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como en el empleo de diversas herramientas moleculares, que incluyen técnicas como
RAPD, PCR-RFLP, AP-PCR y analisis de la secuencia de nucleétidos de diferentes
regiones y genes (Johnston y Jones, 1997; Sreenivasaprasad y Talhinhas, 2005). Los
estudios que combinan el uso de las técnicas moleculares con la identificacion
tradicional, proveen informacién mas confiable sobre el patégeno, lo que permite
monitorear la enfermedz en poblaciones del (los) cultivo(s) hospedero(s) y favorece
el mantenimiento de la sanidad vegetal de los cultivos afectados.

En trabajos anteriores (Tapia-Tussell ef al, 2008; Torres-Calzada et al., 2011), se
detectd que Colletotrichum truncatum (Syn. C. capsici) se encontraba en cultivos que
no han sido reportados como hospederos, sin embargo es necesario realizar estudios
mas profundos enfocados a la caracterizacién de este patdgeno en esos cultivos. Por
todo lo anterior, el objetivo de este trabajo = estudiar la diversidad genética de esta
especie y determinar si existe variabilidad patogénica entre los aislados que fueron
colectados en los diferentes hospederos.
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Estas lesiones se pueden encontrar en cualquier tejido de ia planta, como hojas,
peciolos y raices, aunque son mas comunes en tallos y en frutos. En las hojas, estos
sintomas se perciben inicialmente como lesiones claras que eventualmente se vuelven
necroéticas, provocando una disminucion en la tasa fotosintética de la planta (Abang,
2003). La localizacién de la infeccion puede variar dependiendo tanto del hospedero
como de la especie patdgena (Peres et al., 2005).

1.2.3 Proceso de infeccion

E! proceso de infeccion de Colletotrichum, en la superficie de la planta, es
esencialmente el mismo para todas las especies. En la mayoria de los casos, el
inoculo llega al hospedero por medio del ¢ 1a o dispersado por el aire, entonces los
conidios se adhieren a la cutic | de la planta y germinan en las siguientes 24h,
produciendo un tubo germinal, que crece usualmente de 10 a 20 ym antes de formar
el apresorio terminal, que penetrara la cuticula. A partir de este apresorio, emerge
posteriormente una estructura llamada clavija de penetracion (Diéguez-Uribeondo et
al., 2005) que permite el paso directo a la cuticula, aunque existen reportes de
penetracién indirecta a través de estomas o por heridas. Las principales diferencias en
el proceso de infeccién entre especies de Colletotrichum sélo pueden apreciarse
después de la penetracién, donde se distinguen dos tipos de estrategias:
hemibiotréfica intracelular y necrotrédfica intramural. Las especies de Colletotrichum
que llevan a cabo la primera estrategia, ¢ caracterizan por establecer inicialmente un
proceso de infeccion mediante una fa:  biotréfica, en la cual se percibe la aparicion de
una hifa primaria intracelular, cambiando posteriormente a una fase necrotréfica en la
cual se desarrolla una hifa secundaria, que se ramifica a lo largo del tejido del
hospedero. Mientras que en la segunda estrategia de infeccion, una vez que el
patégeno ha penetrado la cuticula del hospedero, crece por debajo de ella sin penetrar
a las células, desarrollandose entre las regiones periclinal y anticlinal de las paredes
de las células epidermales (O Connell et al., 2000).

Durante el proceso de infeccién, los factc  ; ambientales son de gran importancia en
el desarrollo de la enfermedad. La relacion entre la intensidad de la lluvia, la geometria
del fruto y la dispersion del indculo causan diferentes grados de severidad (Than et a/.,
2008). La infeccion ocurre cuando  clima es calido y himedo (Agrios, 2005). La
temperatura optima para esto es alrededor de los 27°C, con una humedad relativa alta
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Tanto los ARNr como las subunidades de los ribosomas se suelen nombrar por su
coeficiente de sedimentacion en unidades Svedberg (S).

En eucariotas los ribosomas son 80S, divididos en dos subunidades de distinto
tamario. La subunidad mayor 60S contiene tres tipos diferentes de ARNr: 5S, 5.8S y
288 y tiene 49 proteinas; la subunidad menor 40S tiene una sola molécula de ARN,
18S y 33 proteinas.

El ADN ribosomal es una secuencia de ADN de longitud variable, que codifica para el
ARN ribosomico (Scorzetti et al., 2002). El ADNr consiste en un segmento de ADN
repetido en tdndem compuesto por S, 188, ITS1, 5.88, ITS2, 28S y 5S.

Los espacios internos transcritos (ITS, por sus siglas en inglés) son fragmentos de
ARN no funcionales situados entre los ARNr. Los espacios intergénicos (IGS, por sus

glas en inglés) son regiones de ADN que no son transcritas y que separan las
multiples copias que existen del ADNr. Durante la maduracién del ARNr, los
fragmentos ITS son eliminados y degradados, obteniéndose de este modo los ARNr
18S, 5.8S y 288S.

El bajo nivel de polimorfismo intraespecifico en la unidad de transcripcidn de ADNr,
permite la caracterizacién de las especies usando sélo dicha secuencia y hace que
este ADN sea Util para la comparacion interespecifica. Ademas, las repeticiones de las
diferentes regiones de codificacién del ADNr muestran distintas tasas de evolucion.
Como resultado de ello, este ADN puede proporcionar informacién sobre casi
cualquier nivel sistematico. De la misma manera, los ITS son, al momento, la region
mas utilizada para la identificacion en el reino fungi, debido al grado de variacion que
presenta en su secuencia, a nive!l interespecifico.

E! ADN ribosomal ha servido en estudios de identificacion de especies por sus
numerosas ventajas, como su amplia distribucién en el genoma y su variabilidad.
Debido a esto, la region ITS, localizada entre las subunidades pequeria y grande del
ADNr, se han empleado exitosamente en estudios de filogenia y caracterizacion en el
género Colletotrichum (Van Hemel k et al., 2010; Lotter y Berger, 2005).

Del mismo modo, el andlisis de esta secuencia ha permitido la identificacion de varias
especies de Colletotrichum como C. lindemuthianum, C. fragarie, C. boninense, C.
gloeosporioides y C. capsici (Masyahit et al., 2009; Marulanda et al., 2007; Wang et al.,
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1.2.4.3 Marcadores moleculares AP-PCR y RAPDS

Welsh y McClelland (1990) describieron la técnica denominada Arbitrary Primed (AP-
PCR) que se basa en la amplificacién por PCR del ADN genémico, con iniciadores que
tienen secuencias repetitivas y adyacentes denominadas micro (2 a 9 nucleétidos) o
minisatélites (de 15 a 30 nucleétidos), distribuidas a lo largo del genoma del organismo
de interés. Estas repeticiones arbitrarias revelan polimorfismos entre individuos de la
misma especie, por lo tanto proporcionan resultados que permiten discriminar
especies estrechamente relacionadas e identificar organismos hasta el nivel de
subespecie (Libkind, 2007; Orbera, 2004; Ralph y McClelland, 1998; William, 1996).

La técnica de RAPDs (Random Amplified Polymorphism DNA, por sus siglas en
inglés), ha sido una de las metodologias mas utilizadas en la PCR para diferentes
propésitos; se basa en el uso de pequefios iniciadores de secuencias aleatorias que
se “‘pegan”’ a distintos sitios del genoma, si es que existen diferentes “blancos” para
ellos. El producto de la amplificacién podra ser visualizado con electroforesis. Los
marcadores de RAPDs proporcionan un método rapido para generar mapas genéticos
y analizar poblaciones, especies de un género o diferentes géneros de una familia
(Valadez y Kahl, 2000).

Las técnicas de AP-PCR y RAPDs I  sido muy usadas para la identificacion y
caracterizacion de especies de hongos ‘eeman et al. (2000) utilizaron la técnica de
AP-PCR para diferenciar C. acutatum de C. gloeosporioides en anémona coronaria. La
:nica de RAPD ha sido empleada ara tudios de variabilidad en C. capsici
(Sharma et al., 2005) y para la deteccién de C. /lindemuthianum en frijol (Wang et al.,
2008). Estas técnicas, dentro del género Colletotrichum, han sido empleadas
principalmente para diferenciar a nivel de subespecies; sin embargo, a pesar de su
confiabilidad, requieren mucho tiempo para su optimizacién y para el analisis de los
resultados, lo cual es complicado al trabajar con un gran numero de muestras.

1.2.5 Colletotrichum truncatum (Syn. C. capsici)

Colletotrichum capsici (Syd.) Butler and Bisby fue descrito por primera vez como
Vermicularia capsici en 1913, por Sydow cuando fue aislado de frutos de chile
(Capsicuum frutescens L.) colectados por W. McRae en India en 1912, y desde
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campo. O bien, puede presentarse en los frutos en maduracién durante su
almacenamiento en la etapa poscosecha (Roberts ef al., 2004).

En el campo, el hongo puede permanecer en ausencia de su hospedero sobreviviendo
como saprofito en los restos de las cosechas. Su actividad como patégeno inicia otra
vez con el establecimiento de los nuevos cultivos, infectando a las plantulas después
de su germinacion.

A pesar de que algunos taxones parecen estar un poco mas restringidos en cuanto a
sus hospederos, limitAndose a ciertas familias, géneros, especies, o incluso cultivares
dentro de éstas, muchos otros son capaces de infectar a varias especies. Por lo tanto,
la diferenciacién entre especies basada en el hospedero del cual es aislado no es
confiable, sobre todo cuando se tre de patégenos tan importantes como C.
gloeosporioides y C. graminicola, que infectan un amplio rango de plantas (Howard et
al., 1992).

El potencial para causar infeccién cruzada se ha reportado en diferentes especies del
género, en una variedad de hospeder vegetales, bajo condiciones artificiales de
inoculacién (Freeman et al., 1998). Por emplo, C. gloeosporioides aislado de siete
cultivos diferentes, fue capaz de realizar la infeccién cruzada en todos ellos, siendo la
Unica limitante la densidad ¢  indculo (Alahakoon et al., 1994). Otra de las especies
que ha sido reportada como patégena de un gran nimero de hospederos es C.
capsici. En México, se ha encontrado a esta especie en cultivos de chile, papaya y
Jatropha (Tapia-Tussell et al, 2008; Torres-Calzada et al, 2011), ocasionando
pérdidas que van desde un 10% hasta un 60% dependiendo del cultivo y la época del
afio.

1.2.6.1 C. truncatum en Capsicum spp.

Capsicum es un género de plantas nativo de las regiones tropicales de Ameérica,
perteneciente a la familia de las Solanaceas. El género estd constituido por
aproximadamente 27 especies, de las cuales cinco han sido domesticadas: C.
annuum, C. baccatum, C. chinense, C. frutescens y C. pubescens y son cultivadas en
diferentes partes del mundo. Las otras 22 especies, son silvestres y endémicas de los
trépicos de América (Csilléry, 2006).
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En México, la papaya es uno de los cultivos mas importantes econémicamente; es
exportado a varios paises, principalmente a Estados Unidos y Canada. En el afio
2013, ¢l area cultivada de papaya fue  16,367.50 hectareas, con una produccion de
764,514.40 toneladas (SIAP, 2014), posicionando a México como el sexto productor a
nivel mundial de dicho cultivo en ese aflo (FAOSTAT, 2014). De todo esto, Yucatan
ocupa el noveno lugar en la produccién nacional, mientras que Oaxaca, Chiapas y
Veracruz son los principe ~ estac  productores (SIAP, 2014).

Uno de los problemas mas comunes que enfrentan los agricultores es |la pérdida de los
frutos a causa de la antracnosis. Debido a la aparicién de las lesiones en la superficie
de los frutos, éstos dejan de ser aptos para la comercializacién, ocasionando pérdidas
de hasta un 50% en la produccién (Arias, 1992).

En México, el patégeno mas comun asociado con esta enfermedad es Colletotrichum
gloeosporioides (Penz) Penz y Sacc. Sin embargo, existen reportes de la presencia de
C. capsici en este hospec 0, tanto en México (Santamaria-Basulto et al., 2008; Tapia-
Tussell et al., 2008), como en Estados nidos (Tarnowski & Ploetz, 2010), Trinidad y
Tobago (Rampersad, 2011) y Malasia (Rahmad et al, 2008). Los sintomas
caracteristicos de C. capsici en el fruto son: manchas circulares, grises ¢ negras,
hundidas, con abundantes masas de conidios, y pueden diferenciarse de los sintomas
tipicos ocasionados por C. gloeosporioides, debido a que este Ultimo provoca lesiones
de color café y apariencia himeda, con masas de conidios color salmén-naranja.

1.2.6.3 C. truncatum en Jatropha curcas

Jatropha curcas L. —comunmente conocida como pifién- es un cultivo que en los
ultimos afios ha despertado  in interés, debido a que el alto contenido de aceite de
sus millas lo convierte en un cultivo atractivo para la produccién de biodiesel
(Ovando-Medina et al., 2010).

Esta planta es originaria de Centroamérica (Woods y Estrin, 2007), y segun Heller
(1996), México es su centro de distribucién mas probable. En este pais, J. curcas
puede ser encontrada en mas de 15 estados, entre los que destacan Puebla, Hidalgo,
Veracruz, Michoacan, Quintana Roo y Yucatan (Martinez et al., 2010; Makkar et. al.,
1998). Este Ultimo es el principal estado productor de Jatropha, con un &rea cultivada
de 2944.50 hectareas y una produccién : 705.00 toneladas, en el afio 2013 (SIAP
2014).
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evaluaciones de resistencia los productos aprobados por la Food and Drug
Administration (FDA).

En la busqueda de alternativas que puedan ser empleadas para el control de la
antracnosis, se han desarrollado diferentes métodos de manejo de los cultivos en
campo, entre los que destacan los métodos de control biolégico. Comparado con el
control quimico, el control bioldgico de la antracnosis no ha sido estudiado tan
ampliamente. Se ha considerado la posibilidad de utilizar algunas levaduras con
capacidad antagonista contra C.  1sici, entre las que destacan Pichia guillermondii,
Candida musae e Issatchenkia orientalis, las cuales han logrado inhibir el crecimiento
del hongo hasta un 93% en estt 0s realizados in vitro (Chanchaichaovivat et al.,
2007). Oftra estrategia ha sido dirigida h ia la induccién de la respuesta de defensa
de la planta ocasionada por Pichia guillermondii (Nantawanit et al, 2009). Sin
embargo, hasta el momento, la actividad de estos organismos como agentes de
biocontrol no ha sido analizada en campo.

Por otra parte, también existen casos itosos de control biolégico poscosecha en
diversos cultivos (Jeffries et al., 1990), los cuales se han ido mejorando en las ultimas
décadas. Sin embargo, el principal reto al que se enfrentan los métodos de control
bioloégico es que el uso continuo de agroquimicos esté firmemente arraigado en las
practicas de cultivo. Ambos sistemas de control deben ser combinados e integrados de
manera balanceada con la finalidad de proveer un control mas eficiente de la
enfermedad, propiciando asi el desarrollo de una agricultura sustentable.
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pathogen populations are needed to direct breeding efforts towards long-term
resistance to anthracnose as it has been seen for the development of Phaseolus
vulgaris resistant cultivars against Colletotrichum lindemuthianum (Mahuku and
Riascus 2004).

Traditionally, Colletotrichum species have been identified by a range of cultural and
morphological characteristics, such as conidial morphology, presence or absence of
setae, fungicide sensitivity, colony  or and growth rate (Adaskaverg and Hartin 1997).
Although valuable, these criteria alone are not always adequate as morphological
characteristics may vary under different environmental conditions (Cannon et al. 2000).

Molecular techniques, combined with morphological studies have proven to be effective
for characterization of Collet:  shum species (Sreenivasaprasad and Talhinhas 2005,
Van Hemelrijck et al. 2010). Sequence analyses of the ribosomal DNA (rDNA) (Photita
et al. 2005), PCR with species-specific primers (Mills et al. 1992), fingerprinting with
UP-PCR (Schiller et al. 2006), AP-PCR (Talhinhas et al. 2005) and RAPD (Sangdee et
al. 2011) have been used extensively to determine genetic diversity within the genus.

To our knowledge, molecular analyses to assess the genetic diversity among the
Colletotrichum isolates responsible for anthracnose in papaya have not been
performed. Thus, the objective of this work was to characterize the Colletotrichum
species from Mexican papaya fields, using a range of molecular techniques including
PCR with species-specific primers, S sequence and AP-PCR analyses, as well as
morphological and pathological assays.
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Table 2.1 Colletotrichum isolates used in this study.

PCR Amplification

Species Isolate  Tissue Location Cgint/ CcapF/

1TS4 CcapR
C. gloeosporioides CGP1 Fruit Morelos, Q. Roo + -
C. gloeosporioides CGP2 Fr Quizas, Q. Roo -
C. gloeosporioides CGP3 Fruit Quizas, Q. Roo -
C. gloeosporioides CGP4 Fr Quizés, Q. Roo -

C. gloeosporioides CGP5 Fruit Quizas, Q. Roo

C. gloeosporioides CGP6 Fruit Quizas, Q. Roo

C. gloeosporioides CGP7 Fruit Quizas, Q. Roo

C. gloeosporioides CGP8 Fruit Quizés, Q. Roo

C. gloeosporioides CGP9 Fruit Soledad de doblado, Veracruz
C. gloeosporioides CGP10  Fruit Soledad de doblado, Veracruz
C. gloeosporioides CGP11  Fruit Soledad de doblado, Veracruz
C. gloeosporioides CGP12  Fruit Soledad de doblado, Veracruz
C. gloeosporioides CGP13  Fruit Soledad de doblado, Veracruz
C.g sporioides CGP14  Leaf Conkal, Yucatan

C. gloeosporioides CGP15  Leaf Conkal, Yucatan

C. gloeosporioides CGP16  Leaf Conkal, Yucatan

C. gloeosporioides CGP17  Flower Conkal, Yucatan

C. gloeosporioides CGP18  Flower Conkal, Yucatan

C. gloeosporioides CGP19  Fruit Quizas, Q. Roo

C. gloeosponoides CGP20  Fruit Quizas, Q. Roo

C. gloeosporioides CGP21  Fruit Quizas, Q. Roo

C. gloeosporioides CGP22  Fruit Quizas, Q. Roo

R T k. T T S S S S S S
1

C. capsici Ccg1 Fruit Tapachula, Chiapas +
C. capsici Ccg2 Fruit Tapachula, Chiapas - +
C. capsici Ccgb Fruit Morelos, Q. Roo - +
C. capsici Ccg7 Fruit Morelos, Q. Roo - +
C. capsici Ccg1b Leaf Valiadolid, Yucatan - +
C. capsici CCP1 Fruit Champoton, Campeche - +
C. capsici CCP4 Fr Champoton, Campeche - +
C. capsici CCP6 Fruit Morelos, Q. Roo - +
C. capsici CCP10  Fruit Quizas, Q. Roo - +
C. capsici CCP11  Fruit Quizés, Q. Roo - +
C. capsici CCP12  Fruit Quizas, Q. Roo - +
C. capsici CCP14  Fruit Quizas, Q. Roo - +
C. capsici CCP15  Fruit Quizés, Q. Roo - +
C. capsici CCP16  Fruit Quizas, Q. Roo - +
7 capsici CCP17 _ Fruit ~izés A Roo - +
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GenBank Database. Data were analyzed using the Molecular Evolutionary Genetic
Analysis (MEGA) software version 5.0 (Tamura et al. 2011), distances were calculated
using the Jukes-Cantor model (assumes equal probability of independent change at all
sites) and a tree was produced 1g the UPGMA, Neighbor Joining and Maximum
Likelihood methods. A bootstrap analysis using 1000 resamples of the data was done.
The ITS-5.88 sequence of Colletotrichum anthrisci was obtained from the GenBank
database and used as outgroup.

2.3.5 AP-PCR (arbitrarily- primed PCR) analysis

Five 15-bp primers derived from the repeated sequences (GTG)s, (GACAC);, (CAG)s,
(GAC)s and (TCC)s were used for AP-PCR analysis (Nguyen et al. 2009). PCR
reaction was carried out in 25 uL reaction volumes containing 50 ng of DNA, 1x PCR
buffer (Invitrogen), 0.25 mM of each dNTP (Invitrogen), 2 mM MgCl,, 0.8 uM primers
and 1U Tag polymerase (Invitrogen). DNA amplification was performed in a GeneAmp
9700 DNA Thermal Cycler (Perkin-Elmer), and consisted of an initial denaturing step at
95° for 5 min, followed by 40 cycles including: denaturing at 95°C for 40 seconds,
annealing for 1 min at either 42°C for (GACAC); and (TCC)s, or 50°C for (GTG)s and
(GAC)s, or 60°C for (CAG)s, extension for 1 min at 72°C; and a final extension step of 5
min at 72°C. The amplified PCR products were loaded onto a 1.5% agarose gel and
the bands were detected by hidium bromide staining. The presence or absence of
bands produced by AP-PCR was recorded and a binary matrix was generated for each
marker. A similarity matrix was calculated using the Dice coefficient and employed later
in a cluster analysis performed by the Unweighted Pair-Group Method with Arithmetic
averaging, using PAST software (Hammer et al. 2001). Branch support of the tree was
assessed by bootstrapping (Felsenstein 1985) using 1000 replications.

2.3.6 Pathogenicity tests

Pathogenicity tests were performed with  representative set of isolates, from all
morphological groups and locations, using papaya fruit (C. papaya var. Maradol). Fruit
were disinfested by immersing them in 1% NaOCI solution for 1 min, washed twice with
sterile distilled water and dried at room temperature. An aqueous conidial suspension
(1x10° spores mL™") was prepared from 7-day-old cultures of each isolate and then
placed on the fruit by the wound/drop method (Kanchana-Udomkan et al. 2004). This
method involved pin-pricking the surface of the fruit to a 1-mm depth and the placing 20
uL of conidial suspension over the wound. Three fruits were tested per isolate and
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Figure 2.3 Morphotypes of Colletotrichum gloeosporioides and C. capsici isolated from papaya,
(a) upper side of the colony and (b) reverse side of the colony.

Growth rate

There was no significant difference in growth rate among isolates of C.
gloeosporioides. However, isolates from group 7 of C. capsici grew faster than those in
groups 8 and 9 (P = 0.003). The C. gloeosporioides isolates grew significantly faster
than the C. capsici isolates (P = 0.001), especially those belonging to group 4 (Table
2.3).

Conidial morphology

Two types of conidia were observed: cylindrical and falcate. C. capsici isolates had
significantly longer conidia than those of C. gloeosporioides. C. capsici isolates
produced one-celled, hyaline, falcate conidia with acute apex. The average length and
width of the conidia were 22.8-23.8 um and 3-3.02 pm, respectively. The C.
gloeosporioides conidia were all cylindrical, with both ends rounded. The average
length and width of the conidia were 13.56-14.24 ym and 4-4.02 um, respectively
(Table 2.3).
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2.4.3 ITS-5.8S sequence analysis

The ITS region, including the 5.8S gene of all isolates was successfully amplified and
sequenced. The data set contained 450 characters of which 53 were parsimony
informative. The BLAST similarity search confirmed the results obtained by the
species-specific PCR analyses. Eleven re ence sequences from other reports were
downloaded from the NCBI database d used in this study: HQ896483, HQ845103,
HQ264179, HM562711 and FJ972609 for C. gloeosporioides; HQ271458, GQ369594,
HQ271468, DQ453990 and EF683602 for C. capsici; and GU227845 for C. anthrisci.

Phylogenetic analyses performed by UPGMA, Neighbor Joining and Maximum
Likelihood methods produced similar topologies; one of the trees is shown in Fig. 2.4.
Phylograms separated the Colletotrichum isolates into two distinct groups named A
and B. Group A (100% bootstrap) includes all C. gloeosporioides isolates and group B
(100% bootstrap) includes all C. capsici isolates. Group A was divided into four
subgroups designated A1, A2, A3 and A4. Subgroup A1 included 59% of the C.
gloeosporioides isolates, along with the reference sequences HQ896483, HQ264179
and HM562711. A2 included the CBS reference isolate C. gloeosporioides FJ9726089,
and isolates CGP14, CGP15 and CGP16, showing 99% identity.

Group B was divided into subgroups B1 and B2. Most of the isolates (57.14%) were
included in subgroup B1. B2 included six isolates which were 99% identical to the
reference isolates HQ271458, GQ369594, HQ271468, DQ453990 and the C. capsici
sequence from the epitype strain F683602. In some cases, isolates were separated
according to geographical origin, for example group A3 contains isolates only from
Quintana Roo state. Also, groups A2 and A4 are formed exclusively for isolates from

Yucatan and Veracruz states respectively.
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previously for other hosts (Afanador-Kafuri et al. 2003; Than et al. 2008). Similarly to
previous reports, higher variability was observed within the C. gloeosporioides
populations where the genetic heterogeneity may be explained by the presence of a
perfe stage (Freeman et al. 1998).

Pathogenicity tests with the Colletotrichum species isolated, showed that all were able
to infect and cause symptoms in wounded papaya fruit, proving that both species were
causal agents of anthracnose infection on papaya. These results provide evidence that,
in anthracnose pathosystems, the same host is often infected by different
Colletotrichum species as has been observed in crops such as avocado (Silva-Rojas
and Avila-Quezada 2011) and pepper (Than et al. 2008). In this study, it was possible
to isolate both C. gloeosparioides and C. capsici from fruit, flowers and leaves, which
concurs with previous reports indicating that some Colletotrichum species are
commonly found infecting not only fruit, it other parts of the plant (Howard et al.
1992). Further studies using different inoculation methods should be carried out to
assess the cross-infection potential of these two species from papaya.

To our knowledge, this is the first study conducted to determine the genetic diversity of
Colletotrichum species causing anthracnose in papaya. The high diversity observed in
both species might be due to the different climate conditions found within our country.
Also, the ability of both species to infect different hosts suggests the possibility of
cross-infection among cultivars. In our region, papaya orchards are often located
adjacent to other horticultural crops such as Habanero pepper (Capsicum chinense),
facilitating dispersion of the pathogen from one crop to another and therefore
representing a high-risk situation for disease control in the field. Determining the
genetic diversity facilitates the identification of pathogen populations in crops in order to
select appropriate control measures, as different species or even subgroups vary in
their sensitivity to fungicides (Van melrijck et al. 2010), thereby allowing producers
to reduce the economic losses in crop production caused by this disease. Also this
knowledge will be useful for breer g programs for genetic resistance to anthracnose in
papaya, considering that the obtention of an anthracnose resistant papaya variety is
the best control measure.
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such as, pepper (Capsicum spp.), apaya (Carica papaya) and physic nut (Jatropha
curcas), all of which have been severely infected by this pathogen in Mexico (23).

In Mexico, the production areas of these crops are concentrated mainly in the south-
southeast, and the constant pre: e of the pathogen is to be expected given the high
humidity caused by greater rail in this area, in comparison with the north of the
country. Consequently, losses in the field and postharvest are considerable, with a
marked effect on the economy of the country since Mexico is the largest exporter of
papaya to the U.S. and one of the leading producers woridwide of pepper (9).

Effectiveness in the control of the disease relies on chemical use, and information on
the distribution of pathotypes is critical for the deployment of more accurate control
strategies such as host resistance breeding. To date, three pathotypes of C. truncatum
have been described (14); however, information is restricted to the presence of the
species in only one host (pepper).

Genetic variation within populatio  of pathogens may be created by the presence of
alternate hosts, as well as by mutation or migration of individuals, leading to an
increase in the virulence of the pathogen (4). Phenotypic and DNA-based markers
have been used to measure the variability among individuals. ISSR markers have been
successfully used to infer the genetic diversity of different Colletotrichum spp. (12, 15).

Knowledge of the variability and pathogenicity in the C. truncatum populations in
Mexico could lead to the development of more effective control measures for the
disease. Thus, the aim of this study was to investigate the pathogenicity and genetic
diversity in C. truncatum populations in ting papaya, pepper and physic nut in the
southeast region of Mexico. Isolates were analyzed by ISSR markers. Phenotypic
characters, i.e. colony morphology, lesion size and growth rate were also included.

3.3 MATERIALS AND METHODS

3.3.1 Collection of C. truncatum isolates

Samples of papaya, pepper and physic nut with anthracnose symptoms were collected
during different growing seasons from 2008 to 2013. In total, 108 C. truncatum isolates
were collected from 18 fields in five producer states: Quintana Roo, (ROO), Yucatan,
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The results of the pathogenicity tests 1 =2aled that all isolates could infect the three
hosts and produce typical anthracnose symptoms, indicating their pathogenic potential
on other plants. In the present study, C. truncatum isolates caused diseased symptoms
on the papaya, pepper and physic nut cross-infection assay with variable intensity,
suggesting the possible existence of more than one race or biotype, as has been
indicated in previous reports for the C. acutatum species (16). In general, the most
aggressive isolates were obtained >m pepper and physic nut. Specifically, of the 20
isolates tested, CCJ20 and CCG12 were highly aggressive on the fruits and leaves of
the three different hosts.

In the Yucatan Peninsula, physic nut has been used for decades as a living fence, and
only recently (around 2010) has it begun to be used as a commercial crop, thus leading
to the introduction of diverse cultivars from different origing, such as Asia, Central
America and Brazil, which may have influenced the pathogen population by favoring
the presence of the more aggressive genotypes in this host. In contrast, pepper has
long been known as the main host for is fungal pathogen, which has promoted the
appearance of several genotypes of this fungus.

C. truncatum isolates CCG9 and CCC38 were the least aggressive. Surprisingly,
isolates CCP8, CCC18 and CCG14 were more pathogenic on alternative hosts.
Similarly, it has been found that C. acutatum and C. gloeosporioides isolates did cause
anthracnose symptoms on different plants both by artificial cross-infection and under
field conditions in Brazil and Australia (2, ., 24), indicating a lack of host specificity.
This can favors the migration of the pathogen from one host to another, even more if
these hosts a olanted in surrounding areas as it occurs in Mexico.

The ISSR markers used were efficient in separating the isolates in this study. The
resultant dendrogram showed high levels of genetic variation among isolates, all of
which were grouped according tot  r host or geographical origin, but not according to

their pathogenicity.

According to the PCO analysis, the populations under study did not have a defined
structure. However, most of the isolates that clustered together were collected from the
same host, which is similar to the results observed in the dendrogram. Previous reports
have proved the effectiveness of the molecular markers in describing the genetic
variations in different pathogen populations (4, 5). The results obtained herein suggest
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the field, mainly fungicides based on benzimidazole. However, it is increasingly common
to find isolates that are less sensitive or even resistant to these fungicides, as it has
been seen in populations of C. gloeosporioides (Astua et al., 1994; Solano & Arauz,
1995). The benzimidazole fungicides act by inhibition of nuclear division, binding to the
b-tubulin molecule and disrupting microtubule-ba: | processes (Brennan et al., 2007).
Resistance to benzimidazole fungicides is conferred by a single-point mutation in the b-
tubulin gene and to date, different levels of resistance has been reported in several
fungal pathogens (Chung et al., 2006; Wong et al., 2008). This resistance was attributed
to missense point mutation in C \ resulting in amino acid exchanges in the B-tubulin
protein (Ma & Michailides, 2005). In fungi, molecular analysis revealed four amino acid
substitutions that led to the development of resistance to benzimidazole. The changes
from glutamic acid (E) to alanine (A), glycine (G) or lysine (K) at position 198, or from
phenylalanine (F) to tyrosin (Y) at position 200 cause the emergence of resistant
isolates. Previous studies proposed that the resistance-conferring mutations allowed the
formation of hydrogen bonds closing off the binding pocket and thus decreasing the
binding affinity (Brennan et al., 2007).

The strobilurines (Qol) are a different group of fungicides that have become one of the
most important agricultural products used for the control of several diseases, including
anthracnose (Avila-Adame et al, 2003). These fungicides inhibit mitochondrial
respiration by binding to the Qo center of cytochrome b and thus, blocking the transfer of
electrons between the cytochrome and the cytochrome c¢1, halting the production of
ATP (Fernandez-Ortufio et al., 2012). Several Qol resistant isolates have been
described and for most of them, the m r mechanism of resistance is the amino acid
substitution of glycine with alanine at position 143 (G143A) of the cytochrome b protein
(Farman et al., 2001; Gisi et al., 2002). The mutations F129L and G137R have been
reported as mechanisms for Qol tolerance in Alternaria solani and Pyrenophora teres,
but these changes are considere of minor importance because they lead to lower
resistance compared with the mutation G143A (Stammler et al., 2013).

For the effective control of anthracnose disease, monitoring of fungicide resistance is
crucial. There are no previous reports exploring the resistance in the C. truncatum
populations in Mexico. Thus, the objectives of this study were to (i) determine the
sensitivity of C. truncatum isolates obtail | from various host species (papaya, pepper
and physic nut) to five different fungicides: benzimidazole, azoxystrobin, mancozeb,
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4.3.3 In vitro assessment of fungicide sensitivity

Sensitivity of the Colletotrichum isolates to the different fungicides was determinate
using mycelia growth assays. Each isolate was plated onto PDA at 25°C. 5-mm plugs
were punched from actively sporulating areas near the growing edge of a 5-day-old
culture of these isolates. Mycelia plugs were placed onto PDA dishes amended with 0,
0.01, 0.1, 1 and 10 pg/ml a. i. of cyprodinil + fludioxonil, and 0, 0.1, 1, 10 and 100 pg/ml
a.i. of mancozeb, and 0, 10, 100, 1000 and 10 000 pg/mi a.i. of azoxystrobin or
thiabendazc  For the azoxystrobin sensitivity assay, an additional test was performed.
Salicylhydroxamic acid (SHAM) at a final concentration of 100 pg/ml was added to the
culture media instead of | fungicide to observe any effect of the alternative oxidase on
in vitro growth. The plates were incubated at 25°C for five days. Control plates consisted
of a 5-mm diameter plug of the i  ates inoculated on nonamended PDA. The diameter
of each colony was used to calculate the percent relative growth (%RG) compared with
the control, as well as the percent of the relative growth inhibition (%RG! = 100-%RG).
The 50% effective dose (EDs) value was determined by plotting the % RG on each
fungicide-amended medium compared with growth on the control versus the log
concentration of the fungicide treatment, 1d then calculating the regression line through
the linear portion of the dose-response curve (Wong et al., 2008).

4.3.4 Analysis of cytochrome b gene

The total genomic DNA was extracted according to the method described by Tapia-
Tussell et al. (2006) and diluted to a final concentration of 50 ng/ul. The pair of primers
P1 and P2 described by Avila-Adame et al. (2003) was used to amplify a fragment of the
cyt b gene. The PCR reaction mixture and program were carried out according to
previous reports with the following arameters: 94°C for 7 min, followed by 30 cycles
including: 30 s at 94°C, annealing for 30 s at 55°C, 1 min at 72°C; and a final extension
step of 72°C for 7 min. PCR products were separated by electrophoresis on ethidium-
bromide stained 1.5% agarose gels.
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gene revealed no amino acid substitutions at positions related to Qol resistance,
suggesting that other mechanisms might be involved in the resistant phenotype.
Previous reports had described an alternative respiration pathway sustained by an
alternative oxidase (Bohr et al., 1999; Miguez et al., 2004; Wood et al., 2003), as well as
the expression of a gene coding an lux transporter involved in preventing the
accumulation of toxic concentrations of fungicides inside the cells (Andrade et al., 2000;
De Waard et al., 2006., Roohparvar et al., 2007). Therefore, we hypothesize that a
combination of these mechanisms could be involved in maintaining the resistance of the
isolates under study.

The phenotypic response of benzimidazole resistance in C. truncatum isolates was
supported with the results of the molecular analysis of the tubuline gene. Site-specific
mutations in the TUB2 gene have been identified for resistance in several fungal species
(Downing et al., 2000) and previous reports determined that mutations leading to the
amino acid substitutions E198A, E198K and F200QY, are involved in conferring resistance
to benzimidazole-based fungicides (Jung et al.,, 1990; Peres et al., 2004; Yarden &
Katan, 1993). In this study, the amino acid substitution E198A was observed in the
protein sequence of C. truncatum isolates  d to our knowledge, this is the first report of
the mutation in this species. We found that 75% of the fungal isolates with the amino
acid substitution at position 198 were considered as highly resistant, with ED50 values
higher than 300 pg/ml. The E198K and F200Y amino acid changes were not observed
among the isolates collected in this work. However, some amino acid substitutions have
been noted at other positions different to those usually reported with benzimidazole
resistance but whether these changes are involved in the resistant phenotype, or are
due to normal allelic variation needs further verification.

Monitoring of fungicide sensitivity is an essential activity for the development of effective
control schemes. The results described here exhibit the rapid emergence of
benzimidazole-based and Qol fungicides resistant mutants in the C. truncatum
populations. Continuous monitoring programs, either with bioassays, or with PCR
methods detecting mutations in the target genes is essential to evaluate changes in the
EC values leading to the emergence of resistant phenotypes and also allows us to
understand the population dynamics of the pathogen according to different chemical
control programs in order to design adequate and effective management strategies for
anthracnose.
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mostrd altos niveles de variabilidi  genética entre los aislamientos, agrupandolos de
acuerdo a su hospedero de origen o a su lugar de procedencia. Por otro lado, no se
encontrd relacién entre los genotipos y sus morfotipos, ya que, en algunos casos,
aislamientos de un mismo genotipo presentaron morfotipos diferentes (Manuel et al.,
2009). El conocimiento de la diversidad genética y morfolégica del patégeno, asi como
de la posible relacién entre ellas, resulta indispensable para determinar si las
diferencias a nivel genético o morfolc o estan relacionadas con la capacidad del
patégeno para infectar a un am;  rango de hospederos, o en caso contrario, para
restringir su patogenicidad (Freeman et al., 1998).

El andlisis de coordenadas principales (PCO) reveldé que las poblaciones bajo estudio
no tienen una estructura definida. Sin embargo, la mayoria de los aislamientos se
agruparon nuevamente de acuerdo a su hospedero de origen, tal como se observo en
el dendrogran

Dentro del género Colletotrichum, existen muchos trabajos enfocados en el
conocimiento de la diversidad genética. Se ha visto que especies como C. acutatum y
C. gloeosporioides muestran mayor heterogeneidad genética, explicada, tal vez, por la
presencia de un teleomorfo (Freeman et al., 1998). Van Hemelrijck et al. (2010)
reportan que las poblaciones de C. acutatum aisladas de fresa en Bélgica, son
genéticamente muy diferentes, a pesar de que estudios previos realizados en Francia,
Israel, Bulgaria y Espania (Garrido et al., ~109; Jelev et al., 2008; Urena-Padilla et al.,
2002), demostraron que no existia gran diversidad genética en esta especie, y que una
posible explicacién a esto, es que el material vegetal del cual se obtuvieron los
aislamientos de C. acutatum, wenia de diferentes lugares, lo cual corrobora
nuevamente la influencia del lugar de procedencia en la variabilidad de los patégenos.

Con base en los resultados obtenidos en la caracterizacion molecular, y observando
los resultados de las colectas y la posterior caracterizacion morfologica, se
seleccionaron veinte aislamientos, provenier ; de diferentes localidades, que ademas
procedian de los tres hospederos bajo estudio, y presentaban las caracteristicas de los
diferentes grupos morfolégicos. Los aislamientos seleccionados fueron inoculados en
los tres hospederos de origen, con el fin de observar las diferencias en severidad que
pudieran existir entre ellos. Los resultados de este trabajo demostraron que el
fenémeno de infeccién cruzada ocurre entre los aislamientos de C. truncatum. Los
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5.2 CONCLUSIONES

o Colletotrichum truncatum aislado de Carica papaya, Capsicum spp, y Jatropha
curcas mostré una gran variabilidad fenotipica.

o Las caracteristicas morfolégicas C. truncatum permitieron establecer seis
morfotipos, de los cuales, el morfotipo tres es el mas abundante y coincide con
el reportado para esta especie.

o Los conidios de los aislados obtenidos de C. papaya fueron significativamente
mas grandes que aquellos provenientes de Capsicum spp. y Jatropha curcas.

o Las huellas genéticas obtenidas de las cepas de C. fruncatum, mostraron una
relacién entre los aislamientos y el hospedero del cual se aislaron

o Todos los aislamientos colectados son capaces de infectar a papaya, chile y
Jatropha, sin importar su hospedero de origen.

e Las: »asde C. truncatum aisladas de chile fueron los que generaron mayores
tamarios de lesion en todos los hospederos inoculados.

e Todos los aislamientos de C. truncatum evaluados in vitro fueron resistentes a
los fungicidas Tecto y Amistar

o La resistencia de los aislamientos hacia el fungicida Tecto estd dada por una
mutacién puntual en el gen que codifica la proteina B-tubulina.

5.3 PERSPECTIVAS
Colletotrichum truncatum (syn. C. capsici) es un patégeno muy versatil. En este trabajo
ha quedado de manifiesto su gran variabilidad genética y morfolégica, asi como su alta

capacidad infectiva.

Los resultados obtenidos del analisis de la diversidad genética mediante marcadores
ISSR facilitaron la identificacién de las poblaciones del patégeno presentes en los
cultivos bajo estudio. Sin embargo, considerando la variabilidad encontrada, los
resultados sugieren la necesidad de profunc™ r en el estudio del patogeno, mediante
el empleo de otras técnicas moleculares, tales como los andlisis filogenéticos
multilocus, u otras técnicas de marcadores moleculares que nos permitan obtener
mayor informacién sobre el genoma del hongo.

Por otra parte, los ensayos de sensibilidad in vitro de C. truncatum permitieron
determinar la efectividad de los productos quimicos empleados en campo para

controlar al patégeno, lo cual es un punto critico en el cuidado de los cultivos
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