. Arabica coffee is
preferred over all other species because of itersmpcup quality and if it had not been so vulidea

to diseases, it would certainly be the exclusivedpcer of all commercial coffee, as it was unté th
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Figure 3. Coffee producing countries worldwide. China produoexed species of coffee, although
it is not highlighted (source: http://www.ico.org).

end of the 19 century [11]. Currently, it still contributes wiff6% of the world coffee exports (see:

http://www.ico.org.

The coffee industry is generally perceived as peosps, largely due to the boom of coffee
consumption in developed countries [29]. Howes, disequilibrium between supply and demand has
caused great oscillation in prices and consequeahtycoffee market has endured multiple crisel wit
severe social and economic consequences [29]. Tdaesbe further aggravated by limiting factors of
coffee production, such as the major diseases:e€dfeaf Rusti{emileia vastatrix [30] and Coffee

Berry Diseaseolletotrichum kahawgg31].

Since coffee is mainly grown in developing courdfi#¢ represents one of the few solutions to fight

poverty, especially in some countries of the Anmariand African continent [28].
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2. The disease — Coffee Berry Disease

Coffee Berry Disease is an emergent and severeasdisef Arabica coffee crops, originating
anthracnose of green fruits, caused by the fur@oketotrichum kahawaéValler & Bridge. It is
considered the main limiting factor of Arabica @&fproduction in the African continent, where it is
endemic, leading to severe yield losses in somiemegThus far, no absolute effective control measu
has been developed and therefore, there is arasiogeconcern of its dispersal to coffee growirgpar

in other continents, such as South America, whemould produce catastrophic consequences for
coffee trade and production [32]. Some aspecth@flisease will be reviewed, since they will clgsel
reflect the life mode of the pathogen and consettyewill influence its genetic structure and
evolutionary potential [33].

2.2 Origin and Distribution

The origin of CBD still remains poorly understooddalargely based on historical data. It was first
reported in 1922 in western Kenya [34] when it tedthe destruction and abandon ©f arabica
plantations in some regions [12]. Despite thedlitlittention received during the early stages of its
documented emergence, African coffee growers sodnessed a swift dissemination of CBD
throughout most of the continent [35]. The diseasas reported in Angola (1930) Congo RD (1938),
Cameroon (1955), Tanzania (1964), Ethiopia (19%3lawi and Zimbabwe (1985) and eventually,
most of the Arabica coffee areas of Africa werectiéd [28,36]. Nonetheless, the disease is cuyrentl
limited to this continent and is rarely reportedolae 1400 m [37,38]. Climatic conditions commonly
found in areas at higher altitudes, such as highidity and cool temperatures of around 18 — 20 °C,
highly favor its occurrence and are also the mogakle habitat for the ho§s9]. C. arabicaremains
the only species affected by CBD in nature, desfsteccasional sympatry with oth€offeaspp such
asC. canephorawhich seems to be resistant to the disease [31].

2.3 Economic Impact

Since its emergence, CBD has been associated evidiesyield losses and could be a factor preventing
cultivation of Arabica coffee in highland regior38]. In African countries growing. arabica crop

losses of 20-30% are common but can exceed 80%trieneely wet years, if no control measures are
applied [12,35,39]. Although the majority of theabica coffee production is concentrated in the

American continent, yield losses in African couedrstill reach several millions of US dollars arllyya
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which is particularly burdensome in developing does [40]. Ethiopia, for example, is the largest
coffee producing country in Africa and grows exoleyy C. arabica [41]. Coffee production
represents about 63% of the total commodities éxmwenues and the overall national loss due to
CBD reaches 30% [41]. If these percentages arslat@a into monetary value, Ethiopia suffers losses
of 84 million US annually only due to average CBlllweaks. These losses sound even more dramatic
when we consider that over 15 million Ethiopianpeated directly or indirectly on the coffee industry
and the socio-economic negative consequences libgt might suffer [28]. Taking the remaining
African coffee producing countries into accountei@ll losses are estimated to be around 300 — 500

million US dollars per year [45].

2.4 Symptoms

Although CBD symptoms can be found in other orgahshe coffee plant, their effects are more
devastating in the fruits, causing their prematdrep or blackened mummification [12,42,43].
Generally, it affects any part of the green berireshe expansion phase and may take two forms.
Active lesionganthracnosesinay start as a dark brown, slightly sunken spotrgss) [37]. Under
appropriate conditions the spot eventually enlagayes covers the whole berry, which is reduced to a
black and deformed fruit with no commercial valpegventing further processing of the beans. Before
the fruit decays completely, if the environmentsigficiently wet, small pinkish masses of spores
develop on the surface of the decayed pulp [35%ckb lesionshowever, the lesion develops slowly
due to a plant resistance response and is chaeactdyy a buff color and the presence of small dark
spots. The growth of the lesion is limited, as fhegus dies out, not affecting the normal bean

development [44].

Anthracnose symptoms in other parts of the plarthsas leaves and stems are seldom and
economically unimportant [12]. Infection of the ilers may be economically important, as they are
very susceptible at all stages, but it is difficidtmeasure since they drop shortly after the tidac
[38].

2.5 Epidemiology

Precipitation, humidity and temperature are the tnmmgortant factors determining CBD outbreaks,
playing a key role on the germination, productiod dispersal of spores by the fungus [38]. In negio

with two rainy seasons, two flowering events amated, which dramatically increases the emergence
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of epidemics and prolongs the disease active p¢2igd

Germination of spores must occur in the presencsatér and thus, humid environments are highly
conducive for the development of the first stagesfection. The temperature will set the time that
these early stages will take to unfold, which isimum at cool temperatures of 22°C and increases as
temperature reaches its biological maximum (30-358€ minimum (10-15°C). Moreover, the
germination rate depends on the maturation stagheofruit, rather than the variety of the infected
plant [45].

The sporulation of the pathogen is higher at theebof rain events and it mainly occurs on theasief
of infected berries, which represent the most @lésource of inoculum [46]. They are found in
mucilaginous masses which prevent them from beisgetised by wind [47]. However, they are suited
and readily dispersed by rain through “splash” €ispl, which is particularly effective for shorhgge
dissemination [48]. The impact of rain drops spsetiet spores to a variable range of distances,hwhic
may be further enhanced by the wind [49,50]. Thecitaginous layer protects the spores from
dissection and loss of viability in dry weatherilstibsequent rains transport the spores furtheryaw
[48].

Despite the incremental nature of this mode of efispl through time, its overall capacity is still
relatively low as very few spores travel more tilarm per rain event [48,49]. However, if one
considers the increasing reports of anthropogerspedsal of fungal diseases through agricultural
activities, travelers, war events, it might be etpd that the dispersal potential Gf kahawaeis
greater than the observed through natural phenomlena [17,47]. Other animals such as birds and
insects may also come into contact with infectedtgrand become disease vectors [51]. Therefore, it
might be prudent to take these factors into accedrgn analyzing dispersal patternsfkahawae

from historical and molecular data.

2.6 Control

Chemical control was the first attempt to managease outbreaks in the 60's and remains the most
common until nowadays, namely using cupric fungsid37]. However, it has revealed somewhat
inefficient whether because chemicals are washety amthe rainy seasons, when the fungus strikes
most, or because the fungus rapidly generatesataterin the field [52,53]. Moreover, smallholders,

who produce the majority of the Arabica coffee instcountries of East Africa, are usually unable to
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carry out the recommended complete spray program, td the costs associated with the use of
fungicides [11]. Thus, a common major drawback hie tounterproductive effect that irregular
applications have on reducing the sporulating capad the saprophyticColletotrichumspp., while
favoring the proliferation of the CBD pathogen hetlonger term, since the spores@fkahawae
represent only a small proportion of the ovefdilletotrichumspp. spores present in coffee plants
[12,37,54,55].

Recently, great expectations and results come fitmenbreeding of resistant varieties in research
centers, which are later introduced in the fielthc8 1989 the Coffee Leaf Rust Research Center
(CIFC) in Portugal, started a research line aimedb#ainingC. kahawaecollections from different
geographic locations where the disease existsg ulkam for screening coffee genotypes with differen
levels of resistance [12]. Hundreds of coffee ggpes$ arrive annually from those locations and from
countries were the disease is still absent buteptesa threat. Currently, none of tle arabica
genotypes show 100% resistance to all@h&ahawaedsolates from CIFC's collection although some
varieties like Rume Sudan, Ruiru 11 and derivativesn Timor Hybrid (HDT) shown high levels of
resistance [56]. These resistant varieties aredbelt of decades of breeding and selection byeeoff

research stations, such as those in Kenya [22].

Nonetheless, the effects of resistance genes caplemeral in host — pathogen interactions. It is
increasingly accepted that the durability of theiseance genes is mostly due to the nature of the
pathogen population rather than to the natureefdiistance gerig7]. Population genetic parameters
such as gene/genotypic flow, mutation rate and jadipn size, as well as mating systems, are clitica
in the assessment of the potential risk of pathogmecies in overthrowing hosts resistance and/or
enhancing virulence [58,59]. For example, pathogersmogeneous agro-ecosystems tend to exhibit
large populations, with greater potential to geteergenetic diversity through accumulation of
mutations and less inbreeding. As a result, thequeen's populations are able to respond more sapidl
to the deployment of control measures, such asmtheduction of new fungicides or resistant vasgsti
[57].

For these reasons an expansion of our knowledgenethe discovery of new resistant genes or new
fungicides is required. It is vital to understahé tlynamics and evolutionary history of the patimge
populations as to effectively hamper their spread emprove disease control in economically and

socially vital crops such as coffee.
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3. The pathogen —Colletotrichum kahawae

3.1 Taxonomy

Until recently, the taxonomic description and positof the CBD causal agent was a subject of great
confusion. From the range Gblletotrichumspp. that are isolated from coffee plants, fowugs were
initially described based on their morphologicalts: ccm C. coffeanumnmycelial), cca €. coffeanum
acervuli), ccp C. coffeanunpink) and the CBD strain [46]. The three former gyr® were latter
recognized a€. gloeosporioide®enz (ccm and cca) a@ acutatumSimmonds (ccp), and proved to
be non-pathogenic in green coffee berries [60]y@m fourth group was able to infect both wounded
and unwounded green berries and was formerly egfeto asC. coffeanum[60]. However, C.
coffeanumwas described in 1901 based @alletotrichumisolated from coffee in Brazil [61], where
CBD does not exist, and was probably synonymous @it gloeosporioidgswhich occurs as a
saprophyte or weak pathogen of ripe berries andadarh coffee tissue worldwide [62]. Several
authors attempted to emend this anomaly but itrvesintil 1993 that Waller and Bridge descrilied
kahawaeas the causal agent of CBD and as a distinct epdiased on morphological, cultural and
biochemical characters [63] and more recently ofitifflocus datasets [64]. The current taxonomy of
this fungus is as follows:
Kindgom: Fungi
Phylum: Ascomycota
Class: Sordariomycetes
Sub-class:Sordariomycetidae
Order: Incertae sedis
Family: Glomerellaceae

Genus:Colletotrichum
SpeciesC. kahawaéNaller and Bridge

3.2 Phylogenetic Relationships

3.2.1. Onset of the molecular systematic shift

Morphological and cultural criteria for species aguition dominate fungal taxonomy, since the ca.
80.000 described fungi species have been diagnesiedr by morphological or other phenotypic
characters [65]. The greatest strength of theskerieriis that they are so widely applied that
comparisons can easily be made among describechtakéetween new and existing td86]. They
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are also relatively easy to describe and apply,sanitheir use for species identification and dehtion
has been widespre§@l7]. However, they are often unreliable, unpredictalalek the ability to resolve
cryptic species complexes and are limited by theetie plasticity of many traits in culture [66,68].
Fresh isolates of. kahawagefor example, may exhibit morphological and cudtudistinct hallmarks
but after subculturing several times they becomerphmmogically indistinguishable fromC.
gloeosporioidesalthough growth rate in culture media is sloweiC. kahawa€e[69]. Identification
within genera such &Solletotrichumis further complicated as species have only admstinguishing
morphological characters [70]. Nevertheless, sgeai¢hin this genus have been primarily defined on
the basis of morphology and host preference, Igatbnlong-standing, unresolved taxonomic issues
[68,70]. Therefore, as widespread and straightfoivees morphological and cultural criteria may be,
they should not be counted on to diagnose evolatiomeaningful species [66]. A pragmatic exception
lies on the usefulness of pathogenicity tests ttirdjuish isolates ofC. kahawaefrom other
Colletotrichumspp., since this is one of the few unequivocal weas$hof recognizing this pathogen.

Molecular phylogenetic approaches have proven ta Imeore effective way to dissect evolutionary
relationships and to recognize distinct species7[6&2,73]. The analysis of variable nucleotide
characters in sequence data has the potentialrtorpebest because, once evolutionary species are
formed from an ancestor, changes in gene sequences and can be recognized before changes in
morphology or other phenotypic traits are evid®hbreover, they should not be as directly influenced
by environmental factors as morpho-cultural trgé8]. Thus, the comparative analysis of homologous
DNA sequences has been regarded as a more retietied, with the ability to provide a considerable
enhancement on the resolution and accuracy of gbyies and, consequently, of species identification
[74]. However, a major drawback in the relianceaoamall proportion of the genome to understand
phylogenetic relationships amongst species has theermsk of recreating gene trees rather thanispec
trees, i.e. the phylogeny may not accurately rective true species relationship, particularly wiaen
single or few genes are used [74,75]. Thus, meltieg phylogenies are beginning to be routinely
employed to overcome those difficulties and toexysttically characterize and diagnose species [74].

In the last two decades, molecular systematics hawvelutionized fungal taxonomy and challenged
many morpho-cultural based classifications, un@agthot only a much higher species richness among
the already described groups but also providinggimis on the evolutionary relationships between
species [76,77]. Groups of cryptic species forméuiyped together on the basis of morphological
criteria are now being revealed, sometimes witlowagling resultsFusarium graminearumcausal
agent of Fusarium Head Blight, was thought to sngle panmitic species spanning six continents
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until multi-locus phylogentic studies identifiedght geographically structured and phylogenetically
distinct species [78]. In th€olletotrichumgenus, the broadly defin€l graminicolaspecies found on
several cereal and grass hosts was recently sebjetct the same approach, resulting in the
identification of ten new species [79].

Thus, species concepts in the economically imporgg@musColletotrichumhave been undergoing
revolutionary change in recent years. The old molqiy-based species are rapidly being superseded
by taxa that are largely defined by molecular saqae Cryptic species are increasingly being
recognized that cannot be reliably separated usiogphological or cultural methods. In the two next
sub-chapters, focus will be on how these approakhes been applied to the understanding ofGhe
kahawae— C. gloeosporioidexomplex relationship and emergence@fkahawaeand which gaps

remain unfilled.

3.2.2. The C. kahawae — C. gloeosporioides complex

From the early single gene phylogenetic studies8[0to the more recent multi-locus approaches
[64,74], C. kahawaéhas revealed to position itself among @egloeosporioidespecies complex. An
accurate phylogenetic arrangement of pathogensngpemergent fungal disease, particularly among
the closest related taxa, is extremely relevanpfactical and academic reasons [82]. Howevemhen t
C. kahawae — C. gloeosporioidesationship this is far from straightforward €. gloeosporioides

is though to be species complex, reported in att |2800 plant species worldwide, with such a wide
range of morphological and pathogenic variatiorat tthe species name is of limited use for
evolutionary inferences [68,81]. The 'gloeospomsidcomplex arose because of the artificially
enlarged spore range placed as a criteriorCiogloeosporioidesdentification [83] to overcome the
instability of spore morphology under different ddrons or from different hosts. As this criteriaras
followed by researchers, ma@polletotrichumstrains with similar cylindrical conidia were iddred

as C. gloeosporioidesjumping potentially distinct taxa into a speciesmplex [84]. Molecular
phylogenetic studies have partially addresseddbisplex, but the task has been quite challenging as
the introduction of molecular data has been hithartfruitful. The Internal Transcribed Spacer (ITS)
sequences of rDNA, which has dominatalletotrichumsystematics for the past 15 years [80,85-89]
has left unanswered questions about overly broadiep groups, due to its low variability (and thus
low ability to discriminate and resolve the trueesies tree) escorted by a high rate of species
misidentification in public nucleotide database8][As much as 86% of th€. gloeosporioidesTS
sequences deposited in GenBank show consideraldegdince from the published epityped most
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likely represent other species [74]. Fortunatepitypification, i.e. the selection of a fresh ligin
specimen to serve as a representative type ofantagecies [91], has been recently appliecCto
gloeosporioidesbased on a collection frof@itrus sp. in Italy, providing a solid starting basis for
accurate species identification and relations[9gs

Nonetheless, this species complex remains taxoradiyidl-defined and thus, simply stating a close
relationship betwee. kahawaeandC. gloeosporioidess nearly meaningless. Therefore, in order to
cope with this current limitation, one can onlyhgat useful information about their relationship whe
isolates of both species are used and analyzeditameously. On the other hand, to improve the
'gloeosporioides’ complex systematics it has redealecessary to move beyond the use of nearly
uninformative markers such as ITS. Only very relgeare multi-locus datasets beginning to be
employed and the demand for more informative markeincreasing considerably.

3.2.3. Emergence of C. kahawae

It is a longstanding view that. kahawaehas emerged fairly recently from the group spe€les
gloeosporioidedbased on the above mentioned similarities at thighwological, cultural and molecular
level. However, it has already been shown tBatgloeosporioidess a large group species with
considerable variation within its ranks, and thusm@e relevant question is raised: From which sub-

group didC. kahawaeevolved?

Currently, there are three main hypotheses foretimergence oC. kahawae Nutman and Roberts
(1960) suggested that the CBD strain may haverabgemutation from a mildly parasitic form, such
as that causing brown blight @offeasp., some time prior to its first report in Kenya [3&]n the other
hand, Robinson (1974) proposes that the CBD stwam originally a harmless pathogen of one of the
diploid progenitors ofC. arabicg such asC. canephoraor C. eugenioidesbut was able to cause a
virulent disease when the cultivated varietie€ofrabicawere re-introduced in the African continent
[93]. The same author also suggests that givehitteintesity of the disease, the CBD form may be a
polyphyletic pathotype derived by hybridization Wween the two forms of the progenitor hosts, and
possessed the natural maximum of horizontal patiiodye [19]. What is remarkable, however, is the
little solid data, other than observational anddrisal, that exists to support any of the menttne
hypotheses. At this point, there is not enoughrimétion to know which scenario fits best, but the
authors seem to agree ti@t gloeosporioidepopulations fronCoffeaspp hosts are the most likely

source ofC. kahawae

16



General Introduction
Several phylogenetic studies have includéd kahawae together with a collection ofC.
gloeosporioidesfrom different hosts and geographic locations, loey generally lacked a
representative sample @f. gloeosporioidesrom coffee hosts to properly address those hygsah
[42,81,94,95]. Although some of them reported aelelationship o€. gloeosporioidessolates from
hosts other than coffee ©. kahawagethey relied on théTS sequence region alone and theegjtion
must precede inferences to be taken from theseltsef®4,95]. An exception is the recent
characterization o€olletotrichumspp. associated with coffee berries in northernlahd, in whichC.
kahawaeis also included. Sever@lolletotrichumspp morphologically resemblin@. gloeosporioides
were isolated from coffee hosts and a multi-lochyl@yenetic approach revealed two interesting
results [64]. Firstly, none of the analyzed isadaeouped together with tli& gloeosporioidegpitype,
suggesting that this straithoes not affect coffee hosts in Thailand. Seconiillgy uncovered and
characterized three new species from the 'gloemsgdes’ complexC. asianumC. siamensand C.
fruticola, which were more closely related @ kahawaethan was theC. gloeosporioidepitype.
Despite insightful, this study was limited to theographic location of Thailand, whe@ kahawae
does not even occur, and may not have a represensaimpling ofC. gloeosporioidesensu latdrom

coffee hosts worldwide, particularly in the Africaaontinent wher€. kahawaénas emerged.

In this way, although the proposed hypothese<tokahawaesmergence remain largely untested, the
recent advances dbolletotrichumsystematics, with the epitypification 6f gloeosporioidesnd the

use of multi-locus datasets, as well as a more cehgmsive understanding of the limitation and
challenges of the current taxonomy, are creatisgla starting point to unravel this issue. Knowing
the specific origin ofC. kahawaewould have deep implications in our knowledge ®&DCsince it
would open the possibility to discover what eveartd changes led to the emergence of such a virulent

pathogen amongst tl@& gloeosporioidesomplex.

3.3 Population Studies on C. kahawae

Population genetics and molecular phylogeograptey feslds that can hold answers to important
questions concerning the evolution of pathogensthedliseases caused by them, through the analysis
of the amount and distribution of genetic variatwithin and among populations. The population
genetic structure is determined by their evolutignaistory and can give insights not only into the
processes that shaped populations in the pastalbatinto the future evolutionary potential of the
pathogen [96]. This knowledge can then be appledgtimize the management of resistance genes
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and/or fungicides and maximize their useful lifpestancy, minimizing the losses that result from th
loss of efficiency of such control measures [17].

Vegetative compatibility and pathogenicity teste aften employed in population studies ©f
kahawaeand despite useful to identify and characterizgimtt groups of isolates, they constitute
indirect measures of the underlying genetic valitgbiAnalysis of the genetic variation provides a
more direct measure but has not been as used platexkas the two former methods.

3.3.1. Vegetative compatibility groups

Vegetative compatibility is a fungal biological pess by which two different fungal haploid strains
fuse their hyphae in their contact zones and foegetative heterokaryons, i.e. hyphae with the
presence of two haploid nuclei [97]. Strains that eompatible with one another are described as
members of the same vegetative compatibility gr¢M@G). Otherwise, vegetative incompatible
strains are unable to form heterokaryons with ezttler and are described as belonging to different
VCG [97]. This compatibility acts to restrict trdes of nuclear and cytoplasmatic elements during
vegetative growth and is controlled geneticallipedl independently from sexual reproduction [98].

In several fungal species, VCGs have been applidd warying degrees of success in characterizing
isolates into pathotypes or geographic groups [@B:1However, the most recent comprehensive study
in C. kahawaeusing a wider sampling and mutants, found only amen VCG, supporting the
existence of only one population but with indicaaf some geographical specialization [102].

3.3.2. Pathogenicity variation

Pathogenic variation of. kahawads usually assessed through pathogenicity testsypocotyls or
detached berries, and is commonly used as it cea piaactical consequences for disease control and
management. In such tests, small but significafferginces in the aggressiveness of isolates from
different geographic region are often revealedj81,03,104], and some authors further suggested the
existence of physiological races [111]. Unfortuhatthese studies were fragmented and sam@led
kahawaeisolates from different geographic combinations ahds, tended to reach to different
conclusions on the most aggressive strains. A moreprehensive study with a broad sampling of
fungal isolates is still required.
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3.3.3. Genetic variation

Until now, research on the genetic variation @f kahawaepopulations has been a daunting and
challenging task. In 1993, Sreenivasaprasadl. carried the first study using a wide range of
molecular techniques, such as rDNA and mtDNA RARRPDs and ITS locus sequencing, on a
relatively small sampling o€C. kahawaeand C. gloeosporioidessolates, revealing an absence of
genetic variation amon@. kahawaesolates [106]. Strikingly, since 1993 the sanms&ults have been
obtained by several subsequent authors, using ahee sand additional methods, and samplig
kahawaeisolates from several geographic locations [41104]. For that reason the species began to
be regarded as a genetically homogeneous populafitbna common origin and subsequent clonal
dispersal throughout its geographic range. Onlem#lg, additional and more sensitive markers for
detecting polymorphisms within species, such asAklere employed and unraveled the existence of
a small amount of variation [32]. Despite the laampling and subtlety of the differences, the awghor
suggested the existence of geographically diffeaed populations based on the divergent AFLP
banding pattern of three isolates from Cameroon Matawi, from the remaining sample. Using the
ITS sequence region, Manuet al. also found slight differences among isolates frangola and
between Angola and other east African countrieg [42

Nonetheless, population genetic studiesGrkahawaehave revealed the species as a nearly clonal
population with insufficient genetic variation toagv any inferences on its origin or dispersal pate

Overall, VCG, pathogenicity and genetic variatioggests the existence of some genetic variatian, bu
no global and consistent structuring has been lgleavealed yet. Sequencing represents a good
alternative to find polymorphic loci [96] and detgpthe employment of several molecular techniques,
the analysis of nucleotide sequence variation feomulti-locus dataset i6. kahawaaemains largely
unexplored. Moreover, this approach has showed igmogn results in resolving phylogenetic
relationships and phylogeographical patterns beslpecies level, when other techniques are not so wel
succeeded [108-113].

3.4 Mating and Reproduction

In the Colletotrichumgenus, as in other fungi in general, there is menxlature distinction between
the sexual (teleomorph) and asexual (anamorph)estad a speciesGlomerella represents the
teleomorphic stage, whileColletotrichum represents the anamorphic stage. Classification as
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Colletotrichumor Glomerellais often based on the ability of single-sporeunds$ to produce perithecia
[114], a sexual structure where meiosis and asecespéormation occur [98]. Following this
description, strains designated by their anamorplaime are either presumably incapable of sexual
reproduction or simply represent the imperfect stafthe fungus [114]. However, this morphological
distinction is far from conclusive of the sexugbneduction capability of a fungus as it might beher
rare or more likely to occur under unknown spectalditions [115-117].

C. kahawaehas no known sexual stage and is described asexma fungus, based on morphological
criteria and field observations [35]. In fact, aftee first studies demonstrated lack of variapiiit the
limited number of loci sampled, it was assumed thest was a case of a true asexual pathogen [32].
However, it has been showed that the emergenceélcpopulations is uncoupled with the capacity
of a fungus to undergo, or not, sexual reproducfid®6,118]. Nearly all of the fungi studied show
recombining population structures in addition tonellity and the source of recombination can berothe
than sexual reproduction, such as parasexualityitotic crossing-over [116,119]. The same survey
also showed that whenever genuinely asexual lireageur, they do not persist for evolutionary
meaningful lengths of time and therefore, are emély rare [116].

In a wide range of fungi, complex developmentatdrauch as cell identity, morphogenesis and sexual
development are controlled by the mating type (MAIG [120]. While the vast majority of sexually
reproducing organisms occur as just two sexes aingiaypes, transitions in sexuality from two to
multiple mating types, and vice versa, have occuirethe fungal kingdom [121]. Since the great
majority of Ascomycetes have two mating types and locus [122], focus has henceforth been given
on this system. Based on general Ascomycete cadest the single MAT locus (MAT1) is bipolar:
exists as two alternate forms, defining two matiyges (MAT1-1 and MAT1-2) [122,123]. In
compatible heterothallic matings, two differentagis, each bearing one of the two idiomorphs, are
required. In homothallic interactions, a singledahstrain carries copies of both idiomorphs, eithe
linked at the MAT1 locus, or, less commonly, in ey area of the genome at a second locus MAT2.
The alternate forms at the single MAT locus ard¢edalidiomorphs” rather than alleles since theylac
similarity to each other and do not normally recamb Each idiomorph consists of a unique DNA
sequence flanked by almost identical sequenceseleetwhromosomes [122,124]. Further molecular
analysis revealed the presence of DNA-binding maaitif the protein, suggesting that they encode
master transcription regulators [122]. These bigdimotifs allow the two forms to be distinguished:
one idiomorph, MAT1-1, encodes a protein with gghatdomain, while the other, MAT1-2, encodes a
protein with a high-mobility group (HMG) [98]. Thugh gene disruption it was revealed that these
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genes are strictly needed for sexual reproductimh raeiosis, though in some asexual fungi loss of
sexual reproduction seems to be related with otitmprortant genes [122]. Currently, there is an
ongoing debate regarding MAT functions besidesdleproduction-related. However, their mutually
exclusive character in heterothallic species withmpletely different translated proteins harboring
different binding motifs is a strong argument agaiie retention of vital functions for fungi sural
other than those related to reproduction [122].

However, theColletotrichumgenus has been documented as an apparent deviratiorthis system
[125,126]. Studies in some species of the genud Wwitown sexual stage such &lomerella
lindemuthiana (anamorph: Colletotrichum lindemuthianuyn Glomerella graminicola (anamorph:
Colletotrichum graminicola and Glomerella cingulata(anamorph:Colletotrichum gloeosporioidégs
support the idea that the standard ascomyceteguoafion of two idiomorphs at the MAT locus does
not hold true[126]. Individuals from these species can be batmdthallic and heterothallic and
segregation studies suggest that a single locdsmuittiple forms controls mating 8. cingulataand
two unlinked loci control mating i®. graminicola [114,125-127]. Most of these conclusions are thase
on crosses and segregation patterns of geneticensabdut few studies have directly analyzed MAT
genes. One of these few studiesGidindemuthianareported that in both parental strains as weihas
the analyzed progeny, sequences homologous toM® bbx of the MAT1-2 idiomorph were always
found and namedMatl-2-1 [128]. Recently, in an extensive sampling of 1langinicolous
Colletotrichumspecies, only a single idiomorpMatl-2-1, was identified in the ~30 kb of the MAT
locus gene cluster analyzed, regardless of theodeptive lifestyle [129]. On the other hand, the
MAT1-1 idiomorph was never revealed. Apparently @olletotrichumgenus has a unique mating
strategy in need of empirical data to unravel iechanism.

Several population studies have already been daoué using MAT genes sequencing in a wide array
of fungi with the standard homothallic or heterdlihamating systems [130-133]. These studies
revealed that MAT genes are under intense purifgiglgction in individuals from the same species due
to their importance in mating and nuclei recogmit[@30]. Even putative asexual species showed the
presence and high conservation of MAT genes [13},Rurther research revealed that this selection
was not homogeneous through the entire gene ahddhee regions seemed to be under a more neutral
selection, launching an ongoing debate [136].

However, until now there are no reports of popolatstudies using the complete MAT1-2 gene on
Colletotrichumspecies. Yet, the acquisition of such knowledge ldv@xpand our understanding not
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only of the selective constrains operating on gfgee but also of the asexuality ©f kahawaeMany
reports on other putative asexual fungi revealatl &nalysis of MAT genes provided evidence that led
to a shift in their sexual status [116,126,137]e THonservation of the nucleotide sequence as well a
protein conformation in asexual species when coetpavith closely related sexual species gave a
strong support to question their true sexual natlifee same approach could be used in Ghe
kahawaéC. gloeosporioidesomplex, though with the additional caution thia¢ tmating system is
apparently not the same and that Mhegt1-2-1gene described may not have the exact same fuarasio
its homologous in other fungi species.
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Application of the Apn1/MAT locus to improve the sys-
tematics of the Colletotrichum gloeosporioides com-
plex: An example from coffee (Coffea spp.) hosts
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One of the most longstanding issueiwlletotrichumtaxonomy has resided in how to properly addressisp com-
plexes.C. gloeosporioidess one such complex, and hitherto the most chgiltenone due to its wide morphological,
biological and host range. Systematics of this demmand also o€olletotrichumin general, are now witnessing a shift
from the morphological and cultural based speadiEntification, towards molecular phylogenetic agmites with
multi-locus datasets. These approaches show pramiseognizing stable and well resolved specidghiwicomplexes,
but their usefulness is limited to the informattbat molecular markers are able to convey. To impm@nd expand our
limits in this regard, we have successfully devetband applied a new set of molecular markers ft@mApn1l/MAT
locus, to a case study of 22 isolates, mostly famfiee hosts, representing five well characterigpdcies formerly
within the C. gloeospoiroidesomplex. Markers from the new locus revealed astanding informative potential when
compared to other commonly used molecular markesk as ITSB-tub2 and GS. Among those, the ApMAT marker
alone was almost as informative in terms of phyhagie resolution as the seven gene concatenatadedatHiowever,
results further reveal that gene tree discordanag come to be a common issue in the process ofespdelimitation

in the C. gloeosporioidegomplex, highlighting the importance of multi-lacapproaches. The use of state-of-the-art
data analysis techniques and a highly informatatasets as employed here may abate this issueopefully assist in

disentangling th€. gloeosporioidesomplex.

Keywords: (Species phylogeny — Incomplete lineagengor Bayesian Estimate of Species Tree
(BEST) — Mating type (MAT) locus)
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Introduction

Disentangling species complexes in @aletotrichumgenus remains a considerable challenge for taxenom
ists in the years to come. Given the worldwide ingrace of this genus constituted mostly of plarthpa
gens, it became essential to accurately identiégigs and/or pathotypes to improve biosecurity disdase
control (Caiet al, 2009; Johnston and Jones, 1997; Freeetal 1998). Morphological, cultural and host
preference criteria have been the primary basispecies identification and delimitation but duetheir
unreliability and limited number of diagnosable i&d@eristics they have led to longstanding and soived
taxonomic issues (Cannat al, 2000; Duet al, 2005; Hydeet al, 2009a; Afanador-Kafuret al, 2002). As
Sutton (1992) noted, morphology alone is unlik@yptovide enough information to improve systemafic
the C. gloeosporioidespecies complex.

C. gloeosporioidess regarded as the most challenging species canpleesolve, comprising the broadest
host range of alColletotrichumspecies (Dwet al, 2005). Fungal strains from this complex were adse
reported in at least 1800 plant species and presetita wide range of morphological and pathogeaiia-
tion that the species name is of limited practicse (Phoulivongt al, 2010; Duet al, 2005). A major con-
tribution for the emergence of this complex was rision of the genus by von Arx (1957) in whiah a
artificially enlarged spore range was placed astarion for C. gloeosporioidesdentification. As this crite-
rion was followed by researchers, mabglletotrichumstrains with similar cylindrical conidia were iden
fied asC. gloeosporioidedumping together potentially distinct taxa (Chathortyet al, 2002; Freemaat al,
2000; Hindorfet al 1970; Munaukt al, 1998; Xiaoet al, 2004, Hydeet al, 2009b). Since the last major
revision of theColletotrichumgenus (Sutton, 1992), most studies@ngloeosporioidesystematics have
addressed only specific hosts (e.g., Abah@l, 2002; Lubbeet al, 2004; Xiaoet al, 2004; Suzukkt al,
2010), frequently moving pathogens to other speaesh a<LC. acutatum(e.g.,Brown et al, 1996; Martin
and Garcia-Figueres; 1999, Sreenivasaprasadl 1994) andC. boninensde.g., Ramogt al, 2006), among
others. The complexity of. gloeosporioidegenetic structure and the breath of hosts it iithdampers
studies addressing the entire complex, which resnaiainly delimited by Sutton (1992) broad criteiia,
practical terms supported by simple-to-use toothsas the ITS-based specific PCR primers develdyyed
Mills et al (1992).

On the long road towards a comprehensive undergtati this complex, the recent epitypification ©f
gloeosporioidegCannonet al 2008) was an important first step. Ever since, ahailability of living type
strains and sequence data has provided a solicknefe basis to which isolates can be comparedtimefu
research. The criterion to consider a genetic\ensta species has been subject of much debatgtioot
the years and the gen@olletotrichumhas been an example of such (Canabial 2008). Currently, the
diversity threshold considered sufficient to defangpecies has been loweringdolletotrichum supported
by molecular data. An example of this is the dimisof the monophyletic speci€s acutatuminto five spe-
cies (Shivas and Tan, 2009), based on previous almekacterizing the genetic diversity of the “atual
cluster (Sreenivasaprasad and Talhinhas, 2005)pRylktic taxa such aS. gloeosporioidesire following
this trend. For instance, Prihastetial (2009) were able to identify three new distinat@ps on coffee hosts
(Coffeaspp) in Thailand from theC. gloeosporioidesomplex, using a multi-locus phylogenetic approach
Likewise, Phoulivonget al (2010) revealed that the typifi€dl. gloeosporioidesloes not seem to occur in
tropical fruits of Thailand and Laos, as previousigught.

The emergence of molecular systematics using riodtis phylogenies in combination with morphological
and cultural characters, is revealing to be a reffiextive way to resolve species complexes andtalsm-
derstand species evolutionary relationships éai, 2009; Crouctlet al, 2006; Crouctet al, 2009a; Prihas-
tuti et al 2009; Tayloret al, 2000; Damret al, 2009). Even though single gene phylogenies, maising
the Internal Transcribed Spacer (ITS) region, hagen frequently applied over the last decades ¢o th
‘gloeosporioides’ complex (Sreenivasaprasadl 1996; Sreenivasaprasatial, 1993; Johnston and Jones,
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1997), their resolving ability has been fairly lted and sometimes casted even more confusionefCali
2009; Crouctlet al, 2009b). The limitations of ITS are already beimgll recognized and thus, the develop-
ment and use of more informative loci has becorneemsingly necessary if one aims at unravelingeitis-
tent distinct species and their relationships antbeg. gloeosporioidesomplex.

For this purpose, we developed and used sever&ensafrom the Apn1/MAT locus to improve systematic
resolution and knowledge. As previously shown bguchet al (2009a), markers from this locus had an
outstanding performance in resolving the gramimuas(Colletotrichumgroup, although they have been im-
possible to apply to other groups, due to theihlyigariable nature. Since the ‘gloeosporioideghptex is
huge and unlikely to be settled in one sitting, vawe further exploited this region for marker depehent
and assessed their usefulness when compared tocotinenonly used nuclear genes or regions, focusing
a well characterized group of species from coffesti These included the known pathogénkahawage
and other opportunistic pathogenic species recetidyacterized by Prihastugt al (2009), as well as type
representatives @. gloeosporioidesn addition, considering that molecular markeosf different loci are
prone to reveal incongruent species relationshigstd incomplete lineage sorting or deep coalescesc
sulting from their recent divergence (Degnan & Rumezg, 2009; Edwardst al 2008), we also applied a
recent Bayesian data analysis technique for sp&@egeconstruction and compared it to the roiytineed
method of concatenation.

Materials and Methods

Fungal material and DNA extraction

The list ofColletotrichumisolates used in this study is provided in Tabl&liheteen isolates were obtained
from the collection maintained at CIFC/IICT, Poralilgand three from the Mae Fah Luang University,
Thailand, representing 6 previously characterizeecies from theC. gloeosporioidesomplex:C. fraga-
riae, C. gloeosporioidesC. kahawaeC. asianumC. siamensandC. fructicola For the four later species,
type specimens were available and employed. Opttier hand, th€. gloeosporioidesample was consti-
tuted by isolates which are similar to the desdibpitype at the ITS angttubulin 2loci (GenBank acces-
sion numbers: EU371022 and FJ907445, respectivak@wise, Blast analysis of the MAT1-2 HMG locus
enabled the identification of five studied isolatesC. fragariae by comparison with the species epitype
(GenBank accession number: DQ002827). THeséragariaeisolates were used as outgroup taxa, since
recent studies show this species as the most basafe of theC. gloeosporiocidecomplex (Caiet al,
2009). Except fo€. gloeosporioidessolates, which were isolated froDlea europaeandCitrus lemon all
others were obtained from coffee hogeffeaspp.). Isolates were revived on Malt Extract Ager (MEA)
with a bacterial inhibitor (KCNS, 50mM) and growor f5-7 days. Isolates were then grown in liquid iaed
containing Malt Extract (3%) and Peptone (0.5%)1f2r14 days at 25°C in the dark and DNA was exthct
from freeze-dried mycelium with the DNeasy plannMit (Qiagen, Hilden, Germany) according to manu-
facturer’s instruction.

Apnl/MAT locus marker development strategy

A novel set of specific primers was developed t@ligna portion of the Apnl/MAT locus (Fig. 1). Thi
locus comprises two genespnl (~2,244bp) andMAT1-2-1(842bp), separated by an intergenic region of
~713bp. A representative sample of 10 isolates,peising the six species, was used to amplify and se
guence the full portion of the locus. Primers weesigned using PerlPrimer v1.1.18 (Marshall, 20Tk
first two sets of specific primers (AM-F/AM-R and34-F/M5L-R)(Fig. 1) were designed within and flank-
ing the conserved HMG domain BIAT1-2-1, using a singl€. gloeosporioideaccession in GenBank
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Table 1 Colletotrichumisolates used in this study

| solate Species or Host Origin  —GeneBank Accession Numbers
undetermined group ITS  btub2  GS  ApnlsL  ApMAT MAT12-1 MATSL

Que2’ C. kahawae C. arabica  Kenye o - o - - - -
Tanl2 C. kahawae C. arabica Tanzania - o - - - ==
Mal2 C. kahawae C. arabica Malawi . o - - - ===
Bur2 C. kahawae C. arabica Burundi . o - - - -
PT111 C. gloeosporioides ~ Olea sp.  Portugal - '" - - - - -
PT21* C. gloeosporioides  Citrus sp. Portugal
PT220 C. gloeosporioides Olea sp. Portugal
BDP-I 2* C. samense C. arabica Thailand
Mal5* Group B Coffea sp. Malawi - - - - - ---
CCM5 Group B Coffea sp. Kenya - - - - - -
Bra9* Group B Coffea sp.  Brazil } - - - - -
Coll Group B Coffea sp Colombia -
Chig* Group B Coffeasp. China -
BDP-I 4* C. asianum C. arabica Thailand )
BDP-I 16* C. fruticola C. arabica Thailand -
Ang40 Group C Coffea sp. Angola o o - - - ---
Ang97 Group C Coffea sp. Angola
Bras C. fragariae Coffea sp. Brazil
Bra5* C. fragariae Coffea sp. Brazil o '" - - - -
Ang52* C. fragariae Coffea sp. Angola o - - - =" ---
Ang91l C. fragariae Coffea sp. Angola
Ang84 C. fragariae Coffea sp. Angola

* |solates included in the representative samplesémjuencing of the full Apn1/MAT locu§jsolates received . gloeosporioides
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(AY357890) as a template, which contains 11,592bp

( Apnl MATI-2-1 of sequence including the Apnl/MAT locus and
ASLF  AEXAF  ASLF amF | |cvr MsLF flanklng reglo.n.s. The foIIo_wmg conditions were dse
n = = -+ i in PCR amplification: 3min at 94°C followed by 30
- 1 Hmmw | 1 . cycles of 45s at 94°C, 45s at 62°C and 1min at,72°C
with a final extension of 7min at 72°C. The amplifi
A A\ \m - v AN .
100bp —  A3L-R  AEx3-R  ASL-R AM-R CM-R M5L-R| tion products were sequenced and used as templates,
Key: P along with theC. gloeosporioidesccession, for fur-
== Intron [l Exon ww Intergenic 2 rslil:fr ther primer design. Based on these, primer pairs CM

F/CM-R and A5L-F/A5L_R were designed to amplify
Fig. 1 ApnléMA'l;]}OCUSdSh?KVing the IOhOSiti%n OLthfe the remaindeMAT1-2-1gene and the 5 end of the
e s avesion ot s vamamson ! Aprl g, respeciively (Fg. 1). PCR conditons

were identical except for the use of a 66°C anngali
temperature for the CM-F/CM-R pair. With the ob&dnsequences from the 5’ endAgnlused as tem-
plates, primers AEx3-F/AEx3-R, and subsequentlynprs A3L-F/A3L-R, were designed to amplify the
remaining portion of thépnlgene (Fig. 1). Amplification reactions were penfied as follows : 3min at
94°C followed by 30 cycles with 45s at 94°C, towmkd annealing step for 45s starting at 62°C andedse
ing 0,5°C per cycle until stabilizing at 57°C dgrithe remaining 20 cycles, 1min at 72°C and a fxaén-
sion of 7min at 72°C. As described in Table 2, nbenenclature of the molecular markers developeasis
follows (from the 3’ ofApnland onwards): Apn13L, with A3L-F/A3L-R; Apnl1Ex3jttv AEX3-F/AEX3-R;
Apnl5L, with ASL-F/A5L-R, ApMAT, with AM-F/AM-R; MAT1-2-1and MATS5L, with CM3-F/M5L-R.

Molecular data

Using the complete sampling of this study, five leac genes and two intergenic regions were seqdence
From the Apn1/MAT locus described above, the twierigenic regions (ApMAT and MAT5L) as well as
the MAT1-2-1gene and the Apnl5L gene fragment were selectesl cdmplete rDNA Internal Transcribed
Spacer (ITS) (Brownet al 1996) nuclear region and two gene fragments fydtmbulin2 (B-tub2)
(O’Donnel and Cigelnik, 1997) ar@luthamine syntethaq&S) (Prihastutiet al, 2009), were also analyzed,
using primers and PCR conditions previously deschilPCR products were verified by staining withi-eth
dium bromide (EtBr) on 1.2% agarose electrophorast purified using SureClean (Bioline). Sequencing
reactions were carried out using the BigDye verdidnchemistry (Applied Biossystems) on an ABI pris
310 automated sequencer. Amplicons were sequendsath directions and chromatographs were manually
checked for errors in SEQUENCHER v4.0.5 (Gene C@iwgporation).

Data analysis

Datasets for each marker were aligned in MAFFT 1/8b7(Katohet al, 2009) using the L-INS-i method,
followed by manual refinement in BioEdit v7.0.5l1sing the complete sampling, the nucleotide divgrsi
(m) and its standard deviation were estimated foh eatected marker in DNasp v5 (Roeasl, 2003). Ad-
ditionally, in order to compare the polymorphisnivizegen and among all used markers in the represantat
sample, a sliding window analysis of nucleotideedsity was performed, with a window length of 5Gbl

step size of 25bp. Sites with alignment gaps weteansidered in the length of the windows ancaksalima-
tions were performed using the standard paramefdh®e program. Output graphics were produced erRth
package v2.10.1 using the ggplot2 library.

To create concatenated matrixes from the individigihsets, the Concatenator software was used-(Pina
Martins and Paulo, 2008). Three combinations weasembled for subsequent comparative purposes: the
Apn-MAT dataset with the combination of only ApnlAW locus makers, exceMAT1-2-1
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Table Z Primer pairs used to amplify the Apn1/MAT locus¢arding to Fig. 1

Locus ) Amplicon
) Primers Sequence 5-3’ )
Region size (bp)
A3L-F TGACATGGAACGGTGAGTG
Apnl3L 740
A3L-R TTCCAGTCCTCGACCGTCA
AEX3-F CTCATCGGCACCTACAGC
Apnl1Ex3 840
AEX3-R CGGAGACATCTTGCTCGTG
AS5L-F CAAGCGACGAAGTATACGAG
Apnl5L 900

A5L-R GCATCACGGGAATAACTAGG
AM-F CCAGAAATACACCGAACTTGC

ApMAT 910
AM-R TCATTCTACGTATGTGCCCG
CM-F TCTACCTCATCGACGCTGCT
MAT1-2- 550
y CM-R CATGTGGGCAAAGGATGGC
M5L-F  ATCTTTGCGGTAGAGAATGAAGG
MATS5L 830
M5L-R GACCCTTCTATGAACGAGCC

the Traditional dataset, with the combination o8)B-tub2 and GS; and the total combined datddé(T1-
2-1was not included in the Apn-MAT dataset in ordebalance the sequence length of both Apn-MAT and
Traditional datasets, providing a more even conspati Phylogenetic trees were constructed fromnte i
vidual and combined analyses of the seven nuckggoms using Maximum Likelihood (ML) and a Bayesian
framework with Markov Chain Monte Carlo (BMCMC). @mwere treated as missing data. The ML analy-
sis was run in PAUP* v4.0d99 (Swofford and Begl893) with heuristic searches of 100 replicates with
random sequence addition and a Tree-Bisection-Rextion (TBR) branch swapping algorithm. Nonpara-
metric bootstrapping was conducted using 1000 pepticates with 10 random additions and TBR branch
swapping. ModelTest v3.7 (Posada and Crandall, 1888 used to select the best fit model of nudlkeoti
evolution, under the Akaike Information CriterioflC), for each dataset. The BMCMC analysis wasirun
MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003} wie optimal model selected under the AIC, as im-
plemented in MrModelTest v2.3 (Nylander, 2004),dfed as prior for each partition. For the indival
and combined datasets, Bayesian posterior probesilivere generated from 3xX18nd 1x18 generations
respectively, sampling at every 160generation. The analysis was run three times with @pld and three
incrementally heated Metropolis-coupled Monte Cavlarkov chains, starting from random trees. x10
generations were discarded as a burn-in. Trees tlverecombined and summarized on a 50% majorig-rul
consensus tree.

The total combined dataset was also analyzed ubmgpecies tree approach implemented in BEST (Liu,
2008) to incorporate the signals of each markeiSBBas been shown to deal with the common issue of
deep coalescence in recently diverged speciesel a hierarchical Bayesian approach to estimatgiht
posterior distribution of multiple gene trees asdmown to provide more accurate estimates thandhea-
tenation method in some multi-locus datasets (bidi Rearl, 2007; Edwards al, 2007). The BEST analysis
was run in MrBayes v2.3 and model priors for eaalttifion were estimated as in the BMCMC analysis.
Priors included an inverse gamma distribution (B08) for theta and a uniform distribution (0.2 f@&) gene
mutation, and were estimated as part of the arsalysiotal of 2.5x1d generations were sampled at every
2000 generations. Convergence and mixing were segder all parameters using Tracer v1.4 (Drummond
and Rambaut, 2007). The species tree was constrirora the combined runs.
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Topology tests

The current taxonomic relationship of the studipdcées was also assessed through topology testaaim
relevant dataset. Alternative hypothesis were teatminst the most recent hypothesis of relatigusshe-
tween our species of interest (Phoulivarigal, 2010) using the topological test of Shimodair&&segawa
(Shimodaira and Hasegawa, 1999) as implementedAlWPP v4.0d99 (Swofford and Begle, 1993). Al-
though, this current taxonomy was not formally asded, it provided an objective starting point dar
analysis. First, we tested the unconstrained pleyles of each dataset that revealed discordaasgess if
their branching order was significantly incongruevith the current taxonomy. In addition, sinCe sia-
mensereceived only moderate support in the currentiiaroy, we also tested the alternative hypothesis of
its monophyly to the second closest ta@aasianuni.e. [[C. siamenseC. asianury C. fructicold, instead

of the current taxonomy (. siamenseC. fructicold, C. asianurl) for congruent datasets. One thousand
replicates were performed by resampling the pdikielihoods for each site (RELL model).

Results

Molecular markers analysis

We have successfully developed and tested a newf Sgtecific primers that allowed the amplificatioh
~4061bp from the Apnl/MAT locus. Each primer paioguced partially overlapping fragments that, in
combination, spanned all but the first 21 codon&il, the intergenic region betwe&pnlandMAT1-2-1

ITS b-tub2
0.20 0.20 0.20 GS
)
s B
S B 015 0.15 0.15
S T
; o o010 0.10 0.10 pm 0.00
= 0.05 0.05 0.05 0.05
A
] % o Y . 0.10
Locus Map ———xomi—— OO l 0.15
100 200 300 400 100 200 300 400 500 200 400 600 800 0.20
Apnl/MAT locus : ; ;
0.20 : ; : : Key
o B : :
E E: 0.15 : [ Exon
§ E \ : \ : —— Intron
S g 010 - ) .
z 2 : --- Intergenic
2 .05 ]
/ 7 Marker
0 / I / . Z LV
: DNA
— ; : - ------ - - g rdN
: Apnl - - MATI-2-1 -
LocusMap| A SN DR N SN A SR A A N
_ Apni3L [ ApnlEx3 [ ApnlSL | ApMAT [ = MATI-2-1 :MATSL
500 1000 1500 2000 2500 3000 3500 4000

Base Pairs (BP)
Fig. 2 Sliding window analysis of the nucleotide diversfty estimated from the molecular markers used, basea
10 isolates representative sample. The window keisgb0 and the step size is 25 bp. For each ldmisw the sliding
window graphic, a schematic representation of gerergenic or rDNA segments along their lengtipiiesented. In
the Apn1/MAT locus graphic, the vertical dot linepresent the molecular markers boundaries. Graphére pro-
duced and adapted from DNasp v5 estimates using freckage.
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Table 2 The length (bp), number and percentage of pardhe complet?MAT1-2-1gene and a small intergenic
mony informative sites (PI;%PI), estimated nuckeeti region adjacent to the 3’ end BMIAT1-2-1(Fig. 1).
diversity r) and Model of sequence evolution for eaciAS in previousColletotrichumstudies, only one

dataset using the complete sample ) an
mating-type (MAT) locus idiomorphMAT1-2-]

Data L‘(at:‘g)th Pl %Pl m Model was obtained (Garcia-Serraed al, 2008). Clean
T ivional Gl bands were reproduc@ly ampllfled. for all the iso-
TS 489 14 2.86% 00077 TrNef+| lates, with the occasional exception of Apnl3L,
b-tub2 578 77 13.32% 0.0436 TIM+G Whose amplification success was intermittent. PCR
GS 889  14115.86% 0.0433 Ksiuf+l amplification generated amplicons of ~740bp for
Apnl5L 883 16819.03% 0.0559 TiN+G  Apnl3L, ~760bp for ApnlEx3, ~840bp for
APMAT 772 268 34.72% 0.1282 HKY+G  Apn15L, ~910bp for ApMAT and ~1040bp for
MAT1-2-1 843 14417.08% 0.0642 TIM*G  \iaT1.2.1 and MATSL. An overview of the
MAT5L 213 42 19.72% 0.0512 TIM+] . -

Combined datasets Apnl/MAT Ioc_:gs map is presented in Fig. 2, along
ApnMAT 1886 478 25.34% with the position and length of each developed
Traditional 1965 23211.81% marker, excluding overlapping segments. The ITS,

Total 4676  80117.13% B-tub2 and GS markers generated products of the

expected size, and their locus map is also predente
(Fig. 2). Sequences were collected and submitte@anBank under the accession numbers described on
Table 1.
The complete set of markers was sequenced forraseqative sample of 10 isolates comprising the fi
studied specieg)( kahawageC. gloeosporioidesC. asianumC. fructicolaandC. siamensg plus outgroup
(C. fragaria@. This preliminary dataset was subject to a slidiiigdow analysis to quantify nucleotide po-
lymorphism along the sequence of each marker aqiadade a comparative exploratory analysis between
markers (Fig. 2). The commonly used ITS region tedlowest overall nucleotide diversity € 0.0077),
since it was mostly invariable, and should provittee usefulness for systematic analysis. Theantrich 3
tub2 @ = 0.0436) and GSr(= 0.0433) gene fragments, presented a signifiteaptovement but are still
constrained by regions of low polymorphism. Theatgst improvement, was provided by the Apn1l/MAT
locus as even the most conserved marker of thigsloApnlEx3, revealed higher polymorphism <
0.0467) tharg-tub2 and GS. However, the most striking result feasd for the intergenic region, ApMAT,
which showed a very high nucleotide diversity50.1282), revealing a tremendous informative poaknti
for the ‘gloeosporioides’ complex and related taks.nucleotide diversity exceeded in more than fald
the diversity of b-tub2 or GS fragments, both irr@ge and along the sequence. Moreover, this ragion
flanked by the relatively conserved regions onfiha exons ofApnl1andMAT1-2-1 which provides a suit-
able ground for primer development. TRAT1-2-1gene £ = 0.0512), although much more conserved in
exon sequences, showed a considerable diversitg ortrons, particulary the second in the HMG oggiln
the Apnlgene, the nucleotide diversity seems to be ra@htiliigh even in exon sequences, though it was
highest in the Apn13L marker regiom £ 0.0739) due to the presence of a pair of intrdihe Apnl5L re-
gion (r = 0.0559) also showed a considerable diversitifjquéarly along the exon sequence.
Taking into account the distribution of the nucidetpolymorphism along the locus as well as theagyp-
cibility of the PCR amplification of the differemarkers, two gene fragments (Apnl15L &nAT1-2-) and
two intergenic regions (ApMAT and MATS5I) were sdled for further analysis. A total of 22 sequences
were generated for seven nuclear markers (BFsib2, GS, ApMAT, Apnl5L, MAT1-2-1 and MAT5L),
totalizing 4676bp of sequence data for each is@atdied. Using parsimony and nucleotide diversigtis-
tics as comparative benchmarks, all of the newhlettmed markers revealed to be more informative tha
the traditional markers (Table 2). The ApMAT, Aph]1BAT5L and MAT1-2-1 were 35%, 19%, 20% and
17% informative, comparing with the 3%, 13% and 1&Rthe ITS,p-tub2 and GS, respectively (Table 2).
Regarding the combined datasets, even excluding M2ZT to balance the sequence length of the twe par
tially concatenated datasets, the Apn-MAT dataghibited 478 polymorphic sites (25%), while thedira
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ApMAT - Apnl5L Ck Que2 MAT1-2-1
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1001l ca p s /1,Cg
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Cs Coll — Cs Col2 87/1;Cs Mal5
Cs Col2 /.57 Cs Chi4 Cs CCM5
99/1 82/.80 ! .
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0.1 substitutions p/ site 0.05 substitutions p/ site 0.05 substitutions p/ sitcs
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d) e)
Ca BPD-14 - CaBPD-H4
0.01 substitutions p/ site 0.01 substitutions p/ site
. C. kahawae - Ck C. siamense - Cs
Species key: . _ . C. asianum - Ca
C. gloeosporioides - Cg C. fruticola - Cf

Fig. 3 ML estimated of gene trees (rooted with fragariag for five individual datasets. The remaining IT8da
MAT5L datasets provided a poor resolution and weot included. Bootstrap/Posterior values are shalvave
branches. The key to species/groups codes andsdslprovided in the bottom.

tional markers contributed with 232 polymorphiaesi{12%), less than half of the former combinatitba-
ble 2). Altogether, 801 (17%) nucleotide charactegse informative using parsimony criteria.

Phylogenetic analysis

We first constructed phylogenies from each of tidvidual markers (Fig. 3). The ML and BMCMC analy-
sis always resulted in identical topologies fortedataset, although not all gene trees had the sesoéu-
tion. For example, ITS and MATS5L provided such ppoesolved trees that no significant topology cbul
be recovered and thus, were not analyzed indiviglgdata not shown). In a striking contrast, ApMAsiio-
vided an exceptional resolving ability with spefigesup and even intragroup nodes highly supported b
both analyses (Fig 1a).

The Colletotrichumstrains whose group was initially undefined wehneven to cluster with the included
species representatives, namélysiamensandC. fructicola(Fig. 3). Generally, species/groups were reci-
procally monophyletic, although with varying deggesf support. An exception was the GS gene tree, in
which 2 isolates from th€. siamensgroup were monophyletic wit@. fructicola However, further incon-
gruities can be found when comparing the relat@w@homic position of the ingroup species. Excludihg
kahawae which was consistently revealed as the most atigidiverged lineage, all other species showed
different taxonomic relationships in each of thee¢thindependent loci analyzgd. siamensevas found to
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Apn1MAT Traditional Total
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Fig. 4 BMCMC estimated of gene trees (rooted with fragariag for the tree combined datasets. Boot-

strap/Posterior values are shown above branchesiedfgroups are highlighted with different cold@s:kahawae

OrangeC. gloeosporioidesRed;C. siamenseBlue; C. asianumGreen:C. fruticola Brown
be monophyletic with eithe€. asianum(Fig. 3a-c) orC. fructicola (Fig. 3d,e) and the second most basal
lineage obtained was eith€. gloeosporioidegFig. 3a-d) orC. asianum(Fig. 3e). Moreover, most of the
discordant trees had their branching order faitlpmorted by bootstrap and posterior probabilityueal
Consequently, the phylogenetic relationship of nepscies is not obvious based on the topologiegené
trees alone.
Phylogenetic reconstructions were then undertakem the three combined datasets to further assmss h
these incongruities would affect the species mtathip and their node support in true multi-locasadets,
and to compare their degrees of resolution. Ovebpalih the Traditional and Apn-MAT datasets prodide
almost completely resolved and highly supportedgréiowever, this means that they highly supportexd
different topologies, sinc€. siamensavas again either reciprocally monophyletic withasianum(Fig. 4a)
or C. fructicola(Fig. 4b). When all markers were combined, thesgiteng phylogenetic relationships were
congruent with the Apn-MAT dataset, supporting teeiprocal monophyly betwee@. siamenseand C.
fructicola. Interestingly, both the topology and node suppbrthe single ApMAT marker were similar to
the seven gene concatenated dataset, revealirgjnigngarity of this region for systematic purposeshe
‘gloeosporioides’ complex.

Species tree approach and topology tests

The current taxonomic and evolutionary relationshif the included species from the ‘gloeosporidides
complex, were further assessed by two statistiedhaus. First, the species tree approach of thelBio8-
ware was carried out, since it has the useful ptgmé accounting for discrepancies between gesestand
uses the coalescent theory to combine those geeg &and infer a species tree. The obtained treedskize
same topology as the Apn-MAT and total concatendtgdsets, albeit with a much smaller supporttier t
reciprocal monophyly betwee@d. siamensandC. asianum(Fig. 6). Nonetheless, the remaining relation-
ships were highly supported.

For the topological tests, we assumed the null thgwis of the most recently published speciesiogistip,
which is identical to that exhibited by the Traglital dataset (SH test, Table 3). Exceptffdub2, all indi-
vidual datasets were incongruent, but only the ditary order of ApMAT and MAT1-2-1 was significantly
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deviated from the current taxonomic understandiig {est, P = 0.035 and P = 0.000, respectivelRe-i
wise, the combined Apn-MAT topology was signifidgirdifferent (SH test, P = 0.000) but the deviatmn
the total combined dataset was only marginallyificant (SH test, P = 0.076). We also tested whethe
Traditional dataset presents a significant deuwafiom the alternative scenario, in which the tspecies
relationship is as that recovered in the total siettaindeed, when the topology for this alternatigenario
was constrained, it was not significantly differéman the unconstrained phylogeny (SH test, P 43).1

Discussion

Resolving species complexes in f8elletotrichumgenus, particularly thegtoeosporioidescomplex, is a
demanding quest in which molecular systematic taodsbecoming of the utmost importance for taxonom-
ists. However, genomic regions are not equallyrimétive and thus, it is important to selected tlusthuse-

ful regions to address this issue. The Apnl/MATubbas been successfully employed in phylogenetic s
dies in genera such &ochliobulos(Turgeon, 1998)Fusarium(O’Donnell et al, 2004) and_eptosphaeria
(Voigt et al, 2005). In our work, a newly developed set of roolar markers enabled the analysis of an en-
larged region of the Apn1l/MAT locus, revealing fiaential to provide an outstanding improvemerfate

the incoming taxonomic challenges of the ‘gloeogpdes’ complex. The analysis conducted here fotuse
in a small species group from coffee hosts belangina much wider complex of species but envisalges
monstrating the potential of the developed markeistheir application to resolve the phylogenetiation-
ships in the whole complex.

Regarding their informative potential, all of thewr markers were superior to ITS and the two comgnonl
used gene fragment$;tub2 and GS, even though these have been useafukegarded as fairly informative
in previous studies (Prihastwdt al, 2009; Talhinha®t al, 2005). The ITS sequence in particular, which is
one of the most promising regions for fungi barogdi{Seifert, 2009), performed rather poorly in our
benchmark comparisons being unable to distingyglties and recover their relationships, as othelies
have noted (Caét al, 2009; Crouclet al, 2009b; Yanget al, 2009). As evidenced by the sliding window
analysis of polymorphism and parsimony statistibs, intergenic region between tApnlandMAT1-2-1
genes revealed to be the most variable segmerthaada promising marker for both taxonomic andutep
tion genetic studies in the complex. Intergenidarg are expected to be much more variable siregdhe
generally not under functional constraints or amga selective pressures (O’'Donnetlal, 2004; Thomson

et al 2010) but, for the same reason, they are undeit&gions for primer design over a broad range of
species. However, the ApMAT intergenic segmentasked by fairly conserved regions in which primers
can be designed, making it an ideal marker forGhgloeosporioidesomplex. To a lesser extent, both the
introns fromMAT1-2-1gene and the twApnlgene extremities, already partially applied in ot@elletotri-

C. fragariae chum studies (Duet al, 2005; Crouchet al, 2009a;
Crouchet al, 2006), were rather variable and should
C. kahawae also prove useful for systematic purposes. Neverthe
1 C. gloeosporioides less, these markers are not barcode candidates, and

attempts to use them fairly outside the range efth

0.57 C. siamense gloeosporioidescomplex will probably fail, due to
. their highly variable nature even in priming sitEsr
1 C. asianum
— example, the markers developed by Crowthal
C. fruticola (2009a) to amplify partial fragments of tApnlgene
0.01 substitution p/ site and intergenic region in the same locus for the gra

Fig. 5 The species tree (rooted with fragariad), for minicolousColletotrichumspecies could not be used

the total combined dataset using BEST softwardn the isolates analyzed in this study (data not
Values above branches indicate the posterior proba-
bility support.
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shown). In fact, after obtaining the homologous se-

Table 4 Likelihood topology tests (SH) for each relevanfiuences from isolates of

dataset and hypothesis to be tested, based on dbe nthe ‘gloeosporioides’ complex, alignments reveaed
recent taxonomic understanding of the studied sgeci

Dataset Hypothesis  Diff -In L P  high level of divergence between the two groups of

[ndividual datasets species. However, these markers are much more
suitable than barcode genes to accurately dissélct a

Apl5L Current 2.73 0.259 . . . . .
unravel the existent species diversity and thea-ev
APMAT Current 1293 0.035" | sionary relationships in a complex of closely re-
MAT1-2-1 Current 80.91  0.000* |ated species. As Cait al (2009) stated, the selec-
GS Current 5.02 0.132 tion and decision of the most suitable barcode
Combined datasets gene(s) can only be made in the process of species
ApNMAT Current 20242  0.000* delimitation, s.ln(.:e o'nly then we know which ta>'<a
N need to be distinguished. In other words, we first
Traditional Current 4.97 0.143

need to fully resolve th€. gloeosporioidesomplex
Total Alternative 2571 0.076 wjth a set of highly informative genes in order to

Note — Current. asianum (C. fruticola C. siamensd adequately search and select a barcode candidate.
and Alternative C. fruticolg (C. asianum C.siamensp Our study revealed the ubiquitous presence of only
hypothesis tested; * Significance with p < 0.0%Bigni- one MAT gene MAT1-2-1 which comes in agree-
ficance with p < 0.10 ment with other studies in th@olletotrichumgenus
(Garcia-Serranet al, 2008; Cheret al, 2002; Vail-
lancourtet al, 2000). In the fungal kingdom, MAT genes are knavemscription factors that regulate sexual
development and recognition (Kronstad and Stab887)1 However, their configuration i@olletotrichum
species seems to deviate from the great majorith@fascomycetes, where a single MAT locus (MAT1)
exists as two alternate forms (MAT1-1 and MAT1-@llled idiomorphs because they lack the similaoty
be termed alleles (Turgeon, 1998; Rydhdatral, 2007). Thus, the exclusive presence of a MAT ot
logous gene in all of the species included in thisk supports the idea that the genetic controleulyihg
sexual reproduction in this genus does not confrnany known system in the entire fungal kingdom
(Crouch and Beirn, 2009).
In our sampling, all isolates clustered into fivewgps, each corresponding to the previously cherazed
ColletotrichumspeciesC. kahawagC. gloeosporioidesC. asianumC. fructicolaandC. siamenseThese
species have been recently described in coffeeotivet hosts and their phylogenetic relationshiperiad
from multi-locus datasets (Prihastatial, 2009; Phoulivongt al, 2010). From the individual gene trees, the
ApMAT marker was singular in its ability to resolgpecies and even intraspecific relationships. alan
provided essentially the same information and stpg®the concatenated tree of seven markers} shiga
was not achieved by any other individual markere Bther markers had variable levels of resolutiod a
support, ranging from low to moderate, as it isnmalty expected for nuclear gene markers when adoigs
recently diverged taxa (Thomset al, 2010). However, gene trees are only single ratidims of the true
species tree (Degnan and Rosenberg, 2009), andd#felness of individually reconstruct gene trées in
enabling an overview of how each marker depictsisgerelationships. In this way, several incongeait
were revealed by comparing the topology of eacledee. For example, two isolates that were caarist
shown to cluster with th€. siamensgroup (Mal5 and CCM5), were monophyletic with &els from theC.
fructicola group in the GS gene tree. Moreover, each analgmers provided a discordant species branching
order with each other, with moderate to strong suppalues, and the correct relationship of thealist
Colletotrichumspecies was not clear. In fact, only one gene (fdab2) was congruent with the current
taxonomic understanding of the sampled specieb, ApMAT andMAT1-2-1gene trees revealing a signifi-
cantly deviated phylogenetic signal. Even whened@ht combinations of genes are concatenated, these
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cordances remain, as evidenced by the ambiguocatsorethip ofC. siamenseC. fructicolaandC. asianum
between the Traditional and Apn-MAT datasets.

Even though the total concatenated dataset prowadsidgle resolved topology, congruent with thathaf
combined Apn-MAT and individual ApMAT datasets, tbencatenation method assumption of no hetero-
geneity between the embedded gene trees was wdolataddition, the longest and more informativerkma
ers, such as those in the Apn1l/MAT locus, may bies topology towards their own simply becauserthei
phylogenetic signal overwhelms the information eamd in less informative markers (Knowles and €ars
tens, 2007). These incongruities can be due torakefactors, including Horizontal Gene Transfer (G
(Anderssoret al, 2005) or Hibridization (Meng and Kubatko, 200dpwever, in the initial stages of diver-
gence, where many of the closely related speciesrimplexes most likely are, incomplete lineageisgrof
ancestral polymorphisms is a ubiquitous sourceisfaidance (Carstens and Knowles, 2007; Carsteths an
Dewey, 2010). In our case study, incomplete linesagéng seems to fit best the pattern of incongceeand
given its magnitude, it was deemed necessary tadity account for it. The evolutionary history gfexies

is widely known to be a stochastic process and, tvashave applied a recent statistical framewosgk #t-
counts for discrepancies of the gene trees frontiphellunlinked loci and is specifically conceivea dsti-
mate the species tree. Using a Bayesian hieratahimdel, the BEST program is able not only to acemm
date gene trees heterogeneity but also to rettigetul information from it and provides a more aatel
estimate of the true species tree (Edwaatdal, 2007). The resultant species tree topology fatgported
that of the total concatenated dataset, exceptdigatheC. siamensandC. asianumrelationships. Al-
though all other nodes were highly supported, thes little support for the reciprocal monophylyveeen

C. siamensandC. asianumand the relationship of these two species flufructicolawas almost poly-
tomic, i.e., it is not clear how these speciesteeila each other. This result becomes apparent withrthe
use of a large and highly informative sequence tfata our analysis. Nonetheless, it is expected tina
problems and difficulties derived from incompleteelage sorting increase as the time since speoies d
gence decreases (Degnan and Rosenberg, 2009).ifTeesims likely that these species diverged fraohe
other recently and consequently, their relatiorslaig still not easily resolved.

Altogether, this study demonstrates the dramatfravement that the Apn1l/MAT locus may provide te th
molecular systematic of theé. gloeosporioidesUsing this new dataset, a new alternative vievtheftax-
onomic position of the studied species is broughight. Since we also showed that gene tree dikoure
may be a problem in recently diverged species isf tbmplex, highly variable markers, such as ApMAT,
are much more likely to surpass those problemssadessfully distinguish taxa and understand hay th
are related. Indeed, according to Degnan and ResgrfB009) the probable gene tree discordance safirc
incomplete lineage sorting is less intense whemesmsdeéd with more informative markers

This work is the first report of the developmentampplication of this novel set of markers as valea
promising tools to dissect species and even pdpulatrelationships within the broader universethad C.
gloeosporioidesomplex. It is hoped that this contribution magisisand stimulate further research on this
challenging complex, and eventually lead to a noomaprehensive understanding of its structure, eéwiu
and diversity.
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Unraveling the phylogenetic origin and spread o€Colletotrichum kahawae
epidemics onCoffea arabica and the evolutionary relationships with theC.
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Fungal plant diseases are emerging at an increaategand there is an urgent need to understand
disease epidemics in order to respond with efficidisease control measures and strategies.
Colletotrichum kahawaés an emergent pathogen causing severe epideriniCeftee Berry Disease

on Arabica coffee crops. The disease was firstrteddn 1922 in Kenya but has currently spread to
most of the Arabica coffee growing regions in Adriand its potential imminent dissemination to other
continents is cause for great concern. Howeveaqrindtion regarding the origin &. kahawaeis
mostly limited to historical data and the low gémetariation of its populations has hindered
inferences about their structure and dispersaepeat Here we describe the use of phylogenetic and
phylogeographic approaches to address the origihi@Emergent pathogen within the closely related
group specie€. gloeosporioidesand to assess the population genetic variabiitynter potential
dissemination routes. Using a six gene multi-lodataset we found a high divergence betw€en
kahawaeand C. gloeosporioidesensu latofrom coffee hosts, in contrast to a close relatidm to
isolates from mango and strawberry. In addition, wmexe able to identify three groups withih
kahawae in which the Angolan group seemed the most aralesbased on our sampling.
Additionally, we analyzed the molecular evolutidnaomating type gen@MAT1-2-1 which appeared

to have been unimportant f@. kahawaespeciation but may have a role at the populatiteadl, as
revealed by the presence of two haplotypes of & gewler strong purifying selection. These results
suggest an alternative view on the origin and speC. kahaweand highlight the importance of
molecular data when addressing these issues.
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*Corresponding author: Diogo Nuno Silva. e-mdibgo_nuno_silva@hotmail.cgrAddress: Centro de

Investigagdo das Ferrugens do Cafeeiro (CIFC)itistde Investigacéo Cientifica Tropical (IICT)eieas,
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Introduction

Arabica coffee Coffea arabical.) is the most economically relevant coffee spsgi
accounting for 75% of coffee production worldwide/dller et al. 2007). Over the last
century,C. arabicaplantations in Africa have experienced devastatinipracnose epidemics
due to the emergent and highly virulent pathoga&olletotrichum kahawa®Valler & Bridge
(Hindorf 1970; Gordon 1988; Walleet al. 1993; Silva et al. 2006). Unlike other
Colletotrichum spp. present on coffee plant€. kahawaeis able to cause a severe
anthracnose disease on green berries, known aseCBérry Disease (CBD), leading to their
premature drop or blackened mummification and prBrg the subsequent processing of the
beans (Nutman & Roberts 1960; Firman & Waller 193ilva et al. 2006). During average
outbreaks, yield losses of 20-30% are common butegaeed 80% in extremely wet years if
no control measures are applied, which can be copdatly burdensome in developing
countries where these epidemics translate intdogee of several million US Dollars per year
(Varzeaet al. 2002; Derso & Waller 2003). Despite several efforio absolute resistant
coffee plant variety has been developed and fudgscihave been somewhat ineffective
(Waller & Masaba 2006; van der Vossen 2009). TI@BD is regarded as a major factor
limiting the production of Arabica coffee in the rfan continent (Varzeat al. 1993;

Omondiet al. 2000; van der Vossen 2009).

This disease seems to be very recent, as it wasdported in 1922 in western Kenya, when
it led to the destruction and abandon of coffeatalthons in some districts (McDonald 1926).
Despite the little attention received during théiah stages of its documented emergence,
African coffee growers soon witnessed a swift spred CBD throughout most of the
continent (Gordon 1988; Silvet al. 2006). In roughly 50 years, the presence of tiseatie
was documented in nearly every region where Arabimidee is grown, from Ethiopia to
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Zimbabwe (Gordon 1988). Nonetheless, the causattagieCBD is still restricted to the
African continent, more frequently above 1400m dfittde and in cool and humid
environments, which are also the most suitableGorarabica (Schultes 1986; Waller &
Masaba 2006). Still, an eventual dispersal to eofflantations of Latin America and Asia is
cause for great concern and has motivated a growtegest on the evolutionary potential of

C. kahawadBridgeet al. 2008).

Several studies have attempted to unveil the gedetersity and population structure of this
pathogen, mostly driven by the information thatsthéactors may provide on the pathogenic
potential of the fungus and to take a glimpse ow hts populations had evolved and
dispersed through temporal and geographical scafesvever, they have revealed an
astounding lack of genetic variability suggestihgttthe species may be comprised by a
single clonal population (Sreenivasaprastél. 1993; Beynon & Varzea 1995; Omoratial.
1997; Gichuruet al. 2000; Derso & Waller 2003). Only recently, morexsve molecular
techniques were able to unravel the existencesufbdle variation but their limited sampling
hindered more general conclusions (Briggeal. 2008; Manuelkt al. 2009). Until now, no
global and consistent structuring has been cleaxstgaled and, therefore, little information is
known regarding the origin, structure and spreathisf pathogen’s populations besides that

provided by historical data.

Two main reasons have been advocated to explainotkeall genetic uniformity ofC.
kahawae First, a recent evolution from the closely releéed cosmopolitan group-spec(eés
gloeosporioidedas been suggested. Three competing hypothesesvagrosed, in whicls.
kahawaewould have emerged either by: 1) mutation fromilalgnpathogenic strain of the.
gloeosporioidesgene pool from coffee hosts, which cause the eooraly unimportant

brown blight on ripe berries (Nutman & Roberts 1968) hybridization between twe.
43



2. Research article Molecular Ecology

gloeosporioidesstrains from otherCoffea spp. hosts, such a€. canephoraand C.
eugenioideg§Robinson 1976); 3) or emerging from one of thevusly mentionedCoffea
spp., where it would have been present as an hssnflengal strain, to become a severe
pathogen inC. arabicg when Arabica coffee was re-introduced in Africa tommercial
purposes (Robinson 1974). At this point, thereds enough data available to know which
scenario fits best but it seems to be a generaeagent thaC. gloeosporioidesensu lato
populations fronCoffeaspp. are the most likely source for kahawats origin. HoweverC.
gloeosporioidess a large species complex, reported in at leaB0 8ant species, that has
remained taxonomically ill-defined and simply statits close relationship 6. kahawads
nearly meaningless (Det al. 2005; Cannoret al. 2008). For example, a recent study has
addressed isolates from this complex from coffegshim Thailand and revealed the existence
of three new species, clearly distinct from theergly publishedC. gloeosporioidegpitype
(Prihastutiet al. 2009; Cannoret al. 2008). Thus, even when only considering populations
from coffee hosts, a more relevant question isedhisFrom which lineage withirC.

gloeosporioidesensu latdhasC. kahawaemerged?

The second reason concerns the putative asexuakratC. kahawaegwhich contrasts with
the sexual status of tli& gloeosporioidegpitype. Indeed, the absence of a sexual stagfe, bo
in culture and in the field, as well as the clost@lcture of its populations described so far,
have served as evidence for the asexualit¢.okahawagalthough they are not conclusive
(Firman & Waller 1977). In this regard, some stgdmave been addressing the evolution of
mating-type (MAT) genes in closely related fungaleses with different sexual status
(O’'Donnell et al. 2004; Voigtet al. 2005; Stergiopoulost al. 2007), and, in fact, they were
able to change our current perspective on the hkady reproductive mode of some species

(Kerényiet al. 2004; Stergiopoulost al. 2007). MAT genes are known transcription factors
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that govern sexual reproduction and compatibilityfungi (Turgeon 1998). In the great
majority of the ascomycetes, there is a single laipMAT locus (MAT1) that exists as two
alternate forms (MAT1-1 and MAT1-2), called idiompbs because they lack the similarity to
be termed alleles (Rydholet al. 2007). Fungal species can be either heterothdiliwyo
different strains bearing one of the two idiomorphs required for mating, or homothallic, if
a single strain carries both idiomorphs (Kronstad Saben 1997). However, the
Colletotrichumgenus has been documented as an apparent dev@#éory known system in
the entire fungal kingdom (Garcia-Serraial. 2008; Crouch & Beirn 2009). Mating studies
have shown that species from this genus can behwottothallic and heterothallic, such@s
graminicola and C. gloeosporioidegCisar & TeBeest 1999; Vaillancoust al. 2000).
Moreover, only the MAT1-2 gene, term@dAT1-2-1 has been ubiquitously found in all
studiedColletotrichumstrains and there is no evidence for the presehteedViIAT1-1 gene

(Chenet al.2002; Crouctet al. 2007; Garcia-Serrarei al. 2008).

In this study, we made use of a multi-locus seqgugnapproach of five nuclear genes,
including MAT1-2-1 to explore the longstanding problematic&fkahawats origin within

C. gloeosporioides sensu laand its subsequent spread throughout the Africamireent.
Specifically, using an extensive sampling®bfkahawaecross most of its range, we intended
to reassess the genetic variability and struct@irgsgpopulations in order to infer possible
ancestral states and patterns of dispersal. Moreavith a worldwide sampling ofC.
gloeosporioidessensu latofrom coffee (including other hosts), we intendeqd &t some
extent, test the three current hypotheses for thergence oC. kahawaeWe have included
the epitypes of three recently described specms ttoffee hosts@. asianumC. siamense
and C. fructicolg, as well as type representatives ©f gloeosporioidesto provide a

backbone reference for the phylogenetic analydiss hclusion of a broad range of species
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will also allow a much more rigorous and informati&nalysis of the evolution of the single
mating-type gene found icolletotrichum MAT1-2-1 with potential implications to our

current understanding €. kahawats sexuality and evolution.

Materials and Methods

Fungal material

A total of 85 isolates were obtained from collesanaintained at CIFC/IICT, Portugal, Mae
Fah Luang University, Thailand and Instituto Superde Agronomia, Portugal, and are
described in Table S1. This sampling compriseseast! five species belonging to tke
gloeosporioidescomplex. TheC. kahawaesampling was obtained from nine African
countries, covering most of its current range (Aag€ameroon, Ethiopia, Kenya, Tanzania,
Rwanda, Burundi, Malawi and Zimbabwe). IsolatesmfrGitrus lemon and Olea europaea
hosts, similar to th€. gloeosporioidegpitype (based on Blast searches of the ITJatuth2
sequences; data not shown) were also used.@moeosporioides sensu lateolate from
Mangifera indicashowing a distinct ITS haplotype and was inclug®&mos, personal
communication). Five samples @f. fragariae were selected as outgroup taxa to root the
phylogenetic trees (Cait al. 2009; Silvaet al. Unpublished). Culturing and DNA extraction

of fungal isolates were as described previousliwvéit al. Unpublished).

Molecular data

Six nuclear gene markers were chosen for a detatgghencing analysis, based on a
preliminary screening of the following markers: Tbemplete rDNA Internal Transcribed
Spacer (ITS), a partial fragment gftubulin 2 (B-tub2), two intergenic regions from the
Apnl1l/MAT locus (ApMAT and MATSL), the 5’ end fragme of the Apnlgene (Apnl5L)

and the completéVAT1-2-1 gene (Silvaet al. Unpublished). Regarding th€. kahawae
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samples, all isolates were sequencedfrb2, MAT1-2-1and MATSL, but only a subset (1-
6) was selected from each sampled country for semjug using the other nuclear markers.
The remaining isolates from other species wereesszpd for the total six marker set. Primers
and PCR conditions for ApMAT, MAT5L, Apnl5L amdAT1-2-1were as described by
Silva et al. (Unpublished). PCR amplification of ITS with priselTS1Ext/4Ext (Browret

al. 1996) andp-tub2 using primers T1/T2 (O’'Donnell & Cigelnik 1BQ Amplification
products were resolved on 1.2% agarose gels staitbcethidium bromide (EtBr) to verify
the amplification success. PCR products yieldinge arlear band were purified using
SureClean (BioLine). When products presented ai+hatid profile, the band of the expected
size was excised and purified using the Silica BB&tA Gel Extraction kit (Fermentas).
Sequencing reactions were carried out using théyggversion 3.1 chemistry (Applied
Biosystems) on an ABI prism 310 automated sequergaplicons were sequenced in both
directions and chromatographs were manually chebéiedrrors in SEQUENCHER v4.0.5

(Gene Codes Corporation).

Phylogenetic analysis

Multiple sequence alignments were constructed &chalataset in MAFFT v6.717b (Kateh

al. 2009), using the L-INS-i method, followed by mahtefinement in BIOEDIT v7.0.5.1.
Individual datasets were concatenated into a coasbmatrix using the CONCATENATOR
software (Pina-Martins & Paulo 2008). We used maxmmlikelihood (ML) and Bayesian
methods to reconstruct phylogenies from the sepaaatl combined datasets. ML searches
were performed in PAUP* v4.0d99 (Swofford 2000)wit00 replicates, random sequence
addition and a Tree-Bissection Reconnection (TBRanbh swapping algorithm.

Nonparametric bootstrap was conducted using 1080duseplicates with 10 random
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Table 1 Characteristics of the individual and combined s&me datasets used in this si

Sequenced region

Parameter ITS  p-tub2 ApnlSL ApMAT MAT5L MAT1-2-1 Combined
Nucleotide characters (bp) 489 578 883 772 213 843 7783
Indels 2 31 13 79 19 4 130
Total characters 487 547 870 693 194 839 3648
Parsimony informative 14 77 184 289 42 148 764
% Parsimony informative 3% 13% 21% 37% 20% 18% 20%
Variable, uninformative 0 4 17 38 5 7 72
Variable inC. kahawae 0 2 0 0 0 1 3
Model TrNef+l  TIM+G  TrN+G  HKY+G TIM+G TIM+G

additions and TBR branch swapping. MODELTEST v®a@gada & Crandall 1998) was used
to select the best fit model of DNA sequence evohytunder the Akaike Information
Criterion (AIC), for each dataset. The Bayesianlysi®a was run in MRBAYES v3.1.2
(Ronquist & Huelsenbeck 2003) with the optimal marfesequence evolution selected under
the AIC, as implemented in MRMODELTEST v2.3 (Nyl@&nd2004), specified as prior for
each partition. Posterior probabilities were geteetarom 1x18 generations, sampled at
every 1008 generation. The analysis was run three times witie cold and three
incrementally heated Metropolis-coupled Monte Cévlarkov chains, starting from random
trees. Log files were analyzed and the convergandemixing of the independent runs were
assessed for all parameters using TRACER v1.4 (Ratn& Drummond 2007). A suitable
burin phase was established and fxdénerations were discarded. Trees from the differe

runs were then combined and summarized in a 50%ecsus tree.

ITS phylogenetic context

Aiming at a rough phylogenetic contextualizationGfkahawaga complementary analysis
was also performed focusing on ITS sequences, #imeés the most common nuclear region
sequenced for the ‘gloeosporioides’ complex. A dampf 547 sequences named.”

gloeosporioides” or Glomerella cingulata curated in GenBank, accessed at 13/07/10, was
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analyzed and a subset with highest homolog¢ t&kahawaewas selected. Sequences were
aligned in MAFFT v6.717b (Katobt al. 2009), using the FFT-NS-2 method, and collapsed
into haplotypes using SNAP Combine and MAP (Ayler al. 2006), to reduce the
computational load of the subsequent analysis. Acourected pairwise distance matrix,
excluding gaps, was calculated in PAUP* v4.0d99 dffevd 2000) and, based on the
distance between the isolates Ru@l Kahawag and Mal5 C. gloeosporioides sensu lato
lato — closest relative t€. kahawadrom coffee crops in our sample), an objectiveshold
was established above which sequences would bardest After this selection, published
ITS sequences df. gloeosporioidesensu latasolated from coffee hosts were added. The
final dataset was used to construct a Median Jgi(NMJ) network, using NETWORK v.4.516

(Bandeltet al. 1999).

Phylogeographic analysis

The relationship o€. kahawats populations was estimated by ML and Bayesiarhous as
described above. For each of the polymorphic sitiéisin C. kahawagthe ancestral states
were estimated using SNAP Workbench (Price & Caeb@005). Relevant alternative
topologies were tested to assess the robustneke ahconstrained inference of population’s
relationship, using the topological test of Shimoal& Hasegawa (Shimodaira & Hasegawa
1999). One thousand replicates were performed $gmpling the partial likelihoods for each
site (RELL model). Using the IDRISI 15 Andes (Eaatm006), a topographical map of a
partial region of the African continent was model&ad order to highlight regions above

1400m of altitude.

Analysis of MAT1-2-1 molecular evolution

The molecular evolution analysis of thAT1-2-1 gene was initiated by creating a MJ

network from a dataset containing only nonsynonysneites, using NETWORK v.4.516
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(Bandeltet al. 1999). Patterns of selection within thiAT1-2-1gene were investigated using
the codeml program of the PAML4 package (Yang 2008ing a fully bifurcating tree, as
inferred above from the phylogenetic analysis, wgingle representatives for each
species/haplotype. Selective pressure was measurday using the
nonsynonimous/synonymous (dS/dN) rate ratio, aéerred to as. An o < 1 suggests that
purifying selection is acting on a gene= 1 is consistent with a gene evolving in a ndutra
fashion ando > 1 generally reflects that positive selection nisy occurring. Using a
maximum likelihood analysis, nested codon and Wranwdels can be estimated and
compared by means of a likelihood ratio test (LRJ$ing codon models, the existence of
positive selection on particular sites was testisthg two recommended nested models: Mla
vs M2a and M7 vs M8. The null model M1a assumesditclasses with 1 ® > 0 andw =

1, which implicitly supposes that no site is ungesitive selection, and can be compared to
the alternative model M2a, which adds an extrasclafssites witho > 1, allowing the
presence of positively selected sites. Alternayiviiie null model M7, which assumes a beta
distribution within the interval (0, 1) fan values across all sites, was compared with model
M8, which adds an extra class wherean take values >1. In this way, positive selectian

be detected if a model allowing for positively stéal sites is significantly better (as
estimated through an LRT) than the null model. Siwery little information is available for
the MAT1-2-1 sequence evolution irColletotrichum and information regarding the
reproductive mode of the studied species may naobepletely accurate, we have based one
of our hypotheses for the branch models on a pheding analysis of th1AT1-2-1haplotype
distribution. Using the null hypothesis of omeratio for every branch of the phylogenetic

tree, we tested both two and three ratio modelaswess if: 1) the ancestral branchCto
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kahawae had experienced positive selection; 2) the termibsanches within the

‘gloeosporioides’ complex from coffee hosts weréemsignificant less selective constraints

Results
Phylogenetic relationships @olletotrichum spp. from coffee and other hosts

The evolutionary relationships @f. kahawaeandC. gloeosporioides sensu lagpecies from
Coffeaspp. and other hosts, were established by comisigua multi-locus phylogeny from
85 samples. Since species assignment prior tosthdy was uncertain for most of tige
gloeosporioides sensu laisolates, the inclusion of species epitypes (petsepresentatives)
from C. gloeosporioidesC. asianum C. fructicola and C. siamenseprovided a useful
backbone reference with which phylogenetic relafops could be used to enlighten their
taxonomy. The employed six gene sequence dataset thiree loci (ITSB-tub2, Apnl5L,
ApMAT, MAT1-2-1 and MATS5L), provided a substantiaksolution of species and
populations relationships, especially withth gloeosporioidesensu lato(Fig. 1). Using
parsimony statistics as a comparative benchmarthefsix nuclear regions, the ApMAT,
Apnl5L, MAT5L and MAT1-2-1 were 37%, 21%, 20% and 18% parsimony informative,
while B-tub2 and ITS were 13% and 3% informative, respebti(Table 1). Altogether, 764
characters (20% of the total dataset) were infareatvhen analyzed using parsimony

criteria.

Phylogenetic reconstructions using the combineBB@ dataset yielded the same topology
between ML and Bayesian methods, despite discregmntthe support of some nodes (Fig.
1). The phylogeny was mostly resolved with highexsdpport (i.e., branches supported by >
75% bootstrap and > 90% posterior probabilities) #me topology revealed a pattern of
divergent evolution between three main lineageg.(E). The first was comprised by &l

kahawaeisolates plus a singl€. gloeosporioidesensu latasolate fromMangifera indica
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Fig 1 50% majority rule Bayesian ML tree with the concatiedsix-gene (3778 bp) dataset illustrating

evolutionary relationships betweC. kahawaeandC. gloeosporioides sensu latmm coffee and other host
The tree was root witle. fragariae as outgroup taxaColletotrichum kahawés represented by a single cle
(marked with a black start) for clarity. The degdilphylogenetic reconstruction of tC. kahawaeclade is
provided in Fig 3a. The numbers above branchesesept bootstrap and posterior probability val

respectively.

(Colletotrichumsp. ) and represes the most ancestral lineage have diverge (11.6%)

from the remainingColletotrichun spp. in this study. Although th€. kahawa clade is

clearly distinguishable fromColletotrichum sp. 1 with high bootstrap and posteri

probabilities (100/1using a mul-locus dataset and by the inability©@blletotrichumsp. 1 to

cause CBD symptoms (dat@t showi), their divergence is rather small (0.2%n fact, for
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the ApMAT, MAT5L andp-tub2 gene tree£ olletotrichumsp. 1 is positioned within thg.
kahawaeclade (Fig. Sla, e, f). The remaini@ggloeosporioidesensu latdsolates clustered
in a large monophyletic group, comprised by theeptivo main lineages. The representative
isolates ofC. gloeosporioides sensu strichamm O. europaeaand C. lemon clustered well
apart (8.4%) from the remaining isolates and wheefirst lineage to diverge within the.
gloeosporioidesomplex. The third main lineage is exclusively casgd by isolates from
coffee hosts, belonging at least to four distinmcses, and revealed a fairly high divergence
from C. kahawae(11.8%). In this lineage, species assignment wiigudt due to a high
genetic heterogeneity and haplotype diversity, (# 0.964). Most of the unassignecl
gloeosporioides sensu lagtrains grouped witle. siamenséut their distance to the epitype
varied widely, which greatly decreased our conf@em assigning those strains to a single
species. Thus, even though we treated the wholgpgas part of th€. siamenselade, it
may be possible that it encompasses more thanpaoges. On the other hand, isolates within
the C. fructicolagroup were more genetically homogeneous and doelldonsidered as the
same species. We also found two clonal samplesi@®and Angl01) that revealed to be a
distinct monophyletic lineage wit@. fructicolabut, given their divergence from any included
epitype, they may represent a new undescribed ep&nlletotrichumsp. 2). In our sample
we did not recover closely related strains to €heasianumepitype. Most of the individual
gene supported this main topology, though with wayyevels of resolution. An exception
comes with the ITS gene tree, which was unableetover clear phylogenetic relationships

among the studied species.

We attempted to complement the phylogenetic aralysC. kahawagetaking advantage of
the universality and ubiquity of ITS sequencesdwains of theC. gloeosporioidespecies

complex, deposited in the GenBank public databdsee a tree-like phylogenetic analysis is
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unlikely to be useful, as proved by our own ITS @dmee, we resorted to a network
construction approach to depict relationships amersglection of sequences collected from
GenBank, in addition to our own sampling. In atfstep, 19 sequences were selected out of a
sample of 547 sequences naméil Gloeosporioidésor “G. cingulatd, for having the
highest homology withC. kahawae For the sake of reliability, we excluded five thiese
sequences for not being associated to any puldicatihile the remaining 14 sequences,
obtained by Polashokt al. (2009) from Fragaria x ananassa were retained. Then, 19
additional ITS sequences froB gloeosporioides sensu laigolates fromCoffeaspp. hosts
were included (Nguyert al. 2009; Prihastutet al. 2009), in order to provide a broader
perspective of the “gloeosporioides” complex preseim this host. Altogether, the network
analysis comprised 89 ITS sequences (Fig. 2). Giliahthe overall variability of the ITS
region was very low, species did not cluster awaynfeach other completely, particula@y
siamensgC. fructicolaand C. asianum whose corresponding strains were scattered in the
part B of the network. Focusing on part @, kahawaewvas found to be more closely related
to isolates fronF. x ananassaandM. indica by one and two mutations, respectively, than to

isolates fronCoffeaspp. worldwide.

Phylogeography of C. kahawae

Regarding theC. kahawaeclade, our results confirmed the extremely lowedenvariability

of this species throughout most of its range (Notadie diversity,r = 0.00076; Segregating
sites, S = 3). However, boflxtub2 andMAT1-2-1datasets revealed informative enough to
distinguish three divergent but clonal populatiodgigola, Cameroon and East African
populations, with the later including isolates fréime remaining seven east African countries
(Fig. 3a). For the three polymorphic sites witlin kahawag ancestral states were inferred
from theC. gloeosporioidesample (Fig. 3a), which were monomorphic for daéss(i.e., all
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Fig 3 a) Detailed phylogenetic reconstruction of the popatds relationship within th€. kahawaeclade, using
the combined six-gene dataset. Bootstrap and pasf@obability values are provided above each thaihe
three site combination provided below each braregrasents the mutational events that occurred afbag
evolution of the three populations. The combinatictom the Angola population was inferred as theeatral
state. Mutations are highlighted with an asterisét the source gene is provideds, Kion-synonymous mutation;
K;, intronic mutationsb) Geographic distribution of the three divergeht kahawaepopulations, with the
respective location key provided on the superifir derner. Countries were highlighted with diffetesolors
corresponding to the existent haplotypes. Orangasaon the map represent regions above 1400mitafialt

C. gloeosporioidessolates were T/T/T for the three segregating¥if€he Angola population
presented a nucleotide sequence identical to fleeréal ancestral state, which makes it the
most ancestral by inference. The Cameroon populadiverged in one non-synonymous
mutation at theMIAT1-2-1gene, which replaces a serine residue for a maksidue. The
East African population shared the same non-synoognmutation and diverged from the
other populations by two additional intronic mubais at thep-tub2 gene. To assess the

robustness of this inference we tested an alteatipology, in which we constrained the
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East African population as the most ancestral eeand the Angola population as the most
derived. The likelihood score of the resulting tveses worse than the unconstrained topology,
with a marginally significant p-value (SH Test, ®856), which means that we can assume
the initial inference with fairly high confidencéespite small, these differences were
consistent across the individual datasets (Fig.aa#l)jwhen combined, revealed a population
structure that seems correlated with geographaation (Fig. 3b). On the other hand, we
could not detect the presence of migrant haplotypesur sample, that is, there was no
mixing of different haplotypes in the same geogragbcation. We further extended our
phylogeographical analysis by modeling a topogregdhmap of a partial region of the
African continent, in order to highlight all regimabove 1400m of altitude, and the result was
embedded on Fig. 3a, as orange areas. As it cad®ved, east African regions present a
larger extension of highlands, which coincides wite Great Rift Valley area. Outside this
area, highland regions are sparsely distributedinlgnahrough South Africa, Namibia,

Angola and Cameroon, and isolated by long distaotésvland regions.

Molecular evolution of the MAT1-2-1 gene

A MJ network based on a dataset of non-synonymautsitions of theVIAT1-2-1gene was
constructed (Fig. 4), revealing eight differdViAT1-2-1 haplotypes that were not equally
distributed throughout the sampled species. Fompla C. kahawaegossessed two different
haplotypes (H2 and H3) separated by a single naorsymous mutation and one of these
haplotypes (H2) was shared with the closely rel@elietotrichumsp. 1. On the other hand,
the H4 haplotype was found in two different andlwleterged (5.3%, based on the combined
phylogenetic analysis) cladgS, gloeosporioideandC. siamenseHowever, theC. siamense
epitype and two other isolates (Ang95 and Ang96&spesed a unique haplotype (H8) that
diverged from the remainin€. siamenseand C. gloeosporioidessolates by one non-
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Fig 6 MJ network constructed from a r-synonymous sites dataset of MAT1-2-1gene. No-synonymous
mutations are represented by dashes along the ¢ioesecting haplotypes and their position in theeg
sequence is provided by the numbers in red. SB8sahd 133 are highlighted in grey due to the fhi#syi of
being under posite selection, according to the sites model M8 (& &bl

synonymous mutation. All of the other haplotypesevexclusivefor each of the remainir

species.

For theanalysis of the molecular evolution MAT1-2-1 likelihood scores and estimateswo
under different models of codon and branch evalutwoe listed in Table and the LRT
resultscomparing nested models are listed in Tal. Regarding the sitmodels, model MO
was used as a first appro, which assumes a single ratio for all nucleotide sites ai
branches in the phylogengnd estimate a wo = 0.038 forMAT1-2-1 Significant variation ir
the selective constraints among site«< 0.05) was identified by comparing mo(0 with

model M3 with twow classes (K = 2). While parame estimation under model M3 furth
indicatedthat the majority of sitewere dominatedyostrong purifying selection o= 0.986;
o= 0.023), a sulset of sites had > 1 (f; = 0.014,01 = 1.94). However, LRTs specific fi

positive selectiomt individual sites gavdiscordant results. While the comparison betw
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Table 2 Parameter estimates and likelihood scores usimeg itd Branch specific models for MAT1-2-1

gene.
model p likelihood « TL Estimates of parameters
Sites Models
A One ratio (MO0) Nsites =017 -1402,34 3,04 0,476w,=0.03765
C Nearly Neutral Nsites=1 18 -1398,63 3,13 0,491p,=0.97433, =0.01934
(M1a)
D Discrete (M3) Nsites= 19  -1398,39 3,19 0,498 = 0.98556, p= 0.01444», =
3, K=2 0.02337m, = 1.93704
E | Selection (M2a) Nsites=2 20 -1398,39 3,19 0,4p8= 0.98556, p=0, p = 0.01444m =
0.02337w, = 1.93704
F Beta (M7) Nsites =7 18 -1401,05 3,04 0,4%8=0.07918, g = 0.53983
G Beta&w (M8) Nsites = 8 20 -1398,40 3,19 0,498, = 0.98563, p=0.01437; p = 2.55244,
g = 99.00000¢, = 1.93605
Branch specific models
A One ratio Model =0 17 -1402,34 3,04 0,4760,0377
B Free ratio Model =1 31 -1389,78 3,10 0,485ree
C Two ratios Model =2 18 -1397,10 3,06 0,485w¢ = wck = 0.0197 o7 = wgpo= 0.1615
Cc1 Two ratios Model =2 18 -1400,68 3,05 0,478wp = ock = wgpz= 0.0290m1 = 0.1102
c2 Two ratios Model =2 18 -1398,81 3,05 0,478y =1 = ek = 0.0294msp,= 0.4287
D Three ratios Model =219 -1396,33 3,06 0,478wy=wck = 0.01966m+ =0.11023,
E Two ratios Model =2 18  -1401,87 3,05 0,478, = o7 = wspy= 0.03509mck= 0.20635

p, the number of free parameteksihe transition/transversion ratio; TL, the treedth.

Parameterscyk, ot andoys, are the dN/dS ratios for the ancestral branc.déahawagthe terminal branches
leading toC. fructicolg C. siamensandC. asianumand the terminal branch leadingQolletotrichumsp. 2,
respectively.

Mla and M2a nested models was unable to rejeatulidnypothesis of no positive selection,
the comparison between M7 and M8 nested modelsteetéhe presence of positive selection
at two specific sites (Sites 131 and 133), with @agmally significant p-value (P = 0.070).
The posterior probabilities of those sites beindarmpositive selection were 0.984 and 0.955,
using the Naive Empirical Bayes (NEB)(Fig. 5), @808 and 0.730, using Bayes Empirical

Bayes (BEB), for each site, respectively.

Using branch models of evolution, two specific hyasis ofMAT1-2-1evolution along the
branches of the phylogenetic tree were tested. fidsir hypothesis, concerning whether
positive selection would have occurred along trenbin that leads t€. kahawagwas not

supported by the data (P > 0.05) when compareuetone-ratio model. Our second
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Fig 5 Posterior probabilities of site classes with difg o ratios along théVAT1-2-1sequence, according to
the estimates of the M8 model using the Naive EicgliBayes (NEB) method. Two sites on thé%nd 4%
aminoacids were shown to be under positive seledtip = 1.947) with posterior probabilities of 0.984 and
0.955, respectively. Using the Bayes Empirical BafBEB) method, the posterior probabilities forbsttes
were somewhat lower, with 0.808 and 0.730 valuespectively.

hypothesis was based on the observation of Nt#T1-2-1 haplotype distribution and
suggested that the branches leading to the closkted specie€. asianumC. fructicola,C.
siamenseand theColletotrichumsp. 2, were under a significant relaxation of femeral
selective pressure operating on the gene. Thisthgpis was supported by the data, with

= wsp=0.162 andnp=0.020 (P < 0.01) (Fig. 6). It should be noted tiat branch leading to
the Colletotrichum sp. 2 contains two non-synonymous site changes, asnwhich was
suggested as being under positive selection byviBemodel and thus, it may be strongly
influencing the result. However, when only the éhather terminal branches were considered,
the model was still supported by the data with agmnally significant p-value (P = 0.06&;

= 0.110) (Fig. 6), albeit with a much lesserestimate than when theolletotrichumsp. 2
branch is considered alone (P = 0.008p2= 0.429) (Fig. 6). Given this heterogeneity, a
three-ratio model was tested, which adds an indigoem estimate for th€olletotrichumsp.

2 branch, providing a significant better fit to tti@ta than the previous two-ratio models (P <
0.05; wo = 0.0294,071 = 0.1102,wsp2 = 0.472) (Fig. 6). Therefore, our data suppores th

hypothesis that these branches are under a sigmifiend heterogeneous relaxation of the

selective pressure.
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Fig 6 ML phylogenetic reconstruction for the Branch sgiefmodels, using the six gene concatenated ddta s
with only species/haplotype representatives. Oiggiicantly better models than the one-ratio moale shown
and detailed characteristics of each model ardablaion Table 2. Under the two-ratio and thre@ratodels,
branches whose was estimated as a free parameter were targeted dyoys; above the respective branch.

Discusion
On the phylogenetic origin &. kahawae

To our knowledge, this study documents the firshpeehensive analysis of the evolutionary
relationships ofC. kahawaewith C. gloeosporioidesensu latospecies, mainly from coffee
hosts worldwide, aiming at enlightening its phyloggc origin based on previous
longstanding hypotheses. One of the most strikindirig, however, was that none of the
initial hypotheses could be supported by our resuft several aspects. First, all.
gloeosporioidesensu latasolates sampled froi@offeaspp. were highly divergent from the
C. kahawaeclade, which is inconsistent with a scenario ckrg evolution either by mutation
and adaptation from a sympat@c gloeosporioidepopulation causing brown blight (Nutman
& Roberts 1960) or hybridization (Robinson 1976qtBthese scenarios are liable to occur
and have been proposed to underlie the recent ems¥gof fungal epidemics, such as

Batrachochytrium dendrobatidigFisher et al. 2009), the cause of chytridiomycosis in
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amphibians, an@hytophthora alnin Alder (loos et al. 2006), but the source populations or

parental species are generally much more closktece specially if they inhabit the same
Table 3Likelihood Ration Tests (LRT) results

LRT 2A]  df P-value

Branch-Models
Model Avs B 25104 14 0.0336
Model Avs C 10.463 1 0.0012
Model A vs C1 3.311 1 0.0688
Model A vs C2 7.053 1 0.0079
Model C2 vs E 4.956 1 0.0260
Model C1vs E 8.699 1 0.0032
Model Avs E 0.924 1 0.3363

Sites Models
Model Avs B 189.512 1 0.0000
Model Avs D 7883 2 0.0194
Model C vs E 0479 2 0.7871
Model F vs G 5293 2 0.0709

2Al, log likelihood difference between
models; df, degrees of freed

host species and the event was recent. Howevar,teagagh oulC. gloeosporioidesampling

is extensive (covering four continents), it is maensive and thus, it would be possible that
such populations or species would remain unsampedeover, the hypothesis of emergence
from one of the diploid progenitors @. arabica such asC. canephoraor C. eugenioides
(Robinson 1976), cannot be disregarded as we didsample fromC. eugenioidesThe
second line of evidence comes to fill these gapsebgaling the existence of an extremely
similar phylogenetic lineage to th& kahawaeclade, sampled frorW. indica In fact, this
isolate has diverged from tl& kahawaeclade so recently that some of our markers could
not distinguish them, although these are quiteethfiit biological entities as revealed by the
inability of Colletotrichumsp. 1 to cause CBD symptoms. Our data suggestghisanew

lineage may be much closer to the phylogeneticceoafC. kahawaeepidemics, than those
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sampled from coffee hosts, and even if it were gmesn coffee hosts but remained
unsampled, our results show that it is not confiteedhe C. gloeosporioidegiene pool of
Coffea sp., as previously thought. In addition to thisdewnce, we also showed th@ét
gloeosporioidessensu latostrains from Fragariae sp. were very closely related 10.
kahawae based on published ITS sequences (Polashbelk. 2009). Although the authors
noticed this close resemblance, the lack of a sgmtative sampling ofolletotrichumspp.
from coffee hosts as well as the sole employmenthef ITS region in the phylogenetic

analysis, hindered a clearer interpretation ofréseilts.

Taken together and in the scope of our sampling,ctbsest lineages 6. kahawaewere
represented by isolates from hosts other tGaffeaspp, which tantalizingly suggests the
alternative hypothesis that a host shift/jump fratimer host may underlie the emergenc€ of
kahawae Indeed, over the last years, a large body ofenagd has accumulated with examples
of emergent epidemics following a host shift (S&ppet al. 2005; Woolhouset al. 2005;
Stukenbrock & McDonald 2008; Girauet al. 2010). It has been argued that host shift
speciation is one of the main routes for emergefcew fungal diseases in plants and there
are several factors in the life history of fungatimay facilitate this process, even accounting
for the usual restrictions of ecological speciati@iraud et al. 2010). In particular, host
specialization may have been a major factor inetinergence of. kahawaeas it is the only
known Colletotrichumspecies that is able to consistently colonize iafect green coffee
berries (Walleret al. 1993; Chenet al. 2005; Manuelet al. 2009). Since most of the
Ascomycetes, including th€olletotrichumgenus (Cisar & TeBeest 1999), mate on their
hosts or substrate after mycelia development,ti@ans that mutations providing adaptation
to a new host, or host part, will pleotropicallyezt local adaptation and matting patterns,

hence providing an efficient barrier to gene flomdgoromoting speciation (Girauet al.
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2010). One example of such scenario is provideWdnturia inaequaliscausing scab disease
on apples and pyracantha, whose natural populatansach host are highly differentiated
despite being sympatric and interfertile in laborgtconditions (Canet al. 2002; Gladiewset

al. 2010). Another example in which host specializawevents gene flow is presented by
the Ascochyta fungi causing blights of chickpedafdean, lentil and pea (Peever 2007).
However, Future research is certainly necessaryritavel such a complex event as
speciation, and a new direction in pursuing thelgdsnetic origin ofC. kahawaewill be

focused on a broader host range and will incorpoeatditional analysis such as cross-

pathogenicity tests.

Phylogeography of. kahawae- bound to the heights

Regarding relationships within thi@. kahawaeclade, we have provided the first consistent
and unambiguous population structureCofkahawagrevealed by polymorphisms in nuclear
gene markers. The overall low genetic variabilityports the hypothesis of a recent
emergence but, based on this data, three slightgrgent populations, yet highly correlated
with their geographic distribution were found: AteggoCameroon and East Africa. These
results confirm previous indications of some gephrastructuring, particularly between east
and West African populations (Bella Mangal. 1997; Bridgeet al. 2008), and were able to
resolve the western populations even further. Bgll, the ancestral state inference suggests
that the Angola population is the most ancestraédge among the studied isolates, while
those from Kenya and the remaining East Africanntaees clustered together as the most
derived lineage. This provides an alternative viewthe geographic origin of. kahawag
while, at the same time, shows that the currenerstdnding of this event is considerably less
parsimonious in light of our results. It is worthtimg that this current understanding is based
on historical data, such as disease reports alttidieservations and follows the premise that
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C. kahawaeevolved in coffee hosts, which offers very littigoport for an Angolan origin as
the Arabica coffee culture on this country is rigkgy recent (McDonald 1926; Hindorf 1970;
Firman & Waller 1977). However, as we suggestedvapthe ancestral population Gf.
kahawaemay have emerged from hosts other tl@offea spp., which may by-pass the
difficulties in reconciling our results with the rcent historical data. Speciation via host-
shift/jump can be practically instantaneous andsdus require the long timescales involved
in the emergence of pathogens through co-evolwtitimits host (Girauckt al. 2010). Adding
the fact that the transport of infected plant matdras reached an unprecedented global scale
(Stukenbrock & McDonald 2008), this greatly incremshe potential for host-shift/jumps of
pathogens, for example, of the ancestral populaifod. kahawaednto the newly arrivedC.
arabicaplants in Angola. Moreover, information obtainednh historical data can be flawed
because it is biased towards regions where theasbselensities are higher, and where
substantial scientific effort has been focused amitoring plant diseases (Fishetral. 2009;

Estoup & Guillemaud 2010).

Furthermore, this unexpectedly organized populastouncture reveals no evidence of present
migration between the geographical locations ohdaaplotype, or the migration rate is too
low to be detected. This may be explained by seldsequential introductions with
subsequent geographic isolation. Arabica coffegvong areas in Angola, Cameroon and East
African are separated by extensive lowland are&s;hware not suitable for the pathogen or
the host (Firman & Waller 1977; Waller & Masaba 80@an der Vossen 2009), thus
representing a potential effective barrier to migra In such scenario, bottleneck events
during these seldom introductions can generated gufses in each of the introduced
populations, which become genetically differentiateom each other whilst retaining their

source-introduction relationship (Desprez-Loustaal. 2007; Estoup & Guillemaud 2010;).
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Accordingly, our results suggest that after a higptital origin of the Angola population, an
introduction in the Cameroon followed and from th&y the east Africa countries, while each
of the established populations remained isolatetheéo respective highland areas. However,
in invasion biology, evolutionary scenarios areenftharacterized by small divergence times,
which may decrease the likelihood of identifying ttiue source-sink relationship between
populations due to the stochasticity of the prodeéssoup & Guillemaud 2010). Thus, even
though our dataset suggest an Angolan originClokahawag sampling more isolates and
polymorphic loci will certainly provide a much moreliable and robust insight on the

evolution ofC. kahawats populations.

Molecular evolution of MAT1-2-1

Despite the singularity of the genetic control uhdeg sexual development in the
Colletotrichumgenus, the results from our analysis of the matypg geneMAT1-2-1are in
agreement with those obtained by O’Donretllal. (2004) for the evolution of mating-type
genes inFusariumspp., which follow the standard MAT configuratidin. our study, the
MAT1-2-1gene seemed to be under an intense purifyingtaeiealong most of its sequence
and phylogenetic lineages of the studied speaiesg;ating that its evolution is constrained by
the need to maintain functionality. Unexpectedlgt anly the genetically homogeneoGs
kahawaepossessed two haplotypes (H2 for the Angola pdpuland H3 for the Cameroon
and East African populations) but also shared ottie tive closely relate@olletotrichumsp.

1. Hitherto we are not aware of significant phepatydifferences between populations
carrying eactMAT1-2-1haplotype, despite several studies have addrésskdes from these
populations at the pathogenic (Rodriguetsal. 1992; Varzeaet al. 1993) and vegetative
compatibility grouping level (Varzeat al. 2002). However, taking into account the
phylogeographical processes described above fersihecies, changes in phenotypic traits
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during dispersal, establishment and range expansidts populations may reflect neutral

phenotypic changes rather than adaptive evoluk@tidr & Taylor 2008). Random sampling

of the genetic diversity of the source populatitimke sudden and dramatic decrease in
population size during the introduction phase, dhd low density of the introduced

population during the establishment phase may Maduch intense drift pulses that

phenothypic variation may become fixed purely byarde (Estoup & Guillemaud 2010).

Furthermore, the haplotype sharing between thedifferent biological specie€;. kahawae

andColletotrichumsp. 1, suggests that this gene was not impomathiel speciation process.

Regarding the€. gloeosporioidesomplex, purifying selection alone is unlikely tgpéain the
observed pattern of the haplotype distributiorseléms that the H4 haplotype has remarkably
endured since the split &. gloeosporioidesensu strictaand the remainin@olletotrichum
spp. from coffee hosts until the present time, fbggiue a relevant functional role. Only
more recently are the distinct species among theetgporioides” complex beginning to
diverge from this main haplotype, as revealed by $klective pressure relaxation at the
terminal branches, but some are still retaining dheient H4 haplotype. However, further
studies on the functionality of these proteins aespective haplotypes will be essential to
fully understand and integrate this knowledge ie thpecies evolution as well as to
comprehend the role of the specific sites that wawrggested as being under positive
selection. It is hoped that this study will contrié to subsequent research of the MAT gene

evolution on the uniqu€olletotrichumgenus.

Final remarks

World’s globalization and agro-ecosystems, suchcaféee crops, are providing a prone
environment to the emergence of pathogens throwggthamisms that would be rare in natural

ecosystems. Several aspects in our results sugigasC. kahawaemay have emerged
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through a host-shift/jump in a fairly recent timale; from an ancestral population from hosts
other thanCoffeaspp., and several examples show that this tymemt can be rather swift.
However, given the existence of an extremely sin@lagloeosporioidesensu latcstrain to
isolates ofC. kahawageven when using a highly informative moleculatadat, we highlight
the usefulness of pathogenicity tests on greereedferries as a fairly reliable method for
purposes of identifying genuin€. kahawaeisolates. The overall genetic uniformity Gf
kahawaesupports a recent emergence but our results sutgeghis event may have taken
place in an alternative region to that previousfypdthesized, such as Angola. Although
based on a limited sampling, the population stmectiiC. kahawaevas fragmented, possibly
due to the topography of the African continent, aenkaled a clonal pattern. However, even
though pathogens with asexual and fragmented poputaare regarded as having a low
evolutionary potential, there are striking exampésimilar pathogens uprising with patterns
of sexual reproduction and higher evolutionary pt&é when faced with more efficient
control measures (Stergiopouletsal. 2007). Moreover, the analysis of the mating-typaey
revealed two apparent functional haplotypes wit@inkahawae although it is not clear
whether this divergence event is due to neutrahptypic variation or adaptive evolution.
Future research is essential and will be carrietl iouorder to continue unraveling the

complex events that led to the emergence of thgsesgive pathogen.
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Supplementary material

Table S1 List of the isolates with information regarding ith&pecies, host and origin and GenBank accessiorbars

GenBank Acession N°

Isolate Species/Group Host Country/Region TS b-tub2  ApMAT  MATI-2-1  MAT5L  ApnibL
Ang21 C. kahawae C. arabica Angola, Kwanza Sul, Amboim
Ang28 C. kahawae C. arabica Angola, Benguela, Ganda
Ang 29 C. kahawae C. arabica Angola, Benguela, Ganda ---
Ang30 C. kahawae C. arabica Angola, Benguela, Ganda ---
Ang56 C. kahawae C. arabica Angola, Benguela, Ganda --- ---
Ang70 C. kahawae C. arabica Angola, Benguela, Ganda
Ang81 C. kahawae C. arabica Angola, Huambo ---
Ang65 C. kahawae C. arabica Angola, Benguela, Ganda --- ---
Ang69 C. kahawae C. arabica Angola, Benguela, Ganda
Ang92 C. kahawae C. arabica Angola, Benguela, Ganda
Ang34 C. kahawae C. arabica Angola, Benguela, Ganda
Ang37 C. kahawae C. arabica Angola, Benguela, Ganda
Ang27 C. kahawae C. arabica Angola, Benguela, Ganda
Ang6 C. kahawae C. arabica Angola
Ang30 C. kahawae C. arabica Angola, Benguela, Ganda --- ---
Ang52 C. fragariag C. arabica Angola, Benguela, Ganda
Ang84 C. fragariaé C. arabica Angola, Kwanza Sul, Amboim
Ang91 C. fragariaé C. arabica Angola ---
Ang40 C. fructicola Coffeasp. Angola, Kwanza Sul, Amboim
Ang95 C. siamenské C. canephora Angola, Uige, Est.Exp.Uige
Ang96 C. siamenské C. canephora Angola, Uige, Est.Exp.Uige
Ang97 C. fructicola C. canephora Angola, Uige, Est.Exp.Uige
Ang99 C. siamenské C. canephora Angola, Uige, Est.Exp.Uige
Ang100 Colletotrichumsp. 2 C. canephora Angola, Uige, Est.Exp.Uige
Ang101 Colletotrichumsp. 2 C. canephora Angola, Uige, Est.Exp.Uige
Bur2 C. kahawae C. arabica Burundi ---
Caml C. kahawae C. arabica Cameroon --- ---
Cam2 C. kahawae C. arabica Cameroon --- --- ---
Cam5 C. kahawae C. arabica Cameroon ---
Cam8 C. kahawae C. arabica Cameroon ---
Cam3 C. kahawae C. arabica Cameroon --- --- ---
Caml2 C. kahawae C. arabica Cameroon
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GenBank Acession N°

Isolate Species/Group Host Country Region TS b-tub2  ApMAT  MAT12-1  MATSL _ ApnisL
Caml13 C. kahawae C. arabica Cameroon --- --- ---
Eti9 C. kahawae C. arabica Ethiopia --- ---
Etil7 C. kahawae C. arabica Ethiopia ---
Eti10 C. kahawae C. arabica Ethiopia
Eti20 C. kahawae C. arabica Ethiopia --- ---
Mal2 C. kahawae C. arabica Malawi
Mal5 C. siamenské Coffea sp. Malawi
Mal7 C. kahawae C. arabica Malawi
Mal9 C. kahawae C. arabica Malawi
Que2 C. kahawae C. arabica Kenya
Que9 C. kahawae C. arabica Kenya
Que4?2 C. kahawae C. arabica Kenya --- ---
Que48 C. kahawae C. arabica Kenya --- ---
Que72 C. kahawae C. arabica Kenya --- ---
CBD10 C. kahawae C. arabica Kenya, CRS, Kitale
CBD11 C. kahawae C. arabica Kenya, CRS, Kitale
CBD12 C. kahawae C. arabica Kenya, Mgumaguri
CBD13 C. kahawae C. arabica Kenya, Mgumaguri
CCA3 C. siamensé Coffeasp. Kenya, Azamia
CCA4 C. siamenské Coffeasp. Kenya, Azamia
CCM5 C. siamenské Coffeasp. Kenya, Koru
CCM6 C. siamensé Coffeasp. Kenya, Koru
CCM7 C. siamensé Coffeasp. Kenya, Koru
Rual C. kahawae C. arabica Rwanda
Tan8 C. kahawae C. arabica Tanzania ---
Tanl2 C. kahawae C. arabica Tanzania
Tanl3 C. kahawae C. arabica Tanzania
Tanl7 C. kahawae C. arabica Tanzania ---
Tanl8 C. kahawae C. arabica Tanzania
Tan3 C. kahawae C. arabica Tanzania
Tan10 C. kahawae C. arabica Tanzania
Tanl6 C. kahawae C. arabica Tanzania
Tan22 C. kahawae C. arabica Tanzania
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GenBank Accession

Isolate Species/Group Host Country Region TS b-tub2  ApMAT  MAT12-1  MATSL _ Apni5L
Tan23 C. kahawae C. arabica Tanzania ---
Tan25 C. kahawae C. arabica Tanzania
Zim12 C. kahawae C. arabica Zimbabwe ---
Ziml C. kahawae C. arabica Zimbabwe ---
Ziml4 C. kahawae C. arabica Zimbabwe
Bra5 C. fragariaé’ Coffeasp. Brazil
Bra8 C. fragariaé’ Coffeasp. Brazil
Bra9 C. siamenské Coffeasp. Brazil
Coll C. siamenské Coffeasp. Colombia
Col2 C. siamenské Coffeasp. Colombia
Thail C. fragariaé’ C. canephora Thailand, Chumporn
Thai2 C. siamensé C. arabica Thailand, Chiang Mai ---
Thai3 C. siamensé C. canephora Thailand, Chumporn ---
Thai4 C. siamensé C. arabica Thailand, Chiang Mai ---
LC0033 C. fruticola Coffeasp. Thailand, Chiang Mai ---
LC0035 C. siamense Coffesp. Thailand, Chiang Mai ---
LC0037 C. asianum Coffeap. Thailand, Chiang Mai ---
Chi4 C. siamenské Coffeasp. China
Cg21 C. gloeosporioides C. lemon Portugal
Cgl11 C. gloeosporioides  O. europaea Portugal
Cg220 C. gloeosporioides  O. europaea Portugal
Cga32 Colletotrichumsp. I M. indica Portugal

t |solates received a3. gloeosporioideand assigned to a new species based on the phgligiference
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Concluding Remarks

Plant pathogens are still emerging and will corgima do so in agro-ecosytems throughout the world
[16,138-141]. Fungigensu latpare responsible for ~30% of the emerging diseasptants and they
can impact negatively on human wellbeing throughicajural and economical losses [82,138].
However, advances in DNA analysis are allowing téeonstruction of the evolutionary history of
pathogens and to understand the processes thatctduesr emergence [16,33].

In this work, the importance of such analyses ghlghted when addressing questions about the
origin, structure and dissemination of the pathoGekahawaeFirst of all, the development of useful
and informative markers is of vital importance,tlagy are responsible for revealing the patterns and
structure that will allow inferences to be drawmuatbspecies and populations [108]. The development
of molecular markers on the Apnl/MAT locus show mpise in their informative potential and,
hopefully, will open doors to address new questitmst will have an impact on the whole.
gloeosporioidespecies complex. Several species within this compbere been considered distinct
based on their pathogenicity, host range or cemagmphological features, although phylogenetic
studies with traditional markers have provided @sib to separate them from t@e gloeosporioides
group, such a€. musaeandC. magna[68,70]. Moreover, species within a complex areerently
closely related with relatively reduced divergenames, which may cause incongruities in the
phylogenetic estimation of gene trees due to indetadineage sorting [96,142]. This is particularly
true for less variable regions of the genome také tmore time to coalesce and thus, have a higher
probability of retaining ancestral polymorphisms$veen divergent taxa [143]. Acknowledging that the
evolutionary history of these shallow species igaty governed by stochastic processes, and
employing methods that explicitly account for themaddition to highly informative markers, will be

important in future research of the “gloeosporisideomplex.

The application of these and other markers to tbelpmatic ofC. kahawaeemergence and evolution
revealed fruitful, in that a new and more objectparspective was unearthed. This new perspective
challenged the current vision of these events wag that was not expected, suggesting not only a
different place for the origin €. kahawagbut also that the speciation event underlyingitergence
from the group specieS. gloeosporioidess much more complex than previously hypothesiEaaetn
though the results presented here tantalizinglygssigan emergence &. kahawaeby host shift

speciation, future research will be essential &edjuest for the true phylogenetic origindfkahawae
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is only beginning. On the other hand, the abildyésolve population relationships within this gpsc
allowed further inferences about how it has dissated and how its populations are distributed
throughout its range, revealing the importancehefaltitude in their structure. This may also befuis
for plant pathologists interested in breeding fgistance to CBD, who should integrate isolatesifro

the three divergent populations whenever possible.

Finally, statistical methods of molecular evolutiere used to investigate the only mating-type gene
MAT1-2-1 known in the singularColletotrichum genus. Since this issue has remained largely
unexplored, the presented results lacked a praerence basis with which more general inferences
could have been drawn. Nonetheless, the analys¥ inay represent a starting point to generate
hypothesis about the evolution and function of #pgarent singular gene and mating system in the
entire fungal kingdom.
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