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RESUMEN

En e Banco de Germoplasma del Instituto de Conservacion y Mejora de la Agrodiversidad
Vdenciana de la Universidad Politécnica de Vaencia (COMAV) se mantienen actualmente mas de
7000 entradas de especies horticolas, incluyendo cultivares locales espafioles y especies silvestres.
Entre estas entradas se incluyen 3500 de la seccion Lycopersicon y 144 de la seccion Basarthrum
del género Solanum. Para que e empleo de estos recursos fitogenéticos sea eficiente es necesario
conocer su estructura genéticay su taxonomia. El conocimiento de la distribucién de la variabilidad
existente permite establecer criterios de conservacion més racionales y un uso més eficiente de estos

recursos parala mejora de | as especies cultivadas.

Los objetivos de la presente tesis doctoral se centran en el estudio de las secciones del género
Solanum mencionadas previamente. Ambas secciones incluyen especies cultivadas: tomate y pepino
dulce. La clasificacion y filogenia de las especies pertenecientes a cada una de estas secciones ha
sido objeto de controversia durante mucho tiempo y, a pesar del esfuerzo realizado hasta el
momento, todavia no se ha alcanzado un consenso definitivo. Esto puede ser debido a una
separacion reciente de estas especies, que permanecen estrechamente relacionadas y con capacidad
de cruzamiento, o alafalta de trabajos en los que se incluya una representacion adecuada de toda la

variabilidad presente en estas secciones.

Para analizar la taxonomia de la seccion Lycopersicon se ha empleado una amplia
representacion de materiales de cada una de las especies abarcando todo su rango de distribucion.
Los andlisis realizados identifican 12 especies distintas. Esta clasificacion confirma algunas de las
nuevas especies propuestas en la seccion recientemente, pero no en todos los casos. La nueva
especie S. huaylasense aparece claramente separada de S. peruvianum. También se confirma la
separacion de S. arcanum, aungue en este caso los datos moleculares sugieren que S. arcanum
podria estar compuesta por dos especies cripticas dificiles de distinguir morfol 6gicamente. Por otro
lado, S. corneliomulleri, otra de las nuevas especies, no es distinguible genéticamente de S

per uvianum segln nuestros andlisis.

Basandose en las relaciones filogenéticas se pueden establecer 3 grupos en la seccidn
Lycopersicon: Arcanum (S. arcanum, S. chmielewskii, S. neorickii, S huaylasense), Lycopersicon
(S lycopersicum, S pimpinglifolium, S cheesmaniae y S galapagense) y Eriopersicon (S
peruvianum s.s&ir., y S chilense). En una posicion basal respecto a estos grupos aparecen las

especies S habrochaitesy S pennellii.



En la seccion Basarthrum los datos presentados respal dan la agrupacion de los materiales en 13
especies. Entre estas se incluyen dos nuevas especies, previamente no descritas. Los materiales
pertenecientes a estas especies son morfol 6gicamente distintos y estan claramente agrupados en los
andlisis moleculares. En cuanto alas relaciones filogenéticas entre ellas, se confirma que S. canense
es la especie més algjada del resto y S. suaveolens aparece en una posicion intermedia entre ésta (a
la que se parece morfoldgica y reproductivamente) y la serie Caripensia (de la que esta mas cerca
genéticamente). Dentro de la serie Caripensia se observan claramente diferenciadas las especies S.
basendopogon, S trachycarpum y S tabanoense. Mientras que €l complgo Caripense queda

constituido por las especies S. caripense, S. filiforme, S. fraxinifoliumy S heiseri.

Ademés del andlisis general de la taxonomia se analiza también en detalle la estructura genética
de una especie de cada una de las secciones. En el caso de la seccion Lycopersicon, se analiza la
distribucion de la variacion de S. pimpinellifolium en todo el rango de distribucion de esta especie;
incluyendo una abundante representacion de los materiales procedentes de Ecuador que no se habia
incluido en estudios previos. El andlisis de esta especie tiene gran interés puesto que se trata de la
especie silvestre mas cercana a tomate cultivado y se emplea habitualmente como fuente de

caracteres de interés parala mejora de este cultivo.

Solanum pimpinel lifollium muestra una gran diferenciacion entre los materiales procedentes de
Per( y Ecuador. En €l caso de las entradas ecuatorianas se observa una fuerte estructuracion
geografica, mientras que en e caso de las peruanas la diferenciacion entre las distintas zonas
geograficas es pequefia. Estas diferencias genéticas podrian estar relacionadas con las diferentes
condiciones climéticas y ecoldgicas que hemos observado entre ambos paises. La costa peruana
muestra unas caracteristicas climaticas muy uniformes, mientras que en Ecuador se observa una
gran variacion climética y ecolégica. Por otro lado, los datos de variabilidad y heterocigosidad
sefidlan el norte de Pertl como la posible regién el origen de esta especie. De ser asi, |as poblaciones

de Ecuador y del sur de Peru serian fruto de migraciones posteriores.

En el caso de la seccion Basarthrum, se ha analizado la variabilidad genética presente en S,
muricatum, la Unica especie cultivada de la seccién. A diferencia de 1o que ocurre en el caso de
otras especie cultivadas, € pepino dulce mantiene una gran diversidad. La comparacion entre la
variabilidad presente en la especie cultivada y las silvestres permite concluir que S muricatum

presenta variabilidad genética proveniente de varias especies silvestres del complejo Caripense.



SUMMARY

The Germplasm Bank of The Ingtitute of Conservation and Improvement of the Vaencian
Agrodiversity of the Polytechnical University of Vaencia (COMAYV) holds and maintains more than
7000 horticultural species accessions, including local landraces and wild species. 3500 of these
accessions belong to the genus Solanum section Lycopersicon and 144 to the Basarthrum section.

To be able to use this resources efficiently it is necessary to know their genetic structure and
taxonomy. Knowing their variability distribution rational criteria for the conservation of these

resources can be established.

The objectives of the present doctoral thesis are focused in the study of the sections of the
Solanum genus previoudy mentioned. Both sections include cultivated species: tomato and pepino.
The classification and phylogeny studies of the species belonging to these sections have been
controversial and, in spite of the effort carried out, a definitive consensus has not been reached yet.
This could be explained by a recent separation of these species, that remain closely related and with
hybridization capacity, or by the lack of previous works including an appropriate representation of

all the variability present in these sections.

With the purpose of studying section Lycopersicon taxonomy a broad representation of each
species has been employed covering their entire range of distribution. The anayses identified 12
different species. These classification confirms some of the new species proposed recently, but not
al. The new species S. huaylasense appears clearly separated of S. peruvianum. Also the separation
of S arcanumis confirmed, although in this case the molecular data suggests that S. arcanum could
be composed by two cryptic species morphologically difficult to distinguish. Contrary, S
corneliomulleri, another of the new species, could not be geneticaly differenciated from S

peruvianum according to our analyses.

Based on the phylogenetic relationships 3 groups could be established in the section
Lycopersicon: Arcanum (S. arcanum, S. chmielewskii, S. neorickii, S. huaylasense), Lycopersicon
(S lycopersicum, S pimpinglifolium, S cheesmaniae, S galapagense) and Eriopersicon (S
peruvianum s.str., S chilense). The other two species from this genus, S habrochaites and S

pennellii appear in abasal position.

In the section Basarthrum the classification of the materials in 13 species is supported by the

presented data. Two new species not previoudy described have been found in this study. Materials



from these species are morphologically and molecularly different from the rest of species.
Regarding to the phylogenetic relationships, it has been confirmed that S. canense is the most
distant species and that S. suaveolens appears in an intermediate position between the latter and the
series Caripensia. Within the series Caripensia, S basendopogon, S. trachycarpum and S
tabanoense are observed as distinct species. The Caripense complex is formed by S. caripense, S

filiforme, S. fraxinifoliumand S heiseri.

Besides the general analysis of the taxonomy the genetic structure of a species from each section
Is also analyzed in detail. In the case of the section Lycopersicon, the variation distribution of S.
pimpinellifolium is analyzed in the whole range of distribution of this species; including the
materials from Ecuador previoudy not included in any study. The analysis of this species has great
interest because it is the closest wild species to the cultivated tomato and it is often employed as

source of interesting tomato agronomical characters.

A great differentiation is found in Solanum pimpinellifollium between the materials originated
from Peru and Ecuador. In the case of the Ecuadorian accessions a strong differentiation is found,
whereas in case of the Peruvian materials only a light differentiation between north and south is
apreciated. These genetics differences could be related with the diferent climatic and ecological
conditions present in both countries. The climate aong the Peruvian coast is quite uniform, whereas
in Ecuador a greater climatic and ecological variation between north and south is observed. On the
other hand the information about the variability and heterocigosity suggest that the region of origin
of this species could be located close to the northern Peru border. The populations from Ecuador

and the south of Peru could be the result of posterior migrations.

In the case of the section Basarthrum, the genetic variability present in S, muricatum, the only
one cultivated species of the section, has been analyzed. Unlike other cultivated species, pepino
keeps a great diversity. Comparison between variability present in cultivated and wild species allows
us to conclude that S. muricatum include genetic variability coming from severa wild species of the

complex Caripense.



RESUM

En e Banc de Germoplasma de I'Ingtitut de Conservacio i Millora de I'Agrodiversitat
Vdenciana de la Universitat Politecnica de Vaeéencia (COMAV) es mantenen actualment més de
7000 entrades d’ especies horticoles, incloent-hi cultivars locals espanyols i espécies silvestres. Entre
aquestes entrades s'inclouen 3500 de la seccid Lycopersicon i 144 de la seccié Basarthrum del
genere Solanum. Perque I’ Gs d’ estos recursos fitogenétics siga eficient és necessari conéixer la seua
estructura genetica i la seua taxonomia. El coneixement de la distribuci6 de la variabilitat existent
permet establir criteris de conservacio més racionals i un Us més eficient d’ aguestos recursos per a

lamillora de les especies cultivades.

Els objectius de la present tes doctoral se centren en I'estudi de les seccions del genere
Solanum mencionades préviament. Ambdues seccions inclouen espécies cultivades. tomaca i
cogombre dol¢. La classificacio i filogénia de les espécies pertanyents a cadascuna d aquestes
seccions ha sigut objecte de controversia durant molt de temps i, malgrat I’ esforg redlitzat fins a
moment, encara no S ha arribat a un consens definitiu. Aco pot ser degut a una separacio recent
d’ aquestes especies, que romanen estretament relacionades i amb capacitat de creuament, o alafata
de trebals en que sincloga una representacié adequada de tota la variabilitat present en estes

Seccions.

Per a andlitzar la taxonomia de la seccié Lycopersicon S ha emprat una amplia representacio de
materials de cadascuna de les espécies comprenent tot e seu rang de distribuci6. Les andlisis
realitzades identifiquen 12 especies distintes. Aquesta classificacié confirma algunes de les noves
especies proposades en la seccié recentment, perd no en tots els casos. La nova especie S
huaylasense apareix clarament separada de S. peruvianum. També es confirma la separacio de S
arcanum, encara que en aquest cas les dades moleculars suggerixen que S. arcanum podria estar
composta per dos especies criptiques dificils de distingir morfologicament. D’atra banda, S
corneliomulleri, una atra de les noves espéecies, no és distingible geneticament de S. peruvianum

segons les nostres andlisis.

Basant-se en les relacions filogenetiques es poden establir 3 grups en la seccid Lycopersicon:
Arcanum (S arcanum, S chmielewskii, S neorickii, S huaylasense), Lycopersicon (S
lycopersicum, S pimpinellifolium, S. cheesmaniae i S galapagense) i Eriopersicon (S peruvianum
sdr., i S chilense). En una posicio basal respecte a aguestos grups apareixen les especies S

habrochaitesi S. pennellii.



En la secci6 Basarthrum les dades presentades justifiquen I'agrupacié dels materials en 13
especies. Entre aguestes sinclouen dos noves especies, previament no descrites. Els materials
pertanyents a aquestes especies son morfoldgicament diversos i estan clarament agrupats en les
analisis moleculars. Quant a les relacions filogenetiques entre elles, es confirma que S. canense és
I’ espécie més allunyada de larestai S. suaveolens apareix en una posicio intermedia entre esta (ala
que s assembla morfologica i reproductivament) i la série Caripensia (de la que esta més prop
geneticament). Dins la serie Caripensia sobserven clarament diferenciades les espécies S
basendopogon, S trachycarpum i S tabanoense. Mentres que el complex Caripense queda

congtituit per les especies S. caripense, S filiforme, S. fraxinifoliumi S. heiseri.

A meés de I’andlis general de la taxonomia, S analitza també amb detall I’ estructura genética
d una especie de cadascuna de les seccions. En el cas de la seccié Lycopersicon, s anditza la
distribucio de la variacié de S. pimpinellifolium en tot e rang de distribucio d’ esta especie; incloent
una abundant representacié dels materials procedents d’ Equador que no s havia inclos en estudis
previs. L’andlisi d’ esta espécie té gran interés, jaque estracta de I’ espécie silvestre més proximaala
tomaca cultivada i s empra habitualment com a font de caracters d’'interés per ala millora d’ aquest

cultiu.

Solanum pimpinellifollium mostra una gran diferenciaci6 entre els material s procedents de Pert i
Equador. En € cas de les entrades equatorianes sobserva una forta estructuracié geografica,
mentres que en el cas de les peruanes la diferenciacié entre les distintes zones geografiques és
xicoteta. Aquestes diferéencies genetiques podrien estar relacionades amb les diferents condicions
climatiques i ecologiques que hem observat entre ambdés paisos. La costa peruana mostra unes
caracteristiques climatiques molt uniformes, mentres que a Equador Sobserva una gran variacio
climaticai ecologica. D’atra banda, |es dades de variabilitat i heterocigositat assenyalen € nord de
Per(l com la possible regio I’ origen de I'espécie. De ser aixi, les poblacions d’ Equador i del sud de

Peru serien fruit de migracions posteriors.

En el cas de la secci6 Basarthrum, s ha analitzat la variabilitat genetica present en S. muricatum,
I”Unica espécie cultivada de la seccio. A diferéncia del que ocorre en € cas d atres especies
cultivades, € cogombre dol¢ manté una gran diversitat. La comparacié entre la variabilitat present
en |’especie cultivada i les silvestres permet concloure que S. muricatum presenta variabilitat

genetica provinent de diverses especies silvestres del complex Caripense.
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1. IMPLICACIONESDE LOSESTUDIOS DE VARIABILIDAD EN LA MEJORA

Los “Recursos Fitogenéticos para la Alimentacion y la Agricultura’ se definen, segin la FAO
(1996), como la diversidad del material genético contenido en las variedades tradicionales y en
los cultivares modernos utilizados por los agricultores, asi como en las especies silvestres
relacionadas con los cultivos y otras silvestres que pueden utilizarse como alimento humano o

para animal es domésticos, para obtencién de fibras y tejidos, proteccion, madera, energia, etc.

Los recursos fitogenéticos son recursos naturales que proporcionan la materia prima que,
debidamente utilizada, originard mejores variedades de plantas. Esta materia prima se hala
dispersa en cultivares locales y poblaciones naturales de plantas que han sido seleccionados
durante miles de afios por los agricultores y por la naturaleza mejorandose asi caracteristicas
tales como su adaptacion alas condiciones locales, productividad o resistencia a estreses bioticos
0 abidticos. Los recursos fitogenéticos son limitados y perecederos, y por elo se hace

imprescindible su conservacion, caracterizacion y utilizacion (Esquinas-Alcazar 1993).

La aparicion de la agricultura hace unos 10000 afios conllevd la domesticacion de algunas
especies de interés para e hombre. Los cultivos primitivos se fueron extendiendo desde sus
lugares de origen, transportados primero durante las migraciones y después mediante las rutas
comerciales, encontrandose con condiciones diversas de clima, suelo y vegetacion (Martin 2001).
Todo ello, provocd la aparicion de una gran diversidad de tipos y un enorme numero de
variedades |locales adaptadas a |as necesidades humanas y a medio ambiente. Sin embargo, en
los dltimos afios, debido a varios motivos como la exigencia de uniformidad en los mercados
agrarios y la desaparicion de | as peguefias unidades de autoconsumo, entre otros, se ha producido
una sustitucién de un enorme mosaico de variedades locales, heterogéneas y primitivas, por
variedades comerciales constituidas por genotipos uniformes. Todo ello esta provocando una

pérdida enorme de la variabilidad acumulada durante afios (Nuez et a. 1997).

El estrechamiento de la base genética de las especies cultivadas es un proceso irreversible, la
variabilidad perdida ya no se puede recuperar. Esta erosién genética aumenta la vulnerabilidad
agricolade los cultivosy puede poner en peligro la seguridad alimentaria mundia (Martin 2001).

Cabe citar, como gjemplo, € caso de la hambruna irlandesa a mediados del siglo XI1X por un



ataque de Phytophthora infestans (Mont.) de Bary frente al que resultaron susceptibles las
variedades cultivadas de patata, todas €llas procedentes de material homogéneo, y que provoco la
muerte de casi un millén de personasy el desplazamiento de otros dos millones. Para solucionar
el problema fue necesario localizar fuentes de resistencia y su introduccion en variedades
comerciales. Dichas fuentes de resistencia se encontraron entre los cultivares primitivos
heterogéneosy las plantas silvestres de la regidn andina, centro de diversidad de |a especie (Song
et a. 2003). Otro caso més reciente es el atague, en 1970, de Helminthosporium maydis Nisikado
& Miyake que destruy6 en Estados Unidos més del 50 por ciento de los maizales existentes en €l
sur del pais, debido a que todos €ellos procedian de semillas hibridas obtenidas mediante
androesterilidad citoplasmética a partir de una sola variedad donante de citoplasma que era
susceptible a esta enfermedad (NAS 1972).

Para prevenir estos problemas es imprescindible aumentar la base genética de los cultivos. Y para
ello, una buena fuente de variabilidad genética son las especies silvestres relacionadas con las
cultivadas. Estas especies se han utilizado para la mejora de cultivos durante siglos. De hecho,
los cultivares modernos de la mayoria de cultivos contienen genes que provienen de alguna

especie silvestre relacionada (Hajjar y Hodgkin 2007).

Sin embargo, pese a su gran interés, numerosas poblaciones naturales de muchas especies
silvestres relacionadas con las especies cultivadas estdn sufriendo una importante erosion
genética, provocada entre otros factores, por la elevada tasa de deforestacion y sobreexplotacion
de éreas naturales. Es por ello que su conservacion, tanto in-situ como ex-situ en bancos de
germoplasma, se hace imprescindible. En 1993 se estableci6 el Sistema Mundia de la FAO para
la Conservacion y Uso Sostenible de los Recursos Fitogenéticos para la Alimentacion y la
Agricultura cuyos objetivos son “asegurar la conservacion y promover la disponibilidad y
utilizacion sostenible de los recursos genéticos, para las generaciones presentes y futuras’ (FAO
1996).

A principios de los afios 80, en el Departamento de Genética de la Universidad Politécnica de
Vaencia, comenzaron las actividades de recoleccion de recursos fitogenéticos de especies
horticolas que dieron como resultado el establecimiento del actual Banco de Germoplasma del

Ingtituto de Conservacion y Mejora de la Agrodiversidad Vaenciana de la Universidad



Politécnica de Vaencia (COMAV). En é se mantienen actualmente mas de 7000 entradas de
especies horticolas, incluyendo cultivares locales espafioles y especies silvestres, entre las que se

incluyen unas 3500 de la seccién Lycopersicon y 144 de la seccion Basarthrum.

La utilizacion de la informacion de estudios biosistematicos basicos puede ser de gran
importancia para maximizar el potencial de los programas de meora (Allard 1964). La
identificacion y clasificacion de los recursos genéticos, asi como la determinacion de sus
relaciones con las plantas domesticadas ayuda a los mejoradores a elegir los materiales mas
relevantes y Utiles para sus programas de mejora (Prohens et al. 2003). Es decir, los estudios
sobre la variabilidad genética entre y dentro de estas especies, la distribucion de la diversidad
genética en sus regiones de origen y la estructura de las poblaciones naturales nos proporcionan
informacion relevante para la conservacion de estos recursos genéticos, asi como para la mejora

de las especies cultivadas (Nuez et al. 2008).

2. AVANCESEN EL ESTUDIO DE LA VARIABILIDAD

Los estudios de variabilidad en plantas han sufrido una evolucion espectacular en relativamente
poco tiempo. Desde los andlisis iniciales en los que Unicamente se evaluaban caracteres
morfolbgicos, se ha pasado a utilizar marcadores moleculares basados primero en un peguefio
nimero de marcadores bioquimicos y més tarde en secuencias de ADN, hasta e empleo de
soportes 0 matrices en las que se encuentran representados todos los genes de la especie en

estudio.

Lautilizacion de las diferencias fenotipicas como marcadores en €l analisis genético aplicado ala
Mejora Vegetal se remonta a las primeras décadas de la Genética como ciencia. Los marcadores
morfol dgicos controlados por un sdlo locus pueden ser usados como marcadores genéticos s su
expresion es temprana, reproducible en cualquier ambiente y estan estrechamente ligados con un
caracter de interés econdmico (Vézquez et al. 2000). En los estudios de diversidad, la eleccion de
los caracteres a evaluar juega un papel importante, puesto que algunos caracteres pueden ser mas
variables entre individuos que otros y, por tanto, més discriminantes. Por ello, un buen punto de

partida es la utilizacion de los descriptores editados por €l International Plant Genetic Resources



Institute (IPGRI) como base para la eleccion de dichos caracteres. Entre otros, podemos
encontrar los descriptores de tomate (IPGRI 1996) y de pepino dulce (IPGRI y COMAV 2004),

cultivos pertenecientes a | as secciones estudiadas en la presente tesis.

Sin embargo, €l empleo de marcadores morfoldgicos presenta numerosas desventgjas, como la
escasez de caracteres Utiles y discriminantes, su dependencia ambiental y su bajo nivel de
polimorfismo, entre otras. Por todo €ello, su empleo fue ampliamente desbancado por los

marcadores moleculares.

Dentro de estos Ultimos, las isoenzimas constituyeron la primera generacion de marcadores
moleculares empleados. Descubiertas por Hunter y Markert en 1957, las isoenzimas son
diferentes formas moleculares de la misma enzima que catalizan una reaccién bioguimica
especifica y que pueden separarse por electroforesis debido a sus diferencias en carga 'y peso
molecular (Véazquez et al. 2000). Suelen presentar una herencia codominante, no estan
habitualmente influidos por € medio y tienen una interaccion nula o identificable con otros
marcadores (Garcia-Mas et al. 2000).

Sin embargo, los marcadores de ADN representan esencialmente un avance cuantitativo al anadir
alas cualidades de los isoenzimas |a de poder encontrarse en un nimero practicamente ilimitado.
Ademés de esto, pueden acceder a un rango de variabilidad mucho mayor, que abarca tanto las
regiones codificantes como las que no lo son. La mejora cualitativa y cuantitativa aportada por
los marcadores de ADN ha sido crucial para que se hayan convertido en una herramienta

enormemente potente para el andlisis genético y sus aplicaciones (GarciaMas et a. 2000).

L os primeros marcadores basados en la variabilidad del ADN, los RFLPs (“Restriction Fragment
Length Polymorphism™), se desarrollaron a principios de la década de los 80 (Botstein et al.
1980; Wyman y White 1980). Ejemplo del empleo de este tipo de marcadores en lafamiliade las
solanéceas son, entre otros, los estudios de diversidad en patata (Gebhardt et al. 1989), tomate
(Miller y Tanksley 1990) y pepino dulce (Anderson et a. 1996; Anderson y Jansen 1998). A
continuacion, les siguié una larga lista de marcadores que fueron apareciendo a medida que

evolucionaban las técnicas de analisis molecular.



Tras la puesta a punto de la Reaccion en Cadena de la Polimerasa (PCR) por Mullis en 1983, la
evolucion de las distintas técnicas ha sido imparable. Inicialmente, se desarrollaron técnicas para
las que no eran necesarios conoci mientos previos de la secuencia de los organismos en estudio,
siendo los RAPDs (“Random Amplified Polymorphic DNA™) los primeros marcadores utilizados
(Williams et al. 1990; Welsh y McClelland 1990), seguidos de los AFLPs (* Amplified Fragment
Length Polymorphisms’) (Vos et al. 1995). Entre los primeros, cabe destacar su empleo en
tomate por Williamsy Clair (1993) comparando cultivares modernosy tradicionales, o el trabajo
de Villand et al. (1998) comparando la variabilidad entre los centros primarios y secundarios de
diversidad. En € caso de los AFLPs, Kardolus et al. (1998) los utilizaron por primera vez para
estudiar las relaciones entre algunas especies del género Solanum (secciones Petota y
Lycopersicon). Ademés, este tipo de marcadores han demostrado su utilidad en estudios de
variabilidad, tanto interespecifica (en € caso de la patata, S. tuberosum L., en Spooner et al.
2005a) como intraespecifica (en el caso de S. cheesmaniae (L. Riley) Fosberg en Nuez et al.
2004).

Posteriormente, la disponibilidad de informacién de secuencias permitié desarrollar otros tipos
de marcadores mas especificos como los CAPSs (“ Cleaved Amplified Polymorphic Sequence’) o
los SCARs (“ Sequence Characterized Amplified Regions”), aunque los més empleados han sido
los microsatélites 0 SSRs (“Simple Segquence Repeats’). El nivel de polimorfismo de estos
marcadores es el més alto cuando se compara con € resto de marcadores (Russell et al. 1997),
pero su principal inconveniente reside en la dificultad para obtenerlos puesto que es necesario
conocer las secuencias flanqueantes para poder disefiar los cebadores para su amplificacion.
Estos marcadores han sido ampliamente utilizados en estudios de diversidad en gran cantidad de
especies cultivadas. Entre los estudios en solanaceas maés recientes cabe destacar €l de Spooner et

al. (2007), en el que analizan 742 variedades tradicionales de patata.

Asimismo los SNPs (“Single-Nucleotide Polymorphisms’) son un tipo de marcador molecular
cuyos aelos se diferencian en la variacién de un solo nucleétido y tienen una frecuenciaigua o
superior a 1%. Los SNPs han sido muy estudiados por su asociacion a enfermedades genéticas
en humanos, sin embargo ha sido recientemente cuando se estan empezando a utilizar en la
seleccion asistida por marcadores (MAS) de los programas de mejora genética de cultivos a

hacerse mas rentable su empleo (Batley y Edwards 2007).



Los SNPs y las inserciones/deleciones (InDels) son los tipos de polimorfismos de ADN mas
abundantes y, tedricamente, se pueden encontrar dentro de cualquier secuencia gendmica.
Ademés € desarrollo de métodos de genotipado de alta productividad han hecho que estos
marcadores sean muy prometedores. En plantas, se han readlizado andlisis sistematicos en
especies tales como Arabidopsis thaliana (L.) Heynh. (Clark et al. 2007), soja (Zhu et al. 2003) y
vid (Lijavetzky et al. 2007).

Finamente, el abaratamiento de los costes de secuenciacion, asi como la puesta a punto de
métodos ultrarrépidos, hacen cada vez mas viable la obtencion de la secuencia de genomas
completos. En un futuro préximo puede ser rentable su utilizacion en estudios de diversidad o
filogenias y, por tanto, permitir el conocimiento completo de la distribucion de la variacion

genética de las especies en estudio.

3. FAMILIA SOLANACEAE. IMPORTANCIA ECONOMICA Y CARACTERISTICAS.

Entre las Angiospermas, lafamilia de las solanéceas es una de las mas importantes para | os seres
humanos (Olmstead y Palmer 1992). En esta familia se incluyen especies alimenticias tan
importantes como la patata (Solanum tuberosum L.), €l tomate (Solanum lycopersicum L.), la
berenjena (Solanum melongena L.) y & pimiento (Capsicum spp.). Asimismo, muchas plantas
ornamentales muy populares pertenecen a las solanéceas, como algunas especies de |os géneros
Petunia, Schizanthus y Salpiglossis, entre otras. Algunas especies son mundialmente conocidas
por sus usos medicinales 0 sus efectos psicotropicos, como la mandragora (Mandragora
autumnalis Bertoal.), e estramonio (Datura stramonium L.) o la belladona (Atropa belladonna
L.). Ademés, varias de estas especies han jugado papeles importantes como plantas modelo para
lainvestigacion de numerosas cuestiones de genética, tales como el desarrollo de fruto (tomate y
pimiento), desarrollo de tubérculos (patata), métodos defensivos de la planta (tomate y tabaco,

Nicotiana tabacumL.) o la biosintesis de antocianinas (petunia) (Wang et al. 2008).

Lafamilia es cosmopolita, distribuyéndose por todo €l globo con la excepcion de la Antértida. La
mayor diversidad de especies se halla en América del Sur y América Central. Las especies de

esta familia viven en una gran diversidad de hébitats que incluyen desde selva lluviosa al



desierto, o altitudes que van desde el nivel del mar hasta las altas elevaciones de las montafias
andinas (D'Arcy 1991).

Clasificada en la clase Magnoliopsida, subclase Asteridae, orden Solanales, su clasificacion a
niveles inferiores, tanto de subfamilia como de tribu o género, ha sufrido cambios con el tiempo.
Tradicionalmente se han reconocido tres subfamilias. Solanoideae, Cestroideae y Nolanoideae
(D'Arcy 1991; Hunziker 1979). Sin embargo, Hunziker (2001) considera a la subfamilia
Nolanoideae como una familia distinta, Nolanaceae, y aumenta el nimero de subfamilias a seis:
Solanoideae,  Cestroideae,  Juanulloideae,  Salpiglossoideae,  Schizanthoideae v

Anthocercidoideae.

Se trata de una familia de plantas que comprende entre 3000-4000 especi es agrupadas en unos 90
géneros aproximadamente (Knapp et al. 2004). No obstante, esa inmensa riqueza de especies no
esta uniformemente distribuida entre todos los géneros. Asi, los 6 géneros mas importantes de la
familia concentran méas del 60% de las especies (PBI Solanum Project 2009) (Tabla 1). De
hecho, cas € 50% de la totalidad de especies de solanaceas pertenecen al género Solanum, de la

tribu Solaneae, unade las 11 tribus comprendidas en la subfamilia Solanoideae.

Tabla 1. Los 6 géneros mas importantes de la familia Solanaceae por nimero de especies.
(Fuente: PBI Solanum Project 2009)

Subfamilia Tribu Género NUmero aprox. de especies
Solanoideae Solaneae Solanum 1000-2000

Solaneae Lycianthes 250

Solaneae Physalis 75

Lycieae Lycium 75
Cestroideae Cestreae Cestrum 250

Nicotianeae | Nicotiana 70

4. GENERO Solanum

El género Solanum, de importancia econémica mundial, incluye especies cultivadas tan
importantes como la patata, el tomate y la berenjena. Asimismo, incluye un importante nimero

de especies cultivadas a menor escala, comestibles por sus frutos, tubérculos u hojas, y como



fuente de alcaloides de utilidad medicinal. Algunos g emplos de estos cultivos menores son €l
tomate de arbol (Solanum betaceum Cav.), la naranjilla (Solanum quitoense Lam.) y €l pepino
dulce (Solanum muricatum Aiton) originarios del “Nuevo Mundo”, y la berenjena escarlata y
africana (Solanum aethiopicum L. y Solanum macrocarpon L., respectivamente) del “Vigo
Mundo”.

Solanum, como se ha mencionado, pertenece a la subfamilia Solanoideae que se caracteriza por
poseer una semilla discoidal comprimida y con embrién enrollado, de diametro mas o menos
uniforme. Todos los miembros de esta subfamilia tienen el mismo nimero cromosdmico basico
(x=12) (Hunziker 1979).

Dentro de la subfamilia, Solanum se ha clasificado tradicionalmente en la grande y complga
tribu Solaneae. Solanum se distingue de la mayoria de géneros de esta tribu por sus anteras con
dehiscencia poral, un caracter presente en casi todas las especies de este género y compartido
anicamente por el cercano género Lycianthes (Bohs 2005), € cua se diferencia de Solanumen la
estructura del cdliz (D'Arcy 1986) (Figura 1). La reciente inclusion de la seccion Lycopersicon

dentro del género, con dehiscencia longitudinal, obliga a una redifinicion de Solanum.

Figura 1. Detalle de las flores de: A: Lycianthes spp. (dehiscencia poral), B: Solanum muricatum
(dehiscencia poral y anteras libres), C: Solanum pimpinellifolium (dehiscencia longitudinal y

anteras soldadas).
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Sin embargo, las relaciones evolutivas entre los aproximadamente 34 géneros pertenecientes a
esta tribu siguen sin estar completamente claras (Bohs y Olmstead 1997). Los primeros trabg os
trataron de dividir el género en 2 grandes grupos basandose en la presencia o no de espinas
(Linneo 1753), afiadiendo a ello la morfologia de las anteras (Dunal 1852), o teniendo en cuenta
ademas €l tipo de pilosidad (Seithe 1962). Posteriormente, Danert (1970) integrd caracteres de

patrones de ramificacion y morfologia de laraiz con los sistemas previos.

Estos trabajos sentaron las bases para el esquema de clasificacion de D'Arcy (1972), e més
ampliamente utilizado en nuestro dias. En é se reconocen 7 subgéneros en Solanum, que varian
en su tamario desde el monotipico Lyciosolanum hasta los subgéneros Leptostemonum, Potatoe, y

Solanum, que incluyen cientos de especies cada uno.

Posteriormente Nee (1999), Child y Lester (2001) y Hunziker (2001) realizaron clasificaciones de
Solanum a nivel infragenérico basandose en datos morfologicos e ideas intuitivas sobre las
relaciones de parentesco. Sin embargo, Unicamente Nee (1999), centrandose en los taxones del
Nuevo Mundo, aportd una lista explicita de las especies incluidas en cada subgénero, seccién o

serie.

La monofilia de algunos grupos reconocidos por autores previos fue estudiada por Bohs (2005)
realizando un andisis cladistico empleando datos moleculares de la secuencia del gen de
cloroplasto ndhF. Posteriormente, este trabagjo fue ampliado mediante la incorporacion de
secuencias de la region trnT-F de cloroplasto y del gen nuclear waxy (Weese y Bohs 2007).
Segln estos autores, la mayoria de los subgéneros tradicionalmente reconocidos no son
monofiléticos, y proponen una clasificacion alternativa del género Solanum en 13 linges
principales, sugiriendo nombres informales para los clados (Figura 2). Asimismo, sugieren esta
clasificacion como referencia a la hora de seleccionar los materiales para futuros estudios

filogenéticos e identifican grupos naturales sobre los que focalizar nuevos trabajos de revision.



Figura 2. Vision esgquemética de las relaciones entre los clados principales dentro del género

Solanum (Bohs 2005). L as especies estudiadas en estatesis pertenecen al clado Potato.

Leptostemonum clade

Brevantherum clade

Geminata clade

Cyphomandra clade

Wendlandii/ Allophyllum clade
Dulcomaroid clade

_E Morelloid clade

Potato clade

African non-spiny clade

wnuejos

Normania clade
Archaesolanum clade
Regmandra clade

Thelopodium clade

Capsicum
Lycianthes

Jaltomata
Witheringia
Physalis

Entre estos ling es descritos por Weese y Bohs (2007) cabe destacar € clado Potato por su gran
importancia econdmica, a incluir la patata, €l tomate y e pepino dulce. Este clado incluye la
mayoria de las secciones del subgénero Potatoe de D'Arcy (1972), asi como algunas del
subgénero Bassovia. Consiste en 9 secciones (Figura 3): Anarrhichomenum, Basarthrum (que
incluye el pepino dulce), Herpystichum, Pteroidea, Petota (que incluye la patata), Lycopersicon

(queincluye & tomate), Lycopersicoides, Juglandifoliumy Etuberosum.



Figura 3. Representantes del “clado Potato”.

A secc. Anarrhichomenum B: secc. Basarthrum C: secc. Herpystichum

e

S. muricatum Aiton

S phaseoloides Pol.
S. brevifolium Dun.

D: secc. Pteroidea E: secc. Petota F: secc. Lycopersicum

S lycopersicum L.

S anceps Ruiz & Pav. S tuberosumL.

G: secc. Lycopersicoides H: secc. Juglandifolium | secc. Etuberosum

S juglandifolium Dun.

. ‘? Ji "-- -
S etuberosum Lind.

S. lycopersicoides Dun.

Este clado, principamente suramericano, |o forman un grupo importante de plantas herbéceas a
ligeramente lefiosas, a menudo plantas trepadoras, la mayoria con hojas compuestas y algunas

con rizomas o tubérculos (Bohs 2005). En la figura 4 se muestra un fragmento del dendrograma
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mostrado por Weese y Bohs (2007) en el que se representan |as relaciones filogenéticas entre las
especies representativas de cada seccion dentro de este clado. Las especies tuberosas,
representadas por S. bulbocastanum Dun., S. pinnatisectum Dun., y S brevicaule Bitter estén
estrechamente relacionadas con €l tomate (S. lycopersicum) y la especie silvestre relacionada con
éste, S juglandifolium Dun.. Asimismo, se observa una estrecha relacion entre Solanum secc.
Etuberosum, representado por S etuberosum Lind., y las especies tuberosas. Los autores
confirman la inclusion de las especies de las secciones Anarrhichomenum y Basarthrum
(representadas por S appendiculatum Dun., S fraxinifolium Dun., y S muricatum) dentro del
subgénero Potatoe (D'Arcy 1972, 1991; Child y Lester 2001). Y por ultimo, S. uleanum Bitter
(secc. Pteroidea; Knapp y Helgason 1997) aparece como hermana de S. evolvulifolium Greenm.
(secc. Herpystichum; Nee 1999). Ambos taxa parecen hermanos del resto de especies del clado,
pese a que estudios previos no sugerian una estrecha relacion entre la seccién Pteroidea y
clado Potato (Knapp y Helgason 1997).

Figura 4. Relaciones filogenéticas entre las especies pertenecientes al clado Potato. Modificado
de Weese y Bohs (2007), donde analizan la filogenia completa del género Solanum empleando
datos de secuencias de tres genes. Aparecen resaltadas las secciones estudiadas en la presente
tess.
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Por ultimo, cabe destacar que pese a la cantidad de informacion disponible y los esfuerzos
realizados a lo largo de todos estos afios, como los mismos autores Weese y Bohs (2007)
aseguran, queda trabajo por hacer puesto que e conocimiento sobre la evolucion dentro del

género esta lgjos de estar compl eto.



4.1. Seccién Lycopersicon

Taxonomia v filogenia

Al igua que en los niveles superiores, la taxonomia de esta seccion ha sufrido numerosos
cambios a lo largo del tiempo y todavia no se ha alcanzado un consenso definitivo. En la
actualidad, se ha aceptado la inclusion de estas especies en € género Solanum seccidn
Lycopersicon, tal y como sugirié Child (1990) a partir de datos morfolégicos y como ha sido
corroborado con datos moleculares (Spooner et a. 1993; Bohs y Olmstead 1997; Olmstead y
Palmer 1997; Peralta y Spooner 2001). Una explicacion detallada de todos estos cambios se

puede ver en laintroduccién del primer articulo de la presente tesis.

La clasificacion actual considera la existencia de 13 especies de tomates silvestres, incluyendo el

tomate cultivado (Peralta et a. 2008) (Figura5), divididas en 4 grupos:

- grupo Lycopersicon: incluye las 4 especies de frutos rojos o naranjas. S. lycopersicum, S
pimpinelifolium L., S cheesmaniae (L. Riley) y Fosberg y S. galapagense S.C. Darwin &
Peralta,

— grupo Eriopersicon: que incluye a las 5 especies S peruvianum L., S. corneliomulleri J.F.
Machr., S. huaylasense Peralta, S. habrochaites S. Knapp & D.M. Spooner y S chilense
(Dunal) Reiche,

- grupo Arcanum: con las 3 especies: S arcanum Peralta, S chmielewskii (C.M. Rick et al.)
D.M. Spooner et a. y S neorickii D.M. Spooner et al.,

- grupo Neolycopersicon: que incluye Unicamente ala especie S. pennellii Correll.



Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

pertenecientes ala seccion Lycopersicon.

Nombre Caracteristicas morfolégicas distintivas

S. lycopersicum L.
- Frutos tipicamente rojos, de didmetro superior a 2 cm.

- Origen del tomate cultivado.

Nombre antiguo
L. esculentum Miller

Distribucién geografica

Sistema reproductivo
Autocompatible, autégama o alégama facultativa.

Ecosistema
Aparece en regiones tropicales y su zona nativa esta en Ecuador-Peru;
mala hierba en cultivos recientes.

Fruto Flor Hoja

2 &7

den

Nombre Caracteristicas morfolégicas distintivas
5. pimpinellifolium L.
- Fruto tipicamente rojo, de diametro menor de 2 cm.
- Margen de la hoja mas entero que S. lycopersicum.

Nombre antiguo
L. pimpinellifolium (L.) Miller

Sistema reproductivo Distribucién geografica

Autocompatible; autégama o alégama facultativa. K. e
QU6 —.
( e 3 Y L\
Ecosistema Ecuador g
Aparece como mala hierba en campos de cultivo [Tumbes "l lquitas _,é'll
q . . .
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:_ @Jaén - {
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Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

pertenecientes ala seccion Lycopersicon (cont.).

Nombre Caracteristicas morfolégicas distintivas

5. cheesmaniae (L.Riley) Fosbherg
- Fruto de color amarilo o naranja.

- Hoja dividida, pero menos que S. galapagense.

Nombre antiguo
L. cheesmaniae L. Riley

Sistema reproductivo Distribucion geografica

Autocompatible; exclusivamente autégama.

Ecosistema
Endémica de las Islas Galapagos. pacific Ocean
Desde el nivel del mar hasta 500 m. de altitud.

Flor

res

Nombre Caracteristicas morfolégicas distintivas

S. galapagense S.C. Darwin & Peralta
- Fruto de color amarilo o naranja.

- Hoja muy dividida, con 3-4 Iébulos.

Nombre antiguo
L. cheesmaniae L. Riley

Sistema reproductivo Distribucion geografica

Autocompatible; exclusivamente autégama.

Ecosistema
Endémica de las Islas Galapagos. Aparece en las rocas volcadnicasal m
de la marca de la marea, y ocasionalmente tierra adentro. Entre 0-50 m.

Pacific Ocean o

Flor

17



Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

pertenecientes a la seccion Lycopersicon (cont.).

Nombre Caracteristicas morfolégicas distintivas

S. peruvianum L. - Fruto verde a blanquecino, a veces con reflejos morados.
- La inflorescencia no sobresale del extremo apical del tallo.
- Bracteas en los pedicelos florales.

- Cono de anteras curvado.

- Pubescencia mas corta que S. corneliomulleri.

Nombre antiguo
L. peruvianum (L.) Miller

Sistema reproductivo Distribucién geografica

Tipicamente autoincompatible, alégama. s [EJ
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Nombre Caracteristicas morfolégicas distintivas

S. corneliomulleri |. F. Macbr. - Fruto verde con estrias verde oscuras o purpuras.

- La inflorescencia no sobresale del extremo apical del tallo.
- Bracteas en los pedicelos florales.

- Cono de anteras curvado.

- Pubescencia mas larga que S. peruvianum.

Nombre antiguo
L. peruvianum (L.) Miller;
L. glandulosum C.F. Mull.

Sistema reproductivo Distribucién geografica
Tipicamente autoincompatible, alégama. -~ o
[V (= Sy r
e ™ 3
Ecosistema Ecuadc:/ /
Elevaciones medias a altas de la laderas oeste de los Andes (1000-3000), lmbes A lq%t;vz)l
en ocasiones en zonas mas bajas tras corrimientos de tierra (huaycos). TaloraB “Pira —
QJaén
. @Tarapoto
Fruto Flor Hoja LR o Pul::;l
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= P @
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Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

pertenecientes ala seccion Lycopersicon (cont.).

Nombre
5. huaylasense Peralta

Nombre antiguo
L. peruvianum (L.) Miller

Caracteristicas morfoldgicas distintivas

- Fruto tipicamente verde con bandas verde oscuras.
- Tallo y hojas escasamente pubescentes y
de color verde vivo, la distinguen de S. chilense.

Sistema reproductivo

Tipicamente autoincompatible, alégama.

Ecosistema

Localizada en el Callején de Huaylas, y en el drenaje préximo del Rio
Fortaleza (Ancash, Perd); entre 1700 y 3000 m.

Fruto

(fuente: Spooner et al 2008)

Flor

(Tuente: Spooner et al 2008)

Hoja

(fuente: Spooner et al 2008)

Distribucion geografica

o C—
QUIte=r =
] ‘f\w .\
Ecuador / |
L e lquitos  / [
1y ] &
Talara@ 'Piura -
@ladn {
Chiclayo®@ °Tarap?m
Truilloe Pucslipa
Chimbote® ® pe"';‘z - Acre
Huaraz =
Hiachng - Huénuca -
Lima@ @Huancayo L
Cnlnnha° QAyacucho
Alta g
|ca Juliaca
Arequipa e A
° [
Moguegua®
@Tacn:

£

\l'

Nombre

S. habrochaites S. Knapp & D. M Spooner

Nombre antiguo
L. hirsutum Dunal

Caracteristicas morfoldgicas distintivas

- Elevada pilosidad.

- Inflorescencia ramificada, 3 hojas por simpodio.
- Ramificaciones que pueden alcanzar los 6 m de longitud.

Sistema reproductivo

Tipicamente autoincompatible,
con poblaciones autocompatibles en los margenes de la distribucién.

Ecosistema

Se encuentra en variedad de tipos de bosque, desde 400 a 3600 m.

Fruto

Flor

Hoja

Distribucion geografica
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Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

pertenecientes a la seccion Lycopersicon (cont.).

Caracteristicas morfoldégicas distintivas

- Fruto verdoso a blanquecino-verdoso, con bandas purpuras.
- Los pedunculos de inflorescencia mas largos y su porte
erecto la distinguen de S. peruvianum.

Nombre antiguo - Posge un buen sistema radicular.

D chilenseDunal - Estigmas muy exertos.

Nombre
5. chilense (Dunal) Reiche

Sistema reproductivo Distribucién geografica
Autoincompatible, alégama. HUACNo pery ) i Ramsn Coblard”

l.'rnna Hunl:.l:ayﬂ MMED .
laldsnade 4
Ecosistema U Ayacucho §1° Lap
g . hincha Altz @ @ soancay
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Limite sur del rango de distribucién de la seccién Lycopersicon. = L A
°

Fruto Flor Hoja

Chile

Nombre Caracteristicas morfolégicas distintivas

S. arcanum Peralta
- Inflorescencia no ramificada.

- Cono de anteras recto.
- Fruto verde con bandas verde oscuras.

Nombre antiguo
L. peruvianum (L.) Miller

Sistema reproductivo Tipica autoincompatible, alégama; Distribucién geografica

aungue rara vez autocompatible, autégama o alégama facultativa. —
Quwmﬁ,rk__\ [ A
Ecosistema Ecuador /
Valles andinos costeros y del interior en el norte de Per(; Tumbes —/ ,qms Z’I
en laderas rocosas, valles secos y lomas; 100-2500 m. 20 ] p‘u,‘,
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Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

pertenecientes ala seccion Lycopersicon (cont.).

Nombre Caracteristicas morfolégicas distintivas
S. chmielewskii
C. M. Rick et al.) D. M. Spooner et al. - Fruto tipicamente verde con bandas verde oscuras.
P
- Presenta estigmas exertos.
Nombre antiguo
L. chmielewskii C. M. Rick et al.
Sistema reproductivo Distribucion geografica
Autocompatible, alégama facultativa. e o
Quits
Ecosistema Ecuador /
En valles interandinos; en medios rocosos y bien drenados; fumbes lquitos [
entre los 1500-3000 m. Talara@ Piura -
@ladn - {
Chiclayo® @Tarapoto
FrEIto Flor — g Pucgllipa
3 r Chimbated o pem\zw Acre
“‘ > I-::Ju:cl:uze °Hu.ﬁnum:l E -
| v Lima@ @Huancayo L
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lca liaca
Ared QE A
Moguegua®
STacne
Nombre Caracteristicas morfolégicas distintivas

5. neorickii D. M. Spooner et al.
- Fruto tipicamente verde con bandas verde oscuras.

- Presenta estigma inserto.
- Flores mas pequenas que S. chmielewskii.

Nombre antiguo
L. parvifiorum C. M. Rick et al.

Sistema reproductivo Distribucién geografica
Autocompatible, altamente autégama. P~ rr
—
@ LR a
Ecosistema Ecuador /
En valles interandinos, medios rocosos y bien drenados fumbes Iquitos f
entre los 1500-2500 m de altitud Talarad |
o 0
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Figura 5. Fichas informativas con |os datos mas relevantes de cada una de las especies silvestres

perteneci entes ala seccion Lycopersicon (cont.).

Nombre Caracteristicas morfolégicas distintivas

S. pennellii Correll - Unica con anteras no soldadas y dehiscencia poral.

- Foliolos redondeados.

- Fruto verde.

- Regulacidon de los estomas Unica en el género que

le confiere buena adaptacién a ambientes xerofiticos,
a pesar de no tener un buen sistema radicular.

Nombre antiguo
L. pennellii (Correll) D'Arcy

Sistema reproductivo Distribucién geografica

Autoincompatible, aunque algunas poblaciones son autocompatibles.
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Sin embargo, a pesar del esfuerzo realizado hasta la fecha por diversos investigadores (Palmer y
Zamir 1982; McClean y Hanson 1986; Miller y Tanksley 1990; Alvarez et al. 2001; Marshall et
al. 2001; Peratay Spooner 2001, 2005; Spooner et al. 2005b; Peralta et al. 2008), las relaciones
entre algunas de estas especies no quedan suficientemente claras, bien porque la significacion
estadistica no es alta o por la existencia de resultados contradictorios entre |os diferentes autores.
Un giemplo de este tipo se puede comprobar a observar la posicion en los arboles filogenéticos
de las poblaciones mas septentrionales de S. peruvianum s.l., que en algunos casos aparecen mas
cercanas a S lycopersicum (Peraltay Spooner 2001), en otros a las poblaciones meridionales de
S peruvianum s.l. (Marshall et al. 2001), y ain en otros a S. chmielewskii (Alvarez et a. 2001,
Peralta et a. 2008).

Cabe destacar que en la mayoria de estos trabgjos se ha utilizado un nimero muy reducido de

entradas de cada una de las especies, por |o que es bastante probable que no se hayaincluido una

buena representacion de la variabilidad existente. Esto podria llevarnos a confusion a estudiar las
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relaciones entre las especies puesto que, al no tener en cuenta toda la variabilidad que contienen,
estariamos introduciendo un sesgo en dicha comparacion. Ademas éste es un aspecto importante
a tener en cuenta, puesto que permite observar la existencia de estructuracion en agunas
especies, como en el caso de S. peruvianum que ha sido dividida recientemente en otras cuatro
especies (Peralta et al. 2005).

Por ultimo, cabe mencionar que la mayoria de los trabgjos citados son anteriores a la division de

S peruvianum, por lo que en ellos no se ha podido analizar este aspecto en profundidad.

Caracteristicas distintivas de la seccién

Las especies de esta seccion se caracterizan por presentar los extremos de las anteras unidos
formando un cuello, constituyendo el conjunto de las anteras un cono estaminal caracteristico en
forma de botella (Figura 1). De manera asociada, las anteras se abren longitudinalmente, a
diferencia de la dehiscencia terminal o poral caracteristica del resto de especies del género. El
polen se libera en €l interior del cono estaminal y emerge a través del cuello del cono. Durante
mucho tiempo, el reconocimiento del valor taxonémico de este conjunto de caracteres permitio
diferenciar los géneros Lycopersicon y Solanum (Miller 1754). Cabe destacar € caso de S
pennellii, que pese a carecer de dehiscencia poral, lo cua la clasificaria dentro del género
Solanum, su facilidad de cruzamiento con S lycopersicum asi como la obtencion de
descendencia fértil, entre otros muchos caracteres, la colocan més cerca de las especies silvestres

de tomate que de otras Solanum cercanas (Rick 1979).

Las anteras normamente se desarrollan con la misma longitud y por tanto son rectas, sin
embargo, en algunas especies, como S. corneliomulleri, S. huaylasense, S. peruvianum y S
pennellii, las anteras estan ligeramente curvadas a causa de un crecimiento desigual del tercio

superior que se desarrolla mas que la parte inferior (Peralta et al. 2008) (Figura5).

Los frutos de todas las especies de la seccion son bayas globosas, biloculares, a excepcion de
algunas poblaciones silvestres y formas cultivadas de S. lycopersicum, que son multiloculares y
de formas variadas (van der Knaap y Tanksley 2003). El color y la pubescencia de los frutos son

caracteres importantes para diferenciar las especies y los grupos de especies. En la tabla 2 se



muestran las claves que permiten distinguir morfoldgicamente a las especies de esta seccion
(Peralta et al. 2008).

Tabla 2. Claves de las especies de la seccion Lycopersicon (Peraltaet a. 2008).

la. Foliolos primarios redondeados; pedicelos florales articulados en la base; corola asimétrica;
anteras separadas, sin estrechamiento estéril en el extremo apical, dehiscencia poral. >> Grupo

Neolycopersicon: S. pennellii

1b. Foliolos primarios elipticos o lanceolados; pedicelos florales articulados por la zona media;
corola simétrica; anteras soldadas en forma de botella, con estrechamiento estéril en el extremo

apical, dehiscencia longitudinal.

2a. Sin pseudoestipulas; inflorescencia sin bracteas y generamente no ramificada

(raramente bifurcada); frutos con pigmentos carotenoides >> Grupo Lycoper sicon

3a. Interior del fruto maduro rojo; continentales de Américade Sur (o cultivada)

4a. Plantas generalmente poco pubescentes (< 2 mm); margen foliar generalmente
entero o ligeramente dentado o crenado; inflorescencia generalmente con mas de 12
flores por ramificacion; corola fuertemente estrellada; |6bulos divididos hasta casi

la base; diametro del fruto < 20 mm >> S, pimpinellifolium

4b. Plantas generalmente poco pubescentes (>3 mm); margen foliar generalmente
dentado, especidmente en la base, en ocasiones lobulado y con foliolos
secundarios; inflorescencia generalmente con menos de 12 flores por ramificacion;
corola superficialmente estrellada; 16bulos divididos entre /3 y 1/2 de la basg;

didmetro del fruto > 20 mm >> S, lycopersicum

3b. Interior del fruto maduro amarillo o naranja; endémicas de las Islas Galdpagos

5a. Sin Iobulos foliares terciarios; sépalos mas cortos gque la longitud del fruto

maduro >> S. cheesmaniae

5b. Con I6bulos foliares terciarios y/o cuaternarios; sépalos mas largos que la

longitud del fruto maduro >> S. galapagense

2b. Con pseudoestipulas; inflorescencia bracteada y con 1-2 ramificaciones (raramente 3);

frutos verdes o con pigmentos antociénicosy con rayas verde oscura-purpura.

6a. Inflorescencia generalmente no ramificada, raramente bifurcada; tubo de anteras

recto; estigmainserto o ligeramente exerto (<1 mm) >> Grupo Arcanum




Tabla 2. Claves de las especies de la seccion Lycopersicon (Peralta et al. 2008) (cont.)

7a. Corola >1,6-2 cm de didmetro; estigma ligeramente exerto.

8a. Peciolos, hojas e inflorescencias verdes, glabros a variablemente
pubescente, con mezcla de tipos de tricomas;, normamente més de 7

flores/inflorescencia (5-20) >> S. arcanum

8b. Peciolos, hojas e inflorescencias verde palido; pubescencia aterciopelada;

normalmente menos de 7 flores/inflorescencia>> S. chmielewskii

7b. Corola<1-1,2 cm de diametro; estigma inserto >> S. neorickii

6b. Inflorescencia con 2 0 més ramificaciones; tubo de anteras recto o curvado; estigma

exerto (>1 mm) >> Grupo Eriopersicon

9a. Tres hojas por simpodio; ramificaciones largas y rastreras, crecimiento

desordenado, que llegan alos 6 m de extension >> S, habrochaites

9b. Dos hojas por ssimpodio (raramente 2-3 en S chilense); plantas erectas que

posteriormente decaen; con menos de 3 m de longitud.

10a. Peddnculo de la inflorescencia > 12 mm; la inflorescencia sobresale por
encima del extremo apical del tallo; bracteas ausentes o, s estan, aparecen en
los primeros 2-4 pedicel os florales basales de la inflorescencia; cono de anteras

recto o curvado.

1la. Tdlo y hojas densamente pubescentes, de color blanquecino o
tipicamente verde-grisaceo; cono de anteras recto; costa sur de Per( y

norte de Chile>> S. chilense

11b. Tallo y hojas escasamente pubescentes, de color verde vivo; cono de
anteras recto (excepto las procedentes de la zona del Rio Fortaleza);

Ancash, Per(1 >> S, huaylasense

10b. Pediinculo de lainflorescencia < 12 mm,; lainflorescencia no sobresale por
encima del extremo apical del talo; bréacteas en la mayoria de los pedicelos

florales; cono de anteras siempre curvado.

12a. Pubescencia corta, aspecto griséceo-verde padido; margen de la hoja

entero o ligeramente dentado o crenado >> S. peruvianum

12b. Pubescencia larga, aspecto verde; margen de la hoja dentado o

crenado, aveces fuertemente dividido >> S. corneliomulleri




Distribucién geografica

L as especies silvestres de esta seccion son nativas de la franja oeste de América del Sur (Figura
5). Se distribuyen desde e norte de Ecuador, a lo largo de Perd, hasta € norte de Chile,
incluyendo las idas Galapagos (Warnock 1991). La Unica silvestre con una distribucion mundial
es S. lycopersicum var. cerasiforme que estd més ampliamente distribuida y es probable que se
haya introducido recientemente en México, Colombia, Bolivia y otros paises de Sur América
(Rick y Holle 1990), y desde alli a resto del mundo.

Estas especies silvestres crecen en una amplia variedad de habitats, desde €l nivel del mar hasta
mas de 3300 m de altitud (Rick 1973; Taylor 1986). Estos habitats incluyen tanto las regiones
bgjasy aridas de la costa del Pacifico como los valles adyacentes y las regiones himedas y atas
en los Andes. Numerosos valles, formados por |os drenajes de |os rios en € Pacifico, caracterizan
la zona oeste de los Andes. Las poblaciones de tomates silvestres crecen a diferentes alturas en
estos valles, estrechos y geogréficamente aislados, y estan adaptadas a condiciones particulares,
tanto microcliméticas como edéficas. La geografia andina, la diversidad de habitats ecol 6gicos, y

las diferencias climaticas contribuyen ala diversidad de estas especies (Warnock 1988).

Cruzabilidad

Un aspecto importante a tener en cuenta a la hora de la utilizacion directa de los recursos
genéticos disponibles es |a posibilidad de realizar cruzamientos entre la especie cultivada y las
especies silvestres, fuente de caracteres de interés. Rick (1979) estudio las relaciones de
cruzabilidad entre las especies silvestres de tomate, estableciendo dos grupos en funcion de la
capacidad o no de cruzamiento con la especie cultivada: los complejos Esculentum (S
lycopersicum, S. pimpinellifolium, S. cheesmaniae, S. chmielewskii, S. neorickii, S. habrochaites,
y S pennellii) y Peruvianum (S. peruvianumy S chilense), respectivamente (Figura 6a). Rick
(1979) sefiala que este Ultimo grupo se podria utilizar como fuente de caracteres agrondmicos s
se realizasen cruzamientos mediante algunas “accesiones puente’, o mediante rescate de
embriones, siempre que actien como genitor masculino. Por otra parte, Rick también estudio la
capacidad de cruzamiento de estas especies con otras méas a € adas, como S. lycopersicoides Dun.

y S rickii Corr., de la seccion Lycopersicoides, y S ochranthum Dun., de la seccién



Juglandifolium (Figura 6b). Observo que S. lycopersicoides era compatible con S. rickii, y podia
cruzar unilateralmente como genitor masculino con S. lycopersicum, S. pimpinellifolium, S
cheesmaniae y S. pennellii. Por otro lado, S. rickii Unicamente cruzaba con S. lycopersicoides, y
S. ochranthum fal6 en todos los cruces. Por ello, concluyd que la separacion entre las especies
pertenecientes a la actual seccion Lycopersicon y €l resto de Solanum era suficiente como para

justificar su inclusién en otro género distinto (género Lycopersicon).

Figura 6. Esquema de las relaciones de cruzabilidad estudiadas por Rick (1979). A: Entre las
especies de la seccién Lycopersicon, reconociendo los compleos Esculentum y Peruvianum. B:
Entre las especies de las secciones Lycopersicon, Lycopersicoides y Juglandifolium. El grosor
de las lineas indica la cantidad de semilla producida en los cruces, mientras que las lineas
discontinuas sefidan cruces falidos. Los circul os vacios representan distintas poblaciones de S.

peruvianum.
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Utilizacién de las especies silvestres en la mejora

El tomate cultivado posee una diversidad genética muy pequefia (Williams y St. Clair 1993),
mientras que las especies silvestres relacionadas son mucho més variables genéticamente y
representan fuentes de variacion para numerosos caracteres que han sido de utilidad en lamejora
del tomate durante los uUltimos 70 afios (Nuez 1995). Por gemplo, la mayoria de genes de
resistencia de los cultivares comerciales proceden de especies silvestres relacionadas. Asimismo,
se han identificado, en accesiones de especies silvestres, caracteres de interés paralamejoradela
calidad del fruto o tolerancialresistencia tanto a estreses biéticos como abiéticos (Foolad 2007).

Recientemente, Labate et al. (2007) han realizado una interesante revision a respecto.

En cuanto a la resistencia a enfermedades, tanto viricas como fungicas o bacterianas, se han
identificado fuentes de resistencia principalmente en S pimpinellifolium, S, peruvianum, S
habrochaites y S. chilense. En algunos casos se ha visto que la resistencia a alguna enfermedad
virica era debida a la resistencia frente a su vector. Este es € caso de la resistencia a la
enfermedad del rizado amarillo del tomate (Tomato yellow leaf curl disease, TYLCD) descritaen
S habrochaitesy S pennellii, y que se debe a que se impide la transmisién del virus por el vector
natural Bemisia tabaci (Genn.). Sin embargo, su utilizacion practica no ha tenido mucho éxito
debido a la complejidad del control genético de la resistencia, asi como a la dificultad para
eliminar las caracteristicas indeseables del parental donante ligadas a los genes de resistencia

(Lawson et a. 1997; Momotaz et al. 2005).

En cuanto a otras resistencia a insectos, el tomate es susceptible a un amplio conjunto de plagas
de artrépodos y los cultivares disponibles actualmente no muestran unos niveles de resistencia
tan elevados como para que se puedan reducir los tratamientos con pesticidas. Conseguir un
aumento de este tipo de resistencias, que permitan reducir estos tratamientos y por tanto reducir
Su impacto ambiental, es un objetivo interesante de mejora (Labate et al. 2007). Se han citado
fuentes de resistencia a insectos en S habrochaites, S peruvianum y S pennellii (Gentile y
Stoner 1968; Gentile et al. 1969; Rick 1973; Kennedy y Yamamoto 1979; Williams et al. 1980;
Ecole et a. 1999), aunque su introgresion en el tomate ha sido limitada en la practica debido alas

dificultades préacticas en el fenotipado de |as resistencias (Stevens y Rick 1986).



En cuanto a estreses abioticos, cabe destacar la resistencia o tolerancia a la sequia y a la
salinidad. En ambos casos, se han descritos fuentes de tolerancia o resistencia en practicamente
todas | as especies silvestres. Ademas se ha observado que otras especies més a gjadas, como es €l
caso de S. lycopersicoides, S rickii, S. juglandifolium y S. ochranthum, pueden ser Gtiles en la
mejora de la especie cultivada (Foolad 2007). Sin embargo, su utilidad en la practica es mas
complicada debido al control multigénico de este tipo de caracteres (Labate et a. 2007), asi
como a la variacion en la respuesta que se produce en funcion del estadio de desarrollo de la

planta (Foolad y Lin 1997).

En el caso de laresistencia o tolerancia a la sequia, S. pennellii y S. chilense al ser propias de
ambientes aridos o0 semiaridos, son buenas candidatas en la busqueda de fuentes de resistencia.
En el primer caso, S pennellii muestra dos estrategias. su morfologia “ atamente eficiente en el
uso del agua’ (Martin y Thorstenson 1988) y la regulacion de sus estomas (Kebede et al. 1994).
En el caso de S. chilense, adaptada a las condiciones de extrema aridez del desierto de Atacama
(norte de Chile), su estrategia se basa en el desarrollo de un potente sistema radicular (Sanchez
Pefia et al. 1995). Frente a salinidad, varias especies parecen Utiles como fuentes de resistencia,
como e caso de S pimpinelifolium, S cheesmaniae, S galapagense, S pennellii y S
peruvianum (Foolad 2004; Cuartero et al. 2006).

Otros caracteres de suma importancia son los referidos a la calidad del fruto. Recientemente, se
ha publicado una revision de este tema, distinguiendo entre la mejora de la calidad en tomate
para industria (Gragera 2006) y para consumo en fresco (Rosell6 y Nuez 2006). En € primer
caso, un aspecto muy importante es el color del fruto y, en relacion con é, se han encontrado
niveles importantes de variabilidad en S. lycopersicum y mas ain en S. pimpinellifolium para

contenido en licopeno y B-caroteno (Rosell6 y Nuez 2002).

Debido ala cantidad de tomate que consumimos se ha comprobado que su contribucién a nuestra
dieta en cuanto avitamina A y C es importante (USDA 2002). Ademas, € licopeno, responsable
del color rojo de los frutos, es un potente antioxidante. Por todo ello, un objetivo importante de
mejora se centra en incrementar |os valores de estos componentes. Sin embargo, la complgjidad
de estos caracteres, como €l sabor del tomate, en el que hay numerosos genes implicados, hacen

que su manejo en la practica no sea sencillo, puesto que requieren el empleo de muchos QTLS



que explican parcialmente uno o varios de estos aspectos de calidad (Rosell6 y Nuez 2002). Se
han caracterizado méas de 20 genes en tomate que influyen en € tipo, cantidad y distribucién de
los carotenoides en €l fruto (Labate et al. 2007). La mayoria de variantes de color se identificaron
primero como mutantes en S. lycopersicum, pero también se han identificado en especies
silvestres. Como eemplo, e alelo Beta (B) se caracteriz6 en primer lugar a partir de
descendientes transgresivos de fruto naranja, provenientes de un cruce entre S. lycopersicumy S.
habrochaites (Lincoln et al. 1943; Kohler et al. 1947). Asmismo, también se han descrito
numerosos QTLs introgresados de S pimpinellifolium, S, habrochaites, S penndlii, S
peruvianumy S neorickii, que influyen sobre el color del fruto (Labate et al. 2007).

4.2. Seccion Basarthrum

Taxonomia

La seccion Basarthrum esta formada por especies herbaceas, mayoritariamente perennes, nativas
de laregion andina de América del Sur, excepto algunas procedentes de las regiones montafiosas
de América Central (Correl 1962). Su distribucién no es uniforme, algunas de estas especies se
encuentran ampliamente distribuidas, mientras que otras aparecen restringidas a unas zonas muy
concretas. Ademés, estas especies ocupan nichos ecol 6gicos distintos, con rangos de altitudes

que varian entre el nivel del mar y los 3300 m de altura (Prohens et al. 2003).

Esta seccidn se caracteriza por la presencia de una articulacion basal en el pedicelo, es decir, las
flores caen con el pedicelo unido, dejando una cicatriz en €l ge de la inflorescencia (IPGRI y

COMAYV 2004).

En ella encontramos e pepino dulce (Solanum muricatum), cultivo andino aprovechado por sus
frutos comestibles, los cuales son jugosos, aromaticos, dulces y pueden ser muy variables en

formay color (Figura 7).



Figura 7. Variabilidad en frutos de pepino dulce (S muricatum).

Correll (1962) estructuré la seccion Basarthrum en 6 series con un total de 22 especies.
Sucesivos estudios de tipo biosistemético, en los que se anadizaron datos cariotipicos, de
morfologia del polen, resultados de hibridaciones artificiadles y/o materiales de herbarios
(Anderson 1975; Anderson y Gensel 1976; Anderson 1979; Mione y Anderson 1992), y
posteriormente de tipo molecular, empleando patrones de restriccion de ADN cloroplastico
(Spooner et al. 1993; Anderson et al. 1996; Anderson y Jansen 1998) han conducido a una
reordenacion de la seccién. En la actualidad, la seccion Basarthrum se ha separado en dos
(seccion Anarrichomenum y Taeniotrichum), quedando reducida a 4 series y 13 especies
(Anderson y Jansen 1998) (Figura 8). Entre ellas se encuentran las dos nuevas especies descritas
a partir de la caracterizacion molecular realizada en la presente tesis y que han sido nhombradas
como S catilliflforum G.J. Anderson, Martine, Prohens & Nuez y S perlongistylum G.J.

Anderson, Martine, Prohens & Nuez (Anderson et al. 2006).

Ladistribucion de las especies entre las 4 series es la siguiente:

- Canensa: S canense Rybd.,

- Caripensia: S basendopogon Bitter, S. caripense Humb. & Bonpl. ex Dunal, S. cochoae G.J.
Anderson & Bernardello, S filiforme Ruiz Lopez & Pavon, S. fraxinifolium Dunal in DC, S.
heiseri G.J. Anderson, S. tabanoense Correll, S trachycarpum Bitter & Sodiro, S
catilliflorum G.J. Anderson, Martine, Prohens & Nuez y S. perlongistylum G.J. Anderson,
Martine, Prohens & Nuez,

-~ Muricata: S muricatum,

- Suaveolentia: S suaveolens Kunth & Boché.



Las 4 series estan aisladas reproductivamente, a excepcion de las series Caripensia y Muricata,
puesto que S. muricatum puede cruzar con varias especies de Caripensia (Anderson et al. 1996).
Del mismo modo, varias especies de Caripensia pueden cruzar produciendo hibridos fértiles.
Todas | as especies de la serie Caripensia son autoincompatibles, a excepcion de S. trachycar pum,
que es autocompatible y autégama (Mione y Anderson 1992). En latabla 3 se muestran las claves
que permiten distinguir las especies de esta serie (Anderson y Bernardello 1991). Dentro de la
serie Caripensia se incluye el complejo Caripense que incluye la especie S caripense, de amplia
distribucién, y 3 especies de distribucion muy limitada: S. filiforme, S. fraxinifoliumy S heiseri
(Anderson 'y Bernardello 1991).

Tabla 3. Claves de identificacion de las especies de la seccion Basarthrum serie Caripensia
(Anderson 'y Bernardello 1991).

la. Hojas fundamental mente simples

2a. Inflorescenciaramificada >> S. basendopogon

2b. Inflorescencia no ramificada

3a Corolarotada>> S. trachycarpum

3b. Corolaestrellada >> S. tabanoense

1b. Hojas fundamental mente pinnado-compuestas

4a. Inflorescenciaramificada

5a. Arbusto tipo parra, frutos con superficie lisa,

normalmente 20-25 flores por inflorescencia>> S. cochoae

5b. Porte erecto subarbustivo, frutos verrugosos,

normal mente menos de 20 flores por inflorescencia>> S. basendopogon

4a. Inflorescencia simple >> complejo Caripense




Figura 8. Fichas informativas con los datos més relevantes de cada una de las especies

pertenecientes ala seccion Basarthrum.

Caracteristicas morfoldgicas distintivas

- Inflorescencia bifurcada, con 17 flores de media.

- Fruto globosos a ampliamente elipsoides, superficie lisa,
verde con franjas verde palido o verde oscuro,

de 1,5-2,5 cm de longitud.

- Herbacea anual.

Nombre
S. canense Rybd.

Sistema reproductivo
Autocompatible, autégama.

Distribucion geografica

Ecosistema
- Entre 200 y 1400 m de altitud

- Aparece en areas modificadas

Caracteristicas morfolégicas distintivas

Nombre
- Pequenio arbusto

S. basendopogon Bitter
- Frutos verrugosos, de 2-4 gr.
- Como algunos S. muricatum, muestra inflorescencia

multipara, hébito erecto, y a menudo hojas simples.
- Cruza con S. muricatum, aunque con baja tasa de éxito.

Sistema reproductivo
autoincompatible

Distribucion geografica

Ecosistema
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Figura 8. Fichas informativas con los datos mas relevantes de cada una de las especies

perteneci entes a la seccion Basarthrum (cont.).

Nombre Caracteristicas morfoldgicas distintivas
S. trachycarpum Bitter & Sodiro
- Arbusto pequeno de porte erecto.

- Inflorescencias simples con 4-8 flores.
- Superficie del fruto arrugada.

Sistema reproductivo
autocompatible, parcialmente autégama.

Ecosistema Distribucion geografica
- Entre 1500 y 2500 m de altitud.

- Propia de ambientes mas xerofiticos que el resto de especies.
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Nombre Caracteristicas morfoldgicas distintivas

S. tabanoense Correll - Arbusto tipo parra.

- Fruto verde con bandas moradas, de 10-40 gr,

son los méas grandes entre las silvestres.

- Hoja e inflorescencia simple, corola estrellada a diferencia
de la mayoria de especies que la tienen rotada.

Sistema reproductivo
Autoincompatible

Ecosistema Distribucion geografica

- Entre 2600 - 3500 m de altiltud.
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Figura 8. Fichas informativas con los datos més relevantes de cada una de las especies

perteneci entes a la seccion Basarthrum (cont.).

Nombre
S. heiseri G.J. Anderson

Sistema reproductivo
Autoincompatible

Caracteristicas morfoldgicas distintivas

- Morfolégicamente muy similar a S. caripense.
- Se distingue por tener un menor nimero de flores por
inflorescencia, menos foliolos y mas pequenos.

- Es mas pubescente.

Ecosistema
- Colectada en una Unica ocasion.
- A 2800 m de altitud.

- En una zona ligeramente himeda y sombria.
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Nombre
S. fraxinifolium Dunal in DC

Sistema reproductivo
Autoincompatible

Caracteristicas morfoldgicas distintivas

- Morfolégicamente similar a S. caripense.

Ecosistema
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Figura 8. Fichas informativas con los datos mas relevantes de cada una de las especies

perteneci entes a la seccion Basarthrum (cont.).

Nombre Caracteristicas morfolégicas distintivas

S. caripense Humb & Bompl ex Dun - Amplia variabilidada morfolégica.

- Forma tipica con flores blancas a ligeramente violetas, y con
5 foliolos de media.

- Fruto verde con bandas moradas, de 3-20 gr, comestible.

- Inflorescencia simple.

Sistema reproductivo
Autoincompatible

Ecosistema Distribucion geografica
- -
- Entre 800 y 3800 m.. . . ’mﬂfg. Enmﬁqu'(f“‘?a'” (d
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Nombre Caracteristicas morfoldégicas distintivas
S. filiforme Ruiz Lopez & Pavén
- Arbusto muy ramificado.
- Densamente piloso.
- Inflorescencia con pocas flores (<9) y
Sistema reproductivo peddnculo menor de 2 cm.
Autoincompatible.
Ecosistema Distribucion geografica
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Figura 8. Fichas informativas con los datos més relevantes de cada una de las especies

pertenecientes a la seccién Basarthrum (cont.).

Nombre Caracteristicas morfolégicas distintivas

S. cochoae G Anderson & Bernardello .
- Unica especie con hojas compuestas e inflorescencia

ramificada, con mas de 20 flores cada una.

- Frutos de 2-6 gr, de color verde y superficie lisa.

- Los hibridos con S. muricatum son fértiles.

Sistema reproductivo
Autoincompatible

Ecosistema Distribucién geografica
- La Unica colecta de material se realizé en la regién peruana o rE"
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Nombre Caracteristicas morfolégicas distintivas
S. muricatum Aiton
- Arbusto pequenio.

- Fruto de coloracién variable: verde, crema y morado, con la

Sistema reproductivo superficie lisa, entre 50-500 gr.
Autocompatible - Hoja compuesta.

Distribucion geografica

Ecosistema
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Figura 8. Fichas informativas con los datos mas relevantes de cada una de las especies

perteneci entes a la seccion Basarthrum (cont.).

Nombre Caracteristicas morfolégicas distintivas

S. suaveolens Kunth & Bouché
- Herbacea anual.

- Inflorescencia simple, con 9 flores de media, junto con
S. canense, las que tienen las flores de menor tamano.
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Nombre Caracteristicas morfoldgicas distintivas
S. catilliflorum )
GJ Anderson, Martine, Prohens & Nuez - Flores muy pequefias.
- Estilo corto.
R n - Crecimient n rte tr r.
Sistema reproductivo Crecimiento con porte trepado
Autocompatible, autégama.
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Figura 8. Fichas informativas con los datos més relevantes de cada una de las especies

perteneci entes a la seccion Basarthrum (cont.).

Nombre Caracteristicas morfolégicas distintivas
S. perlongistylum

GJ Anderson, Martine, Prohens & Nuez - Estilo muy largo (8.5 mm); el més largo del grupo.
- Flores més grandes.
- Anteras de color amarillo limén, en lugar de

amarillo-anaranjado.

Sistema reproductivo
Autoincompatible

Ecosistema Distribucién geografica
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Origen del pepino dulce

El pepino dulce sOlo se encuentra en cultivo (Heiser 1969a; Anderson 1975; Heiser 1985), no
conociéndose con exactitud su progenitor silvestre (Anderson et al. 1996). Sin embargo, se
encuentra estrechamente relacionado con un grupo de especies silvestres incluidas en la serie
Caripensia (Correll 1962; Anderson y Jansen 1998). Entre estas especies, 10s ancestros mas
probables del pepino dulce son: S caripense, S tabanoense, S. basendopogon y S cochoae
(Heiser 1969b; Anderson 1979; Anderson y Bernardello 1991; Anderson et a. 1996; Anderson y
Jansen 1998). El pepino dulcey estas cuatro especies forman un grupo en gue todas las especies
pueden ser cruzadas entre si (excepto S. cochoae con S. tabanoense), aunque el grado de éxito de
los cruces y la fertilidad de los hibridos depende en gran medida de |as especies consideradas y
deladireccion del cruce (Heiser 1964; Anderson 1975; Anderson y Gensel 1976; Anderson 1977
Bernardello y Anderson 1990). De cada una de estas especies, sugeridas como posibles

progenitores del pepino dulce, se tienen datos que apoyan esta hipotesis.
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En cuanto a S caripense, definida como “atamente compleja” por Correll (1962), su area de
distribucion es muy ampliay se solapa, en gran medida, con la de S. muricatum (Heiser 1969b).
Algunas formas de S caripense, compactas y con tendencia a producir ramas verticales, tienen
una morfologia parecida a la de S. muricatum (Prohens 1997). Aunque no pueda considerarse
como una adventicia en sentido estricto, S. caripense se encuentra cerca de asentamientos
humanos y en margenes y vallas de campos de cultivo y sus frutos son recolectados y
consumidos, especialmente por los nifios, en Colombia 'y Ecuador (Correll 1962; Heiser 1964,
1969a, 1969b), e incluso se cultiva ocasionamente (Fouqué 1973). Ademas, S. caripense es la
especie silvestre mas similar a S. muricatum en cuanto a cariotipo (Bernardello y Anderson 1990)
y patrén de flavonoides (Anderson et al. 1987). Segiin Anderson y Jansen (1995) a partir de datos
de patrones de restriccion de ADN cloroplastico y ribosdmico, S caripense es uno de los
ancestros mas probables de S muricatum. Ademas, los cruzamientos entre S, caripense y S
muricatum producen hibridos con meiosis regular y completamente fértiles, y han sido
retrocruzados con éxito hacia cada uno de los parentales (Heiser 1964). Sin embargo, Bricher
(1970) sefiala que las diferencias morfologicas entre S. caripense y S muricatum excluyen al
primero como ancestro de este Ultimo. Contrariamente a esta opinion, Heiser (1969b) y Anderson
(1975) sefialan que algunas plantas consideradas como S. caripense por Bricher, y en las cuaes
éste Ultimo se basa para descartar su posible contribucion al origen del pepino dulce, no parecen

ser S caripense sino otra especie de la serie Caripensia (S fraxinifolium).

En cuanto a S. tabanoense, fue propuesta por Briicher (1970) como el ancestro més probable del
pepino dulce. El fruto de S tabanoense es mayor que €l de S. caripense, teniendo una mayor
cantidad de pulpay un aromay sabor parecidos a de ciertos tipos de pepino dulce. Al igua que
S caripense, esta especie también se consume en las regiones donde se encuentra silvestre
(Prohens 1997). Como en el caso anterior, los andlisis de patrones de restriccion de ADN
cloroplastico y ribosdmico apuntan a S. tabanoense como uno de los ancestros silvestres mas
probables del pepino dulce (Anderson y Jansen 1995; Anderson et al. 1996). Entre los
argumentos en contra de S. tabanoense como ancestro del pepino dulce vemos que es una especie
laxa, trepadora, mucho més pubescente que S. caripense, y con corola estrellada en lugar de
rotada (Prohens 1997). Ademas, su distribucion es mas restringida, ya que sdlo se encuentra en
ciertas localidades de Colombiay Ecuador, en un rango de atitudes algo alto (2600 a 3500 m) si
se compara con €l del pepino dulce (Correll 1962; Heiser 1964, 1969b; Anderson 1975). Por



ultimo, los hibridos entre S. muricatum y S tabanoense tienen una baja fertilidad (Anderson
1979).

Otra especie que podria haber participado en el origen del pepino dulce es S. basendopogon
(Correll 1962; Anderson 1979; Heiser 1964). Algunas plantas robustas de esta especie muestran
ciertas similitudes con S. muricatum en el habito de crecimiento, en la morfologiade lahojay en
la presencia de inflorescencias ramificadas (Anderson 1979). Comparte con €l pepino dulce una
caracteristica cariotipica poco usual en la seccion Basarthrum: la presencia de un par de
cromosomas telocéntricos (Bernardello y Anderson 1990). Sin embargo, S. basendopogon
también es una planta poco frecuente y cuando se cruza con S muricatum los frutos

generalmente no presentan semillas (Anderson 1977).

Por ultimo, S. cochoae presenta habito erecto e inflorescencias ramificadas, al igua que S
muricatum, y da hibridos muy fértiles cuando se cruza con éste (Bernardello y Anderson 1990).
También comparte con S. muricatum una caracteristica cariotipica poco habitual en la seccién
Basarthrum: |a presencia de un par de cromosomas subtelocéntricos (Bernardello y Anderson
1990). Sin embargo, esta especie es todavia menos frecuente que las anteriores; descrita por
Bernardello y Anderson (1990) solo ha sido citada en unalocalidad de Pert. Segin Anderson et
al. (1996), a partir de los datos de patrones de restriccion de ADN cloropléstico y ribosémico, es

poco probable que S. cochoae sea €l ancestro de S. muricatum.

En resumen, de las cuatro especies consideradas, S. caripense y S. tabanoense son |os ancestros
mas probables del pepino dulce, no descartandose que S. muricatum tenga un origen polifilético
a partir de ambas especies (Anderson et a. 1996). Cladogramas obtenidos a partir de marcadores
moleculares sitlan a algunos cultivares de S. muricatum muy cercanos a S. caripense, mientras
gue otros se encuentran muy proximos a S. tabanoense (Anderson et al. 1996; Anderson y Jansen
1998).

Por otra parte, se han seflalado otras posibles hipétesis sobre € origen del pepino dulce como
son: la posibilidad de que € ancestro silvestre de pepino dulce esté extinguido (Heiser 19693,
1985; Anderson y Jansen 1995); que € pepino dulce pudiese ser € resultado de la combinacion

por hibridacion de dos 0 més de | as especies mencionadas anteriormente (Heiser 1985; Anderson



et al. 1987; Anderson et al. 1996); o por ultimo, la posibilidad de que exista una especie silvestre
de la serie Muricata que podria ser el ancestro silvestre del pepino dulce y que todavia no haya
sido descubierta (Bricher 1970).

Utilizacién de estas especies en la mejora

El pepino dulce fue un cultivo importante en la region andina en tiempos precolombinos
(Prohens et a. 1996). Sin embargo, fuera de su region de origen no ha alcanzado laimportancia
de otras solanaceas nativas del Nuevo Mundo, tales como el tomate, pimiento, patata o tabaco
(Prohens et al. 2005). En la actualidad, debido a un incremento del interés por este cultivo en los
mercados internacionales, han sido varios |os intentos de introducirlo en varias regiones de clima
mediterraneo (Cossio 1986; Péron et al. 1989; Pluda et a. 1993; Ercan y Akilli 1996). Sin
embargo, en la mayoria de los casos |os resultados no han sido satisfactorios puesto que, bajo las
nuevas condiciones de cultivo, los materiales han mostrado niveles bajos de produccion y/o
calidad de fruto (Prohens et al. 1996).

Existe una gran diversidad de tipos y cultivares de pepino dulce y, a contrario que en otras
plantas domesticadas, se ha visto que también existe una ata variabilidad a nivel molecular
(Anderson et al. 1996; Rodriguez-Burruezo et a. 2003). A pesar de los logros conseguidos, uno
de los principal es objetivos de meora sigue siendo el incremento de la calidad organol éptica del
fruto, especialmente en referencia a su dulzura, 10 que aumentaria su demanda en mercados
potenciales de Europa y Norte América (Welles 1992). Sin embargo, €l rango de variacion para
este carécter en la especie cultivada no es muy amplio (Rodriguez-Burruezo et a. 2002), por lo

gue las especies silvestres podrian ser fuentes de genes de interés parala mejora de este carécter.

Al igua que en otras solanéceas de interés (Kalloo y Bergh 1993), las especies silvestres pueden
contribuir ala mejora genética del pepino dulce para otros caracteres como resistencias a estreses
abidticos o bidticos, plagas y enfermedades, salinidad, sequia o frio. Sakata et al. (1989)
encontraron una entrada de S. caripense resistente a Verticillium dahliae Kleb., y Pérez-Benlloch
et a. (2001) encontraron algunos hibridos interespecificos con S caripense resistentes a virus

del mosaico del tomate (ToMV).



Sin embargo, € aprovechamiento de estas especies silvestres como fuentes de mejora requiere un
estudio preliminar de las mismas, de forma que podamos identificar |os materiales que posean un
mayor potencial. A continuacion, se deberan introgresar los genes de interés desde la especie
silvestre en el genoma del pepino dulce, lo que requiere la obtencién de hibridos interespecificos
seguidos de retrocruces hacia la especie cultivada. Prohens et a. (2003) sefialan que mediante
programas de mejora sencillos se puede conseguir avances importantes en la mejora de calidad

de esta especie.

Entre las especies silvestres de la seccion Basarthrum, Prohens et al. (2003) sefidlan S. caripense
y S tabanoense como las méas prometedoras para la mejora de la especie cultivada. Ambas
cruzan fécilmente con e pepino dulce, tienen frutos de tamafio mas o menos grande y alto
contenido en solidos solubles o &cido ascorbico. Otra especie interesante es S trachycarpum,
puesto que al estar adaptada a zonas muy secas, puede ser Util parala megorade latoleranciaala
sequia (Prohens et al. 2003). Esta especie no cruza con el pepino dulce; sin embargo, se puede
emplear S caripense como puente genético para transferir los genes de interés desde S

trachycarpum ala cultivada.

Por Ultimo, la seccion Basarthrum es muy cercana filogenéticamente ala patatay el tomate, dos
cultivos muy importantes econdémicamente, por |0 que esta seccion podria ser un recurso Util para
lamejora de estos cultivos (Trognitz y Trognitz 2004). En este sentido cabe destacar |a obtencién

de hibridos sométicos interespecificos entre tomate y pepino dulce (Sakamoto y Taguchi 1991).

5.EL ECLECTISMO DE LASNUEVAS CONCEPCIONES TAXONOMICAS

La especie es €l nivel taxonomico basico en el estudio de la diversidad biol6gica, de la evolucion
y en la planificacion de muchos programas de conservacion, por lo tanto, es muy importante
definir sus limites. Sin embargo, € concepto mismo de especie ha sido objeto de debate durante
décadas. Se han propuesto numerosas definiciones de 1o que es una especie y hoy en dia se sigue

debatiendo a respecto (Zimmer 2008).



La taxonomia moderna se fundo a partir del sistema de clasificacion binomial creado por Linneo
en € siglo XVIII. La nomenclatura binomial para identificar de manera univoca a las especies
solventaba los problemas de comunicacion producidos por la variedad de nombres locales. Este
autor fue uno de los primeros naturalistas en enfatizar el uso de similitudes entre organismos para
construir un sistema de clasificacion (Linneo 1735). De esa forma y sin saberlo, estaba
clasificando a los organismos en virtud de sus similitudes genéticas y, por lo tanto, también
evolutivas. Al mismo tiempo, Linneo propuso un esquema jerarquico de clasificacion, donde las
especies muy afines se agrupan en un misSmo género, que a Su vez se agrupan en érdenes
mayores, estableciendo tres reinos (animal, vegetal y mineral) en e primer nivel, y subdividiendo
los reinos en filos, los filos en clases, las clases en ordenes, |os ordenes en familias, las familias
en géneros 'y los géneros en especies. El nuevo orden creado por Linneo hizo mas facil latarea de

los taxénomaos, pero tratar de delimitar |as fronteras entre especies resulta a menudo frustrante.

Segun Zimmer (2008), en opinion de Darwin estas discusiones eran consecuencia de querer
“definir lo indefinible”. Las especies no estaban fijadas desde la creacion sino que habian
evolucionado. Cada grupo de organismos gque denominamos especie se inicia como variedad de
una especie més antigua. En el transcurso del tiempo, la seleccion natural |atransforma conforme
se adapta a su ambiente, mientras que otras variedades se extinguen. Una vigja variedad acaba
siendo notablemente distinta de los demés organismos y es entonces cuando decimos que es una
especie por derecho propio. Segun Darwin (1859) el término “especie’ es algo gque se otorga

arbitrariamente, por conveniencia, a un conjunto de individuos que se parecen mucho entre si.

Hasta principios del siglo XX no se pudieron abordar las diferencias genéticas entre especies.
Con la sintesis evolutiva moderna de los afios 20 y 30, la investigacion de estas diferencias
genéticas llevo a una nueva forma de pensar. Las barreras que evitan la reproduccion con otras
especies hacen de una poblacién una especie. Los genes fluyen entre los miembros de |a especie
cuando se aparean y permanecen dentro de la especie gracias a barreras reproductivas. El

aislamiento geografico constituye el origen mejor conocido para la aparicién de tales barreras.

Esta forma de considerar la aparicion evolutiva de nuevas especies condujo a una nueva nocion
de especie. Segun Ernst Mayr, las especies no eran etiquetas de conveniencia, sino entidades

reales, como las montafias o las personas. En 1942 propuso €l concepto bioldgico de especie,



definida como el conjunto de poblaciones de organismos que pueden cruzarse entre si (real o

potencialmente) pero no con otras pobl aciones.

Sin embargo, esta definicion, aunque fue aplicada de forma general, tiene algunos problemas. En
ella no se establece hasta qué punto debe estar aislada reproductivamente una especie para
calificarla como tal. La definicién se basa en € intercambio de informacion genética entre
poblaciones (reproduccién), no en € éxito reproductivo de los cruces: fertilidad y/o esterilidad.
Una dificultad ain mayor hace referencia a las especies sin reproduccion sexual, que pasarian a
ser calificadas como “no-especies’. Ademas, este concepto no es claro con respecto alarelacion
entre poblaciones recientes y ancestrales, puesto que € concepto bioldgico se aplica a especies

gue coexisten en el tiempo.

En aguella época, Muller (19404), en su estudio sobre la taxonomia y distribucion del género
Lycopersicon, apunto que “s se aplicalaregla arbitraria de que dos especies no son defendibles a
menos que sean absolutamente distintas y no estén conectadas por tipos intermedios, se
encuentra justificacion a la opinion de que solo existe una especie de tomate’. Sin embargo, €l
autor sugiere que lataxonomia no es un fin en si misma, sino gque tiene que ser Util, en particular
respecto a la clasificacién de los grupos econdmicamente importantes. Y que, por lo tanto, la
variabilidad que se observa en los tomates no se puede obviar estableciendo un género

monotipico y finalmente describe 6 especies, 3 variedades y 3 formas (Muller 1940b).

Se han propuesto otras definiciones de especie, siendo la mas popular €l concepto filogenético
de especie, en € que se excluye e sexo de la ecuacion y coloca en su lugar a la descendencia

desde un antepasado comun: “grupo de organismos que se pueden diagnosticar como diferente

de otros grupos en € que hay un patron de descendencia comin”.

Los organismos emparentados comparten rasgos porque comparten antepasados. Se trata de ir
obteniendo conjuntos mas y méas pequefios de organismos que comparten rasgos y cuando se
alcanza un grupo gue no puede dividirse ya mas, ese grupo es una especie, segin € concepto

filogenético.



De Queiroz (1998) subray6 que la mayoria de conceptos de especies contrapuestos coinciden en
aspectos basicos. aislamiento genético o ausencia de cohesion (barreras intrinsecas que limitan el
intercambio de genes); fata de intercambio a nivel demogréfico (aislamiento ecoldgico);
presencia de caracteres diferenciales fijados; exclusividad; identidad y tendencias evolutivas
independientes; agrupamientos genotipicos distinguibles. Todos se fundamentan en que una
especie es unalinge evolutivo diferenciado. Para é, ésta es la definicion fundamental de especie.

De Queiroz piensa que métodos diferentes funcionan mejor en casos distintos.

Motivados por la confusion en torno alaidea de especie, agunos investigadores han empezado a
crear clasificaciones filogenéticas que combinan las historias evolutivas con datos biol 6gicos,
conductuales, ecoldgicos y moleculares. Por gjemplo, Stockman y Bond (2008) estudiaron un
género de arafa, Promyrmekiaphila, hallada en California. Examinaron la historia evolutivade la
arafay su papel ecoldgico secuenciando varios genes de 222 g emplares de 78 lugares. A partir

de toda la informacion obtenida agruparon los animales en sei's especies.

La clasificacion de individuos en especies es de una gran utilidad en biologia, pero hay que tener
en cuenta que estamos ante procesos continuos y las dificultades aparecen cuando tratamos de
establecer barreras discretas con significado bioldgico. Segin una definicion ideal, una especie
estaria compuesta por grupos discretos de poblaciones, reproductivamente aisladas, formando
grupos monofiléticos diferenciables genotipica y fenotipicamente. Sin embargo, esta situacién
esta muy lgjos de suceder en la practica. En muchas ocasiones los limites no estén clarosy lo que

se observa es un continuo, haciendo muy dificil la clasificacién de los individuos.

En la figura 9 se muestra una representacion gréfica en la que se simulan varias situaciones
posibles: dos especies perfectamente definidas y separadas, dos especies distintas pero entre las
gue se producen algunos hibridos, dos subespecies entre las que € numero de hibridos es
importante, 0 una Unica especie. En la practica, las diferencias entre estas situaciones pueden ser
muy sutiles, puesto que se trata de un gradiente continuo entre cada una de ellas. Por este motivo,
nos encontramos con tantos problemas en las definiciones cuando se quieren llevar a extremo.
Por todo €llo, la decisién de qué es una especie deberia ser mas flexible, con un enfoque
integrador y apoyada por la mayor cantidad de datos posible (morfologicos, moleculares,

ecol 6gicos).



Figura9. Ejemplo visual en & que se representan: A: dos especies distintas, B: dos especies con
algunos hibridos, C: dos subespecies, D: una Unica especie.
A B C D
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II. OBJETIVOS






Para que el empleo de los recursos fitogenéticos sea eficiente, debemos conocer cual es la
taxonomia, la estructura genética y las relaciones entre las distintas especies. El conocimiento de
la distribucion de la variabilidad existente permite establecer criterios de conservaciéon mas
racionales y un uso més eficiente y mas efectivo de estos recursos para la mejora de las especies

cultivadas.

Los objetivos de la presente tesis doctoral se centran en el estudio de dos secciones del género
Solanum que incluyen especies cultivadas, Lycopersicon y Basarthrum. Los objetivos son los

siguientes:

- Estudiar lataxonomiay las relaciones filogenéticas en |a seccion Lycopersicon.

- Estudiar la distribucion de la variacion genética de S. pimpinellifolium, especie silvestre mas
cercana al tomate cultivado, en todo su rango de distribucion.

- Estudiar lataxonomiay las relaciones filogenéticas en la seccion Basarthrum.

- Estudiar la variabilidad intraespecifica existente en el pepino dulce, especie cultivada por sus

frutos.






I[I1. RESULTADOS






Capitulo 1.- Classification and phylogenetic
relations in the Solanum section Lycopersicon
based in AFLP and two nuclear gene sequences.
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Abstract The classification and phylogeny of the
species belonging to Solanum section Lycopersicon is
a complex issue that has not yet reached a widely
accepted consensus. These species diverged recently,
are still closely related and, in some cases, are still
even capable of interspecific hybridization, thereby
blurring the difference between intra- and interspe-
cific variation. To help resolve these issues, in the
present study, several accessions covering the natural
range for each species were used. In addition, to
avoid biases due to the molecular method employed,
both AFLP markers and two nuclear-gene sequences,
CT179 and CT66, were used to characterize the plant
materials. The data obtained suggest a classification
similar to those previously proposed by other authors,
although with some significant changes. Twelve
species were recognized as distinct based on this
dataset. According to the data presented, the recently
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proposed species, S. corneliomulleri, is indistinguish-
able from S. peruvianum s.str. In addition, both the
sequence and the AFLP trees suggest that S. arcanum
could represent a complex of populations composed
of two cryptic species. With regard to phylogenetic
relationships among these species, some clear groups
were found: the Lycopersicon group formed by
S. pimpinellifolium, S. lycopersicum, S. cheesmaniae
and S. galapagense; the Arcanum group constituted
by S. chmielewskii, S. neorickii, S. arcanum and
S. huaylasense; and the Eriopersicon group made up
of S. peruvianum and S. chilense. Solanum pennellii
and S. habrochaites are not included in any
group, but are the closest to the S. lycopersicoides
outgroup.

Keywords Classification - Lycopersicon -
Phylogeny - Solanum - Taxonomy

Introduction

Solanaceae contains between 3,000 and 4,000 spe-
cies in about 90 genera (Knapp et al. 2004), the
largest of which is Solanum L., with an estimated
1,500 species (Bohs 2007), almost half the diversity
of the family. Within this genus, section Lycopers-
icon (Mill.) Wettst. includes tomatoes and their
related wild species. The native distribution of this
section ranges from the high Andes to coastal
Ecuador, Peru and northern Chile, and it is also
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found in the Galapagos Islands. The feral form of the
cultivated S. Iycopersicum L. has a worldwide
distribution (Miiller 1940).

The taxonomy of this section has been the subject
of a long-lasting discussion. Even classification at the
genus level has been controversial. In 1700, Tourne-
fort, did not include the tomato in the Solanum genus,
but instead in its own genus, Lycopersicon. In 1754,
Linnaeus did not recognize Lycopersicon, but
included the tomato in Solanum, although his
contemporary, Miller (1754), formally described
genus Lycopersicon based on Tournefort’s classifica-
tion (Esquinas-Alcazar and Nuez 2001). At present,
tomatoes and their relatives are included within
Solanum section Lycopersicon, as proposed by Child
(1990) based on morphological characters. This
classification has been supported by recent studies
based on molecular data from both the chloroplast
and nuclear genomes (Spooner et al. 1993; Bohs and
Olmstead 1997; Olmstead and Palmer 1997; Peralta
and Spooner 2001).

Different classification criteria have led to differ-
ent numbers of species and subspecies in the section.
In addition, conflicting models proposed to describe
interspecific relationships have led to different com-
plexes, series and groups (Peralta et al. 2008, p. 13).
Miiller (1940) and Luckwill (1943) divided the genus
Lycopersicon into two subgenera (Eulycopersicon
C. H. Miill. and Eriopersicon C. H. Miill.), although
the two authors disagreed on the number of species or
subspecies in each. Classification in these subgenera
depended mainly on the color of the mature fruits,
with species possessing glabrous and red to orange-
colored fruits belonging to subgenus Eulycopersicon
and species with pubescent and green fruits belong-
ing to subgenus Eriopersicon (with the exception of
S. cheesmaniae).

Later, Rick (1979) proposed an infrageneric clas-
sification based on crossing relationships into two
complexes according to the ability (or inability) to
cross with the cultivated tomato: “esculentum” and
“peruvianum” complexes, respectively. Solanum
peruvianum L. and S. chilense (Dunal) Reiche were
classified in the “peruvianum complex” while the
rest of the species were included in the “esculentum
complex.”

Child (1990), treating tomatoes as being under
genus Solanum, classified them into three series:
Lycopersicon Child, Eriopersicon (C. H. Miill.) Child

@ Springer

and Neolycopersicon (Correll) Child. The first two
series corresponded to the subgenera Eulycopersicon
and Eriopersicon used by Miiller (1940) and Luckwill
(1943), while series Neolycopersicon only included
S. pennellii Correll, as reviewed by Esquinas-Alcazar
and Nuez (2001).

Recently, some new species have been considered
as belonging to this section. Working with the
tomatoes of the Galapagos Islands, Darwin et al.
(2003) gave species rank to the taxon previously
known ‘L. cheesmanii forma minor,” describing
S. galapagense S.C. Darwin et Peralta. They argued
that this new species was clearly morphologically
differentiated from the rest of the taxa present on the
islands, and that it was more distinct from the others
than S. pimpinellifolium L. and S. lycopersicum were
from each other.

In addition, Peralta et al. (2005) recognized four
species segregated from the highly variable S.
peruvianum L. sensu lato: S. peruvianum sensu
stricto, S. corneliomulleri J. F. Macbr., S. arcanum
Peralta and S. huaylasense Peralta. Therefore, current
classifications of the genus consider there to be 13
species of wild tomatoes, including the cultivated
tomato (S. lycopersicum) and its weedy escaped
forms (Peralta et al. 2008, p. 13).

The most recent classification was proposed by
Peralta et al. (2008, p. 13). They divided the section
into four groups: Lycopersicon group (S. lycopersicum,
S. pimpinellifolium, S. cheesmaniae (L. Riley)
Fosberg and S. galapagense), Neolycopersicon group
(S. pennellii), Eriopersicon group (S. peruvianum
s.str., S. corneliomulleri, S. huaylasense, S. habro-
chaites S. Knapp et D.M. Spooner and S. chilense)
and Arcanum group (S. arcanum, S. chmielewskii
(CM. Rick etal.) D.M. Spooner etal. and S.
neorickii D.M. Spooner et al.).

Phylogenetic relationships among these species
have been studied with various molecular
approaches, including molecular markers based on
restriction site data (cpDNA in Palmer and Zamir
1982; mtDNA in McClean and Hanson 1986; nuclear
RFLPs in Miller and Tanksley 1990), on microsat-
ellites (Alvarez et al. 2001), and on AFLPs (Spooner
et al. 2005). Sequence data have also been employed,
generated from the nuclear ITS rDNA region by
Marshall et al. (2001) and the GBSSI gene sequence
by Peralta and Spooner (2001). Recently, Peralta and
Spooner (2005) also incorporated cladistic and
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phenetic analyses of morphological data in order to
clarify relationships generated from past studies.

Despite the great wealth of data collected, no
consensus has been reached regarding phylogenetic
relations, most likely a result of the complex structure
of this group. Peralta et al. (2008, p. 53) noted that
past studies left quite a few questions unanswered.
Earlier attempts to develop phylogenetic relationships
were discordant and the statistical support for them
could be improved with more data. As an example of
these conflicting results, one can examine the position
of northern populations of S. peruvianum s.1. in recent
phylogenetic trees. It has been found to be closely
related to S. lycopersicum (Peralta and Spooner
2001), to southern populations of S. peruvianum s.1.
(Marshall et al. 2001) and to S. chmielewskii (Alvarez
et al. 2001; Peralta et al. 2008, p. 52).

In our opinion, one of the causes of these
conflicting phylogenies could be the low intraspecific
diversity employed in these studies. In general, very
few accessions of each species were analyzed, and,
thus, potential intraspecific variation was inade-
quately sampled. The role of intraspecific variation
can be especially important in recently derived and
closely related taxa. In fact, for some of these species,
recent studies have found significant intraspecific
structuring. Peralta et al. (2005) split S. peruvianum
s.l. into four species, and Zuriaga et al. (2008)
showed a clear subdivision between Ecuadorian and
Peruvian populations of S. pimpinellifolium. Unfor-
tunately, the studies carried out before 2005 did not
take into account these specific substructures and, in
general, used only one or a few accessions to
represent each species.

The Instituto de Conservacion y Mejora de la
Agrodiversidad Valenciana (COMAYV) has gathered
extensive germplasm collections of these taxa
through several expeditions organized with the col-
laboration of the Universidad Nacional Pedro Ruiz
Gallo (UNPRG) (Peru), the Universidad Nacional
Agraria La Molina (UNAM) (Peru), the Universidad
Nacional de Piura (UNP) (Peru), the Universidad
Nacional de Trujillo (UNT) (Peru), the Parque
Nacional de Galapagos (PNG) (Ecuador) and the
Universidad Nacional de Loja (UNL) (Ecuador)
(Nuez et al. 2008). This germplasm collection, com-
plemented by several accessions kindly provided by
the Tomato Genetics Resource Center (TGRC), have
allowed us to tackle classification and phylogenetic

relationships in section Lycopersicon by using many
accessions that sample the entire range of distribution
for each species (Taylor 1986; Warnock 1991;
Darwin et al. 2003).

Moreover, to improve the quality of the data
generated, we employed complementary molecular
approaches, by analyzing ALFPs and DNA sequences
from two genes. Several recent studies have success-
fully used both kinds of data to resolve phylogenetic
relationships among closely related taxa at both
interspecific and intraspecific levels (Blanca et al.
2007; Hodkinson et al. 2000; Xu and Sun 2001; van
Ee et al. 2006). For DNA sequencing, we chose two
markers successfully used in previous wild-tomato
studies: CT066 and CT179 (Stiddler et al. 2005;
Roselius et al. 2005; Stadler et al. 2008).

Materials and methods
Plant materials

We analyzed 210 accessions including to all recog-
nized species of Solanum section Lycopersicon and 3
accessions of Solanum lycopersicoides Dunal, which
were included as a phylogenetic outgroup (Table 1).
These accessions were selected to sample compre-
hensively the geographic ranges of each species, and
also accounted for published information about
intraspecific variation (Rick 1963; Rick et al. 1976,
1979; Nuez et al. 2004; Sifres et al. 2007, Peralta
et al. 2008, p. 13; Zuriaga et al. 2008). The number
of accessions per species ranged from 2 in S.
galapagense to 46 in S. chilense.

Of these 213 accessions, 153 were collected by
COMAYV, UNPRG, UNAM, PNG, UNL, UNP and
UNT. The other 60 accessions were supplied by
TGRC. These reference accessions were especially
useful in analyzing the division of S. peruvianum s.1.
into several species, as well as in comparing our
results with earlier previous works. The accessions
collected in the expeditions were classified using the
morphological data gathered in situ.

Molecular methods
For each accession, genomic DNA was isolated from

one plant by using the DNeasy Plant Mini Kit
(Qiagen, Valencia, California, USA), following the
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Table 1 List of the accessions used for the study of the phy-
logeny of Solanum section Lycopersicon, including current and
original taxonomic classifications, accession identifiers, and
geographic coordinates for the collection sites

Accession Originally classified Latitude  Longitude
code as
S. arcanum
Amazonas
PE22 S. arcanum 0926-S  07708-W
LA1395  S. arcanum 061300S  0775100W
LA1626  S. arcanum 083030S  0772200W
LA2185 S. arcanum 052900S  0783100W
LA2917  S. neorickii 091800S  0770100W
Cajamarca
LAO441  S. arcanum 080000S  0790700W
LA2157  S. arcanum 063000S  0784912W
ECUO0783 S. peruvianum 071947S  0781102W
ECUO0777 S. peruvianum 071817S  0782839W
S. cheesmaniae
GLP34 S. cheesmaniae 000933S  0904924W
GLP39 S. cheesmaniae 001654S  0903307W
LA1449 S. cheesmaniae 004429S  0901849W
GLP44 S. cheesmaniae 001709S  0903230W
GLP65 S. cheesmaniae 002452S  0901724W
GLP27 S. cheesmaniae 003337S  0901958W
GLP57 S. cheesmaniae 002445S  0901704W
GLP35 S. cheesmaniae 001724S  0903332W
GLP54 S. cheesmaniae 002201S  0903505W
S. chilense
LA2932 S. chilense 292900S  0701000W
LA2930 S. chilense 252400S  0702400W
T133 S. chilense 171808S  0704254W
CH64 S. chilense 194025S  0691015W
T091 S. chilense 174600S  0695622W
LA1932 S. chilense 151700S  0743700W
PER560 S. chilense 180615S  0702023W
TO79 S. chilense 175645S  0701044W
TO082 S. chilense 1752258 0700539W
LA1969 S. chilense 173200S  0700200W
T092 S. chilense 172633S  0702655W
PERS551 S. chilense 174305S  0700822W
TO77 S. chilense 173324S  0700147W
CHS58 S. chilense 195157S  0692358W
CH25 S. chilense 184402S  0694305W
TO8S5 S. chilense 174827S  0695945W
TO078 S. chilense 173024S  0700156W
CH34 S. chilense 184721S  0694222W
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Table 1 continued

Accession Originally classified Latitude  Longitude
code as

CHI13 S. chilense 221514S  0682848W
LA0460 S. chilense 174800S  0700100W
CH46 S. chilense 182324S  0693827W
CHI18 S. chilense 182847S  0685147W
TO38 S. chilense 144934S  0744113W
TO74 S. chilense 174043S  0700510W
CH30 S. chilense

TO76 S. chilense 173504S  0700205W
LA1960 S. chilense 170500S  0705200W
T136 S. chilense 172712S  0704928W
T109 S. chilense 180428S  0701852W
TO75 S. chilense 173504S  0700205W
CHI15 S. chilense 221726S  0682049W
CH57 S. chilense 191914S  0692654W
CH59 S. chilense 194739S  0691834W
LA2880 S. chilense 234700S  0681500W
T128 S. chilense 171231S  0704909W
T117 S. chilense 170627S  0705055W
T123 S. chilense 170227S  0704916W
T101 S. chilense 1721-S  07019-W
CHS55 S. chilense 192041S  0693016W
CH60 S. chilense 194654S  0691713W
LA0458 S. chilense 185700S  0701100W
T041 S. chilense 144858S  0743959W
T107 S. chilense 172250S  0700829W
CH43 S. chilense

T095 S. chilense 172318S  0702020W
PER526 S. chilense 170923S  0705134W
S. chmielewskii

PER489 S. chmielewskii 134804S  0725803W
LA1330 S. chmielewskii 132900S  0724500W
PER451 S. chmielewskii 132403S  0735344W
PER502 S. chmielewskii 135610S  0730724W
PER512 S. chmielewskii 133401S  0723536W
LA3643 S. chmielewskii 135100S  0714900W
PER4383 S. chmielewskii 134430S  0725500W
LA3653 S. chmielewskii 134700S  0725000W
PER499 S. chmielewskii 1351558 0730128W
PER452 S. chmielewskii 132534S  0735309W
LA1306 S. chmielewskii 125700S  0740100W
S. corneliomulleri

LA1473 S. corneliomulleri 1149425 0763659W
LA1945 S. corneliomulleri 154630S  0732400W
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Table 1 continued Table 1 continued

Accession Originally classified Latitude  Longitude Accession Originally classified Latitude  Longitude

code as code as

LA1379 S. corneliomulleri 104800S  0770400W LA2561 S. huaylasense 084900S  0775200W
T040 S. corneliomulleri 144916S  0744035W LA1983 S. huaylasense 084124S  0775812W
T118 S. corneliomulleri 170626S  0705055W PE19 S. huaylasense 0848-S  07752-W

T121 S. corneliomulleri 170315S  0705153W S. lycopersicoides

T024_1 S. corneliomulleri 145209S  0744703W T104 S. lycopersicoides 172003S  0701537W
TO15 S. corneliomulleri 143310S  0744858W T090 S. lycopersicoides 174600S  0695622W
LA1305 S. corneliomulleri 132300S  0752130W T096 S. lycopersicoides 172232S  0702002W
LA1292 S. corneliomulleri 114534S  0761802W S. lycopersicum

T036 S. corneliomulleri 145013S  0744308W B046 S. lycopersicum

TO18 S. corneliomulleri 145106S  0744754W ECU1474 S. lycopersicum 010350S  0803529W
LA1283 S. corneliomulleri 1207008 0762800W ECU1117 S. lycopersicum 020421S  0775933W
T024_5 S. corneliomulleri 145209S  0744703W ECU0096 S. lycopersicum

TO047 S. corneliomulleri 162534S  0730859W ECU1068 S. lycopersicum 011906S  0775320W
T067 S. corneliomulleri 160924S  0713841W ECU1150 S. lycopersicum 024506S  0781817W
T024_10 S. corneliomulleri 145209S  0744703W LA1307 S. lycopersicum 123700S  0794730W
T045 S. corneliomulleri 161614S  0733006W LA2845 S. lycopersicum 060300S  0765800W
TO053 S. corneliomulleri 155004S  0723932W B103 S. lycopersicum

TO61 S. corneliomulleri 1609-S  07211-W ECU1123 S. lycopersicum 021813S  0780708W
S. galapagense S. neorickii

LA0317 S. galapagense 0017-S  09033-W ECU0301 S. neorickii 035401S  0791853W
LA0483 S. galapagense 002314S  0913211W LA1626A S. neorickii 083030S  0772200W
S. habrochaites ECU1632 S. neorickii 032513S  0790858W
ECU1498 S. habrochaites 010256S  0800525W ECU1626 S. neorickii 0324558 0790933W
LA2098 S. habrochaites 0422008 0794800W ECU1636 S. neorickii 041234S  0791420W
LA2861 S. habrochaites 034900S  0791600W PER493 S. neorickii 1349235 0725803W
ECU0531 S. habrochaites 040745S  0795510W ECU1617 S. neorickii 0324528 0791029W
LA1353 S. habrochaites 0722008  0784900W LA1322 S. neorickii 132700S  0722548W
ECU0533 S. habrochaites 0402128 0791120W LA2325 S. neorickii 065000S  0775500W
ECU0523 S. habrochaites 051253S  0792610W ECU0450 S. neorickii 024747S  0784539W
ECU0526 S. habrochaites 055942S  0794303W LA3655 S. neorickii 1356008 0730100W
ECU0524 S. habrochaites 051648S  0792816W S. pennellii

ECU0537 S. habrochaites 0358-S  07928-W LA1272 S. pennellii 1131128 0770000W
LA1777 S. habrochaites 093300S  0773524W LA1940 S. pennellii 1558308 0733700W
LA2314 S. habrochaites 0625008 0775200W ECU0559 S. pennellii 050750S  0810925W
ECU0652 S. habrochaites 052434S  0793810W T052 S. pennellii 1554558 0723255W
ECU0544 S. habrochaites 052318S  0793648W TO050 S. pennellii 155508S  0723249W
ECU0527 S. habrochaites 0350-S  08003-W ECU0729 S. pennellii 071718S  0792852W
LA1753 S. habrochaites 1153058  0762623W T021 S. pennellii 145141S  0744721W
LA1223 S. habrochaites 0212008 0785000W PE45 S. pennellii 0839-N  07817-W

T039 S. habrochaites 144927S  0744105W T139 S. pennellii 161642S  0732835W
S. huaylasense ECU0654 S. pennellii 050750S  0810925W
PEI8 S. huaylasense 0849-S  07752-W LA2580 S. pennellii 093100S  0780030W
PE20 S. huaylasense 0848-S  07752-W ECU0831 S. pennellii 0845158  0782905W
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Table 1 continued

Table 1 continued

Accession Originally classified Latitude  Longitude Accession Originally classified Latitude  Longitude
code as code as
TO033 S. pennellii 145052S  0744417W PE15 S. pimpinellifolium 0931-N  07755-W
LA1926 S. pennellii 143500S  0745830W LA1334 8. lycopersicum 162400S  0731500W
S. peruvianum ECU0574 S. pimpinellifolium 052559S  0794432W
PERS573 S. peruvianum 161709S  0713852W LA0369  S. pimpinellifolium 115700S  0764300W
PER424 S. peruvianum 1154-S  07630-W PE14 S. pimpinellifolium 0933-N  07753-W
ECU0766 S. peruvianum 071735S  0783426W LAO0373  S. pimpinellifolium 095624S  0781348W
PE27 S. peruvianum 0932-S  07750-W TO008 S. pimpinellifolium 144053S  0750805W
PER562 S. peruvianum 171541S  0712952W LA1689  S. pimpinellifolium 0513-S  0803730W
ECU0944 S. peruvianum 032431S  0790946W LA1332 8. pimpinellifolium 145000S  0745700W
PERS586 S. peruvianum 161017S  0713918W LA2176  S. pimpinellifolium 050830S  0790030W
T140 S. peruvianum 130030S  0762859W TO11 S. pimpinellifolium 143449S  0745314W
PER429 S. peruvianum 114713S  0761754W TO16 S. pimpinellifolium 143310S  0744858W
ECU0106 S. peruvianum 0319-S 07930-W ECUQ0719 S. pimpinellifolium 060936S  0794202W
PER412 S. peruvianum 1155558  0763747TW T093 S. pimpinellifolium 172543S  0702453W
PER533 S. peruvianum 171620S  0705050W T004 S. pimpinellifolium 095555S  0781315W
CH37 S. peruvianum 182404S  0701555W T046 S. pimpinellifolium 162219S  0731605W
LA1913 S. peruvianum 142354S  0751202W Hybrid
T137 S. peruvianum 163725S  0724233W LA1364 S. huaylasense—S. 100900S  0772830W
CH35 S. peruvianum peruvianum
LA2744 S. peruvianum 1833005 0700900W LA1984 S. arcanum-S. 0754005~ 0783300W
CH20 S. peruvianum 1824158 0695843W peruviarm
CH24 S. peruvianum 1827058 0700333W ECUL007 5. 3;’;’;;;;%’;;51 0057265 077485TW
CH36 S. peruvianum 184853S  0700915W
CHS52 S. peruvianum 184703S  0701207W
T113 S. peruvianum 1750108 0710634W manufacturer’s protocol, and was stored at —20°C
T049 S. peruvianum 1634358 0723743W until used. DNA concentrations and qualities were
TO12 S. peruvianum 143438S  0745302W quantified on agarose gels.
T043 S. peruvianum 154854S  0742259W Visualization of AFLPs was carried out following
T110 S. peruvianum 180108S  0705137W procedures described by Nuez et al. (2004). The
CH45 S. peruvianum restriction enzymes EcoRI and Tru91 were used for
ToO51 S. peruvianum 155451S  0723302W digestion, and selective amplification employed three
S. pimpinellifolium selective nucleotides on each primer. Six selective
Ecuador combinations of primers were used: EcoRI 4+ ACA
ECUI159 S. pimpinellifolium 032557 0783408w  and Mse 4+ CTA; EcoRI + AGC and Mse + CAA;
LA1246 8. pimpinellifolium 0359245 0792136w  ECcORI + AAC and Mse + CAA; EcoRI + ACC and
ECU1349 S. pimpinellifolium 005922 N 0793201W Mse + CTA; EcoRI + AGG and Mse + CAT; and
ECUI516 S. pimpinellifolium 0141535 0804640w ~ EcORI+ AAC and Mse + CTA. DNA fragments
LA1429 . Iycopersicum 0049035 0801256W were separated in an ABI Prism 310 genetic analyzer
LA3124  S. cheesmaniae 0040088 0000321w  (Applied Biosystems, Foster City, CA).
ECU0602 S. pimpinellifolium 0559425~ 0794303W Two  single-copy, nuclear markers, CT66 and
LAOSI1 S, pimpineliifolium 010600 0792000w  C1179 were sequenced. CT66 corresponds to a
Pern putative arginine decarboxylase gene (Roselius et al.
ECU0T33 S, pimpinellifolium 071821S  O792645W 2005), and its PCR amplification was done with the
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and CT066_r (CTCACCAACACCATCAGCAA).
CT179 is a putative delta-type tonoplast intrinsic
protein gene (Roselius et al. 2005), and its PCR
amplification was done with primers ctl79_f
(CGGCGTAGCTATTGGAAGTTT) and ctl79_r
(ATGGGTTGGAATAGCCTGAGA). All primers
were designed to obtain sequences of approximately
700 bp. Our PCR conditions followed those of
Roselius et al. (2005).

After amplification, PCR products were treated
with Exonuclease I and precipitated with AcNa and
ethanol, after adding 1 pg tRNA. DNA sequencing
was performed in an ABI Prism 3100 genetic
analyzer, following manufacturer instructions for
the BigDye terminator v.3.1 cycle sequencing kit
(Applied Biosystems, Foster City, CA).

AFLP data analysis

For all 213 accessions the AFLP fragments were
scored for presence or absence with Genographer 1.6
software (Benham et al. 1999), and a binary matrix
was constructed. The reproducibility of the AFLP
markers used was assessed studying two replicates
for 30 randomly choosen accessions. The markers not
reproducible in these replicates were not taken into
account in the study. All analyses were made using
homemade scripts based on R software v.2.6.0 (R
Development Core Team 2007), available upon
request. A neighbor-joining tree was build using
Dice distances, and branch support was assessed by
using 1000 bootstrapped data matrices.

DNA sequence data analysis

Sequences from 144 randomly selected accessions
were assembled and edited with the Staden package
v.1.4 (Bonfield 2004). Multiple alignments were
made with ClustalW v.1.82 (Thompson et al. 1994)
and edited in BioEdit v.7.0.9 (Hall 1999).

As these are single-copy genes, and all species
analyzed are diploid, we considered individuals as
homozygous or heterozygous depending on whether
one or two haplotypes, respectively, were found in
them. Heterozygotes were detected as double peaks
in the chromatogram. Both haplotypes were inferred
through haplotype subtraction (Clark 1990). The
number of gaps and variable positions as well as

nucleotide and haplotype diversity were calculated
with DnaSP v.4.50.3 (Rozas et al. 2003).

Phylogenetic analysis

Bayesian methods were employed to reconstruct
phylogenetic trees with MrBayes software (Ronquist
and Huelsenbeck 2003). Each Markov chain in the
Bayesian search was run for 4 x 10° cycles, sam-
pling every 100th cycle from the chain. Four chains
were run simultaneously, and the initial 20% of trees
from each run were discarded as burn-in samples.
The remaining trees were used to construct majority-
rule consensus trees.

Model comparison for single-gene data was per-
formed in HyPhy (Kosakovsky Pond et al. 2005) by
using the Akaike information criterion (AIC), based
on Modeltest (Posada and Crandall 1998). The best-
fitting evolutionary models (GTR + G + I for both
genes, and non-absent sites for AFLP data) were
implemented in the phylogenetic analyses for both
single-gene and concatenated data.

MrBayes allows to combine different datasets to
build phylogenies. One analysis was carried out
combining the data from both DNA alignments and
another one combining the AFLP and the sequence
data. In this latter case to merge the dominant and
codominant datasets an allele from each accession
was randomly chosen.

Results
AFLP and gene sequence diversity

The six AFLP primer combinations produced 245
fragments, distributed between 60 and 380 bp, of
which 221 (90.2%) were polymorphic. A marker was
considered polymorphic at the 1% level. Multiple
alignment of CT66 sequences resulted in a matrix of
665 bp, of which 96 (14.4%) were polymorphic.
There was no variation in sequence length among
taxa for this gene, and 66 different haplotypes were
seen. CT179 sequence lengths ranged from 550 to
700 bp. Multiple alignment was problematic because
the first half of the sequences was too variable, and
several large indel events were present. Therefore,
this region was eliminated from the alignment. Once
this was done, the CT179 alignment resulted in a

@ Springer



Genet Resour Crop Evol

Table 2 Nucleotide and

. . Nucleotide Haplotype AFLP
haplotype diversity and diversity diversity polymorphism %
level of AFLP
polymorphism for the taxa S. peruvianum 0.013 0.92 64.4
studied. The sequence- .
based diversities are means S. chilense 0.009 0.89 54.6
calculated with data coming S. arcanum 0.008 0.85 36.3
from both CT179 and CT66 S. huaylasense 0.011 0.89 13.9
genes. The AFLP . chmielewskii 0.002 0.45 17.1
polymorphism is the
percentage of markers S. neorickii 0.001 0.21 21.6
polymohpic at or above 1% S. pimpinellifolium 0.001 0.30 20.0
level S. cheesmaniae 0.000 0.00 6.9

S. lycopersicum 0.005 0.23 7.7
S. galapagense 0.000 0.00 1.2
S. habrochaites 0.006 0.72 42.0
S. pennellii 0.006 0.58 40.8

matrix of 339 characters, of which 64 (18.9%) were
variable, and 78 different haplotypes were seen.

Levels of nucleotide and haplotype diversity and
AFLP polymorphism were also calculated for each
species (Table 2). The most diverse species was S.
peruvianum. Members of the Lycopersicon group
were considerably less variable, especially S. chees-
maniae and S. galapagense, which showed no
nucleotide diversity and almost no AFLP polymor-
phism. Finally, S. habrochaites and S. pennellii
showed intermediate variability. Correlations ()
between the different variability measures were
0.91 for nucleotide versus haplotype diversity, 0.75
for haplotype diversity versus AFLP polymorphisms,
and 0.66 for and nucleotide diversity versus AFLP
polymorphisms. In summary, all three diversity
indicators were quite coherent. All three correlations
were significative at the P 0.05 level.

Classification of the accessions

The accessions studied in the present work were
either collected by the authors on different collection
expeditions or obtained from genebanks. We have
reclassified some of them, especially those belonging
to S. peruvianum s.1., into new species (S. peruvianum
s.str., S. corneliomulleri, S. arcanum and S. huayla-
sense). This reclassification was carried out by using
the passport data, particularly the in situ character-
ization data and geographic origins. The coherence of
this reclassification was tested by employing a
molecular approximation.
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Not many mismatches were detected between the
reclassified data and the molecular AFLP and
sequence data; the few misclassifications found are
stated in Table 1. We used the molecular data
provided by both the AFLP and the DNA sequences
to build three trees: one with the accessions by using
the AFLP data (Fig. 1) and two with the sequences
CT179 and CT66, respectively (Figs. 2, 3). In these
figures, putative misclassifications are designated
with a symbol that corresponds to the species and
the name of the accession.

The AFLP data provided the most straightforward
clustering, producing an accession-based tree, and the
different plant materials were neatly grouped into
clusters that, in most cases, corresponded to the
previous classifications. The sequence data provided
haplotype phylogenies, not accession trees, which
resulted in some differences from the AFLP tree.
Despite this methodological difference, the AFLP
and the CT179 datasets generated relatively congru-
ent topologies, whereas CT66 differed in more
details. We also carried out two extra, Bayesian-
based clustering analyses: one joining the data from
both genes, which resulted in a tree (data not shown)
resembling that for CT179 alone, although with
stronger posterior probability support, and another
with all three datasets. In this latter case, the resulting
topology (data not shown) resembled that from the
AFLP data.

By using the AFLP data, it was possible to
determine which S. peruvianum s.1. accessions belong
to S. huaylasense because nearly all were in a single
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Fig. 1 Accession-based
tree based on Dice distances
calculated from AFLP data
and the Neighbor-joining
clustering algorithm. Only

ff

S. lycopersicoides | //
Vi

AFLPs

S. pimpinellifolium
(Peruvian)

when an accession did not
cluster within the group
defined by the rest of the
accessions of its species is
its name and specific
symbol written in the tree.
Also, to clarify relationships
within the S. peruvianum
cluster, all the

S. corneliomulleri
accessions have been
labeled with their symbol.
The symbols used are:

A S. arcanum (Amazonas),
<« S. arcanum (Cajamarca),
* S. cheesmaniae, O S. S. arcanum
chilense, (1 S. chmielewskii, (Cajamarca)
% S. corneliomulleri, T S. LA2917
galapagense,  S. S. arcanum__-
habrochaites, = S. (Amazonas)
huaylasense, x S.
lycopersicum, < 8.
neorickii, @ S. pennellii,
® S. peruvianum s.str., and
+ S. pimpinellifolium.
Numbers are percentage of
bootstrap support

S. habrochaites

cluster supported by a 98% bootstrap value. A similar
result was also obtained with the CT66 sequences, but
not with those from CT179. In the CT179 tree, the
S. huaylasense haplotypes were partially mingled with
those from S. arcanum. The accession LA1364, also
classified as S. huaylasense by Peralta et al. (2005),
clustered at a basal position with S. peruvianum s.str.
in the AFLP tree. LA1364 is heterozygous for both
CT179 and CT66; in both cases one haplotype was
clustered near S. peruvianum s.str. and the other near
S. arcanum, so it might be a hybrid.

Other S. peruvianum s.l. accessions were reclassi-
fied as S. arcanum. They were grouped in two
clusters with accessions of S. arcanum from the
TGRC found in very well supported nodes and, in
some cases, even sharing identical sequences. Also,
we regarded LA2917 as S. arcanum, although it was
provided to us as a S. neorickii. It was grouped with
PE22 and LA1626, two S. arcanum accessions from
the Ancash Department, and was clearly separated
from the rest of S. neorickii (Fig. 1).

S. pimpinellifolium

(Ecuadoriar%fﬂlqz &&Y Tscumor S. huaylasens .
S. chesmaniae W1 [ /

LAL1334

S. galapagense

S. neorickii

S. lycopersicum

emf..-’ S. pennelli
/

!

¥ S, peruvianum
S. corneliomulleri

Some misclassification was also found in the
Lycopersicon group, according to the molecular data
presented. LA3124 was classified as S. cheesmaniae
according to the passport data, but it grouped with
Ecuadorian S. pimpinellifolium in the AFLP tree.
LA1429 and LA1334 were previously considered S.
lycopersicum but they clustered with Ecuadorian and
Peruvian S. pimpinellifolium, respectively.

Intraspecific structure

The accessions clustered together in groups that
corresponded to the different species. In some cases
though there were single species divided in two
groups or two species were merged together. S.
arcanum accessions did not form a monophyletic
cluster in any case. In the AFLP tree, they were
distributed between two clusters that corresponded
clearly to different geographic regions: (1) Amazonas
and the eastern Ancash border and (2) Cajamarca and
La Libertad (Fig. 4). Both groups were close to the
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Fig. 2 CT179 sequence-

based phylogram based on CT179
Bayesian methods. The
naming convention and
symbols are identical to the
ones used in Fig. 1. "
Numbers are node posterior B
probabilities \
S. chilense \
— 09 :“‘""\9;3
%f
o T041
w

clusters formed by the S. neorickii and S. chmielewskii
accessions. This close relationship is even more
striking in the sequence datasets. In the CT66 tree, S.
neorickii and S. arcanum from Amazonas are clus-
tered together; S. chmielewskii and S. arcanum from
Ancash appeared close to them; and S. arcanum
accessions from Cajamarca were grouped with some
S. peruvianum s.str. In contrast, in the CT179 tree, S.
chmielewskii, S. neorickii and S. arcanum from
Ancash appeared grouped together, and S. arcanum
from Amazonas and Cajamarca-La Libertad and S.
huaylasense were located in a basal position.

The main natural habitats of the Lycopersicon
group species are located to the north of those of those
for S. arcanum (Fig. 4). The accessions from this
group clustered together in all analyses. Four phenetic
clusters were defined in the AFLP-based tree: S.
cheesmaniae-S. galapagense, S. lycopersicum, and S.
pimpinellifolium from Peru and Ecuador. Together,
these groups clustered under a 99% bootstrap-sup-
ported node. The sequences obtained from these
species showed little variability: only 3 and 4 haplo-
types were found in CT66 and CT179, respectively.

Almost all accessions from S. chilense also
clustered together under a 95% bootstrap-supported
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node. Interestingly, some of the S. chilense-classified
accessions were grouped in a cluster located as close
to S. chilense as to S. peruvianum. All of these
accessions originated in two valleys in Peru located
where the Arequipa, Ayacucho and Ica regions meet.

Solanum corneliomulleri, one of the newly pro-
posed species, inhabits central and southern Peru,
sharing its habitat with S. peruvianum s.str. (Peralta
et al. 2008, p. 37). The accessions provided by the
TGRC to represent these species formed no clear
clusters in analyses carried out with any of the three
datasets. Solanum corneliomulleri was mixed in with
the S. peruvianum s.str. cluster in the AFLP tree. The
DNA sequences of S. corneliomulleri sequences were
also clustered mainly with S. peruvianum s.str.,
although, some of them appeared in other regions
of the trees. So to simplify our explanation of these
results, we will not distinguish between S. cornelio-
mulleri and S. peruvianum s.str, and will refer to both
of them as S. peruvianum.

Although the S. peruvianum accessions were
neatly clustered in the AFLP tree, their sequences
were not monophyletic, as they formed two clusters
in the CT179 tree and three in the CT66 tree. But this
fact does not imply that there were two or three sets
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of different S. peruvianum accessions. There were
numerous heterozygous plants, such as LA1292,
T049 and T110, that held sequences from different
clusters. Despite this fact, these species were grouped
under well-supported phenetic clusters in the AFLP
tree. This phenomenon was also observed in S.
chilense and to a lesser degree in S. pennellii. In these
cases, there were also heterozygous plants with
alleles from both clusters, e.g., TO85 and T091 (S.
chilense) or LA1272 and LA2580 (S. pennellii).

The case of S. habrochaites was simpler, as both
AFLP- and gene-based trees were in agreement; all
accessions and haplotypes were grouped together in a
unique cluster supported by a 92% bootstrap value.
Also, all accessions of the outgroup S. lycopersico-
ides were perfectly grouped in all analyses.

Relationships among species

The AFLP tree and CT66 phylogram turned out to be
rather uninformative regarding relationships among
species, whereas the CT179 phylogram presented a
more defined structure that suggested some intriguing
phylogenetic hypotheses for future testing.

The data presented clearly confirmed the close
relationship among S. lycopersicum, S. cheesmaniae,
S. galapagense and S. pimpinellifolium. All of these
species clustered together but could be distinguished
using AFLPs, yet, according to the sequence data,
they were almost indistinguishable. Another clearly
supported group is formed by S. arcanum, S.
chmielewskii and S. neorickii, all of whose accessions
were clustered under a node supported by a 91%
bootstrap value in the AFLP tree. They were also
grouped together in the CT66 tree, as well as in the
CT179 one, although, in this latter case, the S.
huaylasense sequences were also clustered with
S. arcanum. Regarding the relationship among S.
chmielewskii, S. neorickii and S. arcanum, the AFLP
data supported a clear geographic division of S.
arcanum, although this is subtler in the sequence
datasets. Neither of the sequence markers considered
alone were capable of completely distinguishing this
species from S. chmielewskii and S. neorickii. In both
sequence-based phylograms, S. chmielewskii was
clustered with S. arcanum from Ancash. In the case
of CT179, even S. neorickii appeared close to the
previously described cluster, while in the CT66 tree it
is grouped with S. arcanum from the Amazonas
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region. Another species closely related to this com-
plex is S. huaylasense, which clustered with S.
arcanum from Cajamarca in the CT179 tree. In the
phylogram that combined the data from both markers,
S. huaylasense was clearly segregated in from the rest
of the group in a position basal to S. arcanum (data
not shown).

Interestingly, in both sequence-based phylograms,
the Lycopersicon group evolved from the Arcanum
group. Moreover, this relationship is highly signifi-
cant because it is supported by high posterior
probabilities, 1 and 0.9 in the cases of CT66 and
CT179, respectively. In the AFLP data, although both
groups are close their relationship is not supported by
a significant bootstrap value. This highly significant
relationship between the two groups was due to the
striking sequence similarity between them. For
instance, the sequences found in the S. arcanum
accession ECU(Q783 for CT66 and CT179 differed
only by one and three nucleotides, respectively, from
the sequences found in the Lycopersicon group. More
support for this close relatedness comes from the tree
combining all three datasets. In that case, these two
groups were joined under a node supported by a 1
posterior probability (data not shown).

DNA sequences were incapable of distinguishing
S. galapagense from S. cheesmaniae, and in the
AFLP tree, both S. galapagense accessions also
clustered with S. cheesmaniae. The study of more
accessions of this species might improve the resolu-
tion inside this group. Two other species that
appeared close both in the AFLP tree and in the
CT179 phylogram were S. peruvianum and S.
chilense. In the CT179 phylogram, S. peruvianum is
basal to S. chilense, although statistical support for
this relationship was not high. In the CT66 phylo-
gram, the distribution of the sequences from these
species was even more complex. In this case, some of
the S. peruvianum sequences even clustered with, or
close to, S. huaylasense, a relationship unsupported
by any other data. Only when all three datasets were
combined was strong statistical support obtained. In
the combined tree, the node that joined S. peruvianum
with S. chilense was supported by a 0.84 posterior
probability.

The closest species to the outgroup, S. lycoper-
sicoides, in the CT179 tree were S. pennellii and S.
habrochaites. In addition, the CT179 and the com-
bined phylograms also suggested that S. pennellii was
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basal to S. habrochaites, but that result is neither
supported by AFLP markers nor by CT66 sequences.

Discussion

Numerous relationships, groups, complexes, series
and subgenera have been proposed to describe the
structure of section Lycopersicon, which is likely a
consequence of the complex scenario portrayed by
the data gathered in this study. Accurate classification
and description of species relationships within the
section is not easy (Peralta et al. 2008, p. 53). Its
species are evidently relatively young. According to
Nesbitt and Tankley (2002), this section radiated
around 7 milllion years ago, and, therefore, share
close and blurred phylogenetic relationships. In
addition, their intraspecific variability is, in some
cases, quite important. All these factors have ham-
pered past phylogenetic efforts.

Specific classification

Due to the extensive intraspecific variability used, a
clear view of species-level classification in section
Lycopersicon emerges. Some of recently proposed
species are clearly supported by our data, whereas we
recommend the reconsideration of the status of
others. Here, we will focus our discussion especially
on the species segregated from S. peruvianum s.1.

Solanum huaylasense accessions form a compact
group clearly segregated from the rest of the species.
This species is found in a narrowly circumscribed
region, around Callejon de Huaylas along the Rio
Santa in the Department of Ancash and in the
adjacent Rio Fortaleza drainage (Rick 1986; Peralta
et al. 2008, p. 35). The differentiation we observed
could be a result of geographical isolation and
ecological specialization.

In contrast to this monophyly, S. arcanum presents
a more complex structure, as it formed two clusters.
A clear geographical differentiation was noticed in
the AFLP and in the sequence-based trees. These
clusters corresponded to the accessions from the
Amazonas and Ancash Departments, on one hand,
and Cajamarca and La Libertad Departments, on the
other. These two clusters conform, in part, to a
classification proposed by Rick (1986). Rick studied
crossability relations within S.  peruvianum

populations from the Maraién region. He found
three isolated groups: Maranén, Chotano and Cha-
maya. Our split is consistent with his proposal, but,
unfortunately, none of the accessions that corre-
sponded to the Chamaya group was available for the
present study.

Rick decided not to name new species based on the
groups he found in this complex because they were
not easy to distinguish morphologically (Rick 1986).
In fact, Peralta et al. (2008, p. 116) studied the
morphology of these plants and proposed several
assemblages: Maranon, Humifusum, Chotano and
Lomas. Despite their morphological robustness, these
latter groups are not supported by our genetic
clustering, by the crossing relations shown by Rick,
nor by geographic distribution. In summary, S.
arcanum can be considered a complex by itself that
might be composed of several cryptic species.

Another proposed split from S. peruvianum s.1. is
S. corneliomulleri. Unfortunately, our results did not
support the definition of S. corneliomulleri as a
separate species. Its representative accessions were
completely intermingled with those of S. peruvianum
s.str. Stidler et al. (2008) was of a similar opinion,
justifying the treatment of all their samples as S.
peruvianum, noting a lack of either molecular data or
crossing results that would validate the proposed split
of S. corneliomulleri from S. peruvianum s.str. In
fact, Rick and Lamm (1955) and Rick (1963) showed
that Lycopersicon glandulosum Miiller (now classi-
fied as S. corneliomulleri by the TGRC) could cross
with S. peruvianum and proposed that not to recog-
nize it as a distinct species. Moreover, Rick (1963)
pointed out that if L. glandulosum were recognized as
distinct, then at least five other species should be
defined.

If we were to consider only the sequence data, we
might be tempted to propose new groups segregated
from S. peruvianum and S. chilense, but we would be
misled by incomplete data. Several S. peruvianum
and S. chilense clusters are found in the CT179 tree
and even more in the CT66 tree. The scenario
portrayed by the AFLP data is quite different;
according to these data, S. chilense and S. peruvia-
num s.str. form clear phenetic groups. This sequence
structure does not imply a species substructure;
numerous plants are found to bear haplotypes from
the different clusters. This conflict could point to a
large ancestral variability or, more probably, to the
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existence of an ancestral structure that has recently
evolved into the species that we now recognize. This
observation complements the excess of low-fre-
quency variants found by Arunyawat (2007) in S.
chilense and, especially, in S. peruvianum. He also
suggested that both species might have been influ-
enced by the subdivision of their ancestral species.
According to the AFLP tree, the S. chilense-classified
accessions from the valley located between the Ica
and the Arequipa regions could also form a new
species closely related to S. peruvianum and S.
chilense. But we believe that a more detailed study
with more accessions from that region should be
carried out before making such a conclusion.

Furthermore, a clear split of S. pimpinellifolium
into two clusters, corresponding to the Peruvian and
Ecuadorian accessions, respectively, was noticed in
the AFLP tree. Interestingly, similar results were
obtained recently in a S. pimpinellifolium study using
microsatellite markers (Zuriaga et al. 2008). In that
study, the authors correlated the split between these
groups with sharp differences between Peruvian and
Ecuadorian coastal climates. This split, however, is
not supported by the sequence phylograms that
cluster together S. pimpinellifolium, S. lycopersicum,
S. cheesmaniae and S. galapagense. This lack of
sequence diversity reflects the limited variation found
within this complex and is also consistent with the
hypothesis that these are all very recently split
species known to easily hybridize in nature (Zuriaga
et al. 2008).

Solanum  cheesmaniae and S. galapagense
appeared quite close in all of our datasets. This could
be explained by the low genetic variability present in
these species. Solanum galapagense can be differen-
tiated by leaf morphology and a few other characters.
But these same morphological characters were also
found at a lower frequency in S. cheesmaniae, but
only rarely in S. lycopersicum and S. pimpinellifolium
(Peralta et al. 2008, p. 147). Solanum galapagense
could be a restricted local endemic. In fact, Rick
(1971) proposed both S. cheesmaniae and S. galapa-
gense as forms of a single species.

Phylogeny
Recently, Peralta et al. (2008, p. 13) proposed a

classification within section Lycopersicon by suggest-
ing the following groups: Arcanum group (S. arcanum,
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S. chmielewskii and S. neorickii), Lycopersicon group
(S. Iycopersicum, S. pimpinellifolium, S. cheesmaniae
and S. galapagense), Eriopersicon group (S. peruvianum
s.str., S. corneliomulleri, S. huaylasense, S. habrochaites
and S. chilense) and Neolycopersicon group (S. pennel-
lif). Our results support some of these groups while
questioning others.

Regarding the Arcanum group, our results support
the classification proposed by Peralta et al. (2008).
However, the CT179 data also imply a close
relationship between S. arcanum and S. huaylasense,
so we suggest that this latter species should be
included in the Arcanum group and not in Eriopers-
icon. As mentioned above, S. arcanum showed strong
geographical differentiation. Our AFLP and sequence
data suggest a close relationship among S. chmie-
lewskii, S. neorickii and the S. arcanum Amazonas
groups, whereas the Cajamarca group would occupy
a basal position. Rick (1963) proposed a differenti-
ation of northern populations of S. peruvianum s.l.
according to adaptation to different environments,
and that seems to be the case for these species as
well.

Interestingly, the CT179 phylogram and the AFLP
tree suggest that the Arcanum group is close to both
S. peruvianum and to the Esculentum group. This
result is consistent with the crossability studies
carried out by Rick (1986) on some of the Arcanum
group accessions. He stated that races of S. peruvia-
num sl. found in Rio Maraflon drainage, in
Amazonas Department, could cross (with limitations)
with S. peruvianum, S. chilense and also with S.
lycopersicum. Rick (1986) also proposed that S.
arcanum could be the origin of the Lycopersicon
group. This latter relationship is also suggested by the
CT179 phylogram, where the Lycopersicon group
seems to evolve from the Arcanum group.

Neither the AFLP nor the sequence data support
the grouping of S. peruvianum and S. chilense with S.
habrochaites. Solanum peruvianum and S. chilense
always appeared together in the trees, and they could
be considered to form a group, but S. habrochaites
occupies a basal position close to the outgroup, S.
lycopersicoides. This basal position is in fact shared
by S. habrochaites and S. pennellii.

Moreover, some broad trends are observed in the
CT179 phylogram and AFLP tree. They sort the
species along two axes, from self-incompatible to
self-compatible and from south to north. Solanum
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peruvianum and S. chilense, both self-incompatible
and also the most southern species, were most distant
from the Lycopersicon group composed of self-
compatible, northern species. Located geographically
and phylogenetically between them is the Arcanum
group formed by a mixture of self-compatible and
self-incompatible species. Solanum pennellii and S.
habrochaites are found all over Peru, and they are the
closest relative to the S. lycopersicoides outgroup,
suggesting that could be the most ancient species of
this section.
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Abstract Solanum pimpinellifolium, due to its close
relationship to S. lycopersicum, has been a genetic
source for many commercially important tomato
traits. It is a wild species found in the coastal areas
of Peru and Ecuador. In this study, the genetic
variation of S. pimpinellifolium was studied using the
diversity found in 10 microsatellites in 248 plants
spread throughout its entire distribution area, includ-
ing Ecuador, which has been underrepresented in
previous studies. Peruvian and Ecuadorian accessions
are genetically quite differentiated. A possible cause
of these differences could be the non-uniform nature
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of the coastal Ecuadorian and Peruvian climates,
seeing as an important correlation between genetic
differentiation and climate has been found. In addi-
tion, Ecuadorian and south Peruvian accessions have
a lower genetic diversity and a higher homozygosity
due to their higher autogamy, lower population size,
and possible colonization bottlenecks. The Galdpagos
Islands population is an extreme case, with no
diversity, likely caused by a recent colonization from
the northern continental Ecuadorian region where
genetically identical plants have been found.

Keywords Andean - Climate - Colonization -
Genetic structure - Microsatellite -
Solanum pimpinellifolium

Introduction

Solanum pimpinellifolium L. is a small perennial bush
common in the coastal areas of Peru and Ecuador. In
central and southern Peru, S. pimpinellifolium is
restricted to cultivated fields, roadsides and dumping
grounds, and its distribution is sparse; but in Ecuador
and northern Peru, it is found in dense populations
located in undisturbed areas (Rick et al. 1977; Caicedo
and Schall 2004). The former name of this species,
Lycopersicon pimpinellifolium (L.) Mill., has been
changed because recent studies, based on molecular
data, have classified the genus Lycopersicon (Miller

@ Springer


http://dx.doi.org/10.1007/s10722-008-9340-z

40

Genet Resour Crop Evol (2009) 56:39-51

1754; Luckwill 1943) as the genus Solanum L. sect.
Lycopersicon (Mill.) Wettst. (Bohs and Olmstead
1997; Marshall et al. 2001; Peralta and Spooner
2000, 2001).

Although S. pimpinellifolium is seldom harvested
for human consumption, it is widely used as a source
of germplasm by tomato breeders (Rick and Chetelat
1995) because it can be easily hybridized with
S. lycopersicum L. (formerly known as L. esculentum
Mill.) (Rick et al. 1979) and because it has many
economically important traits for commercial tomato
varieties (Juvik et al. 1982; Mieslerova et al. 2000).
The relationship between the cultivated and wild
species is quite close: both are self-compatible and
red-fruited. Both species differ in fruit size and leaf
shape, but there are plants with intermediate traits
that are difficult to classify (Rick and Fobes 1975).

The genetic variation structure of Peruvian S. pim-
pinellifolium has been studied with allozymes (Rick
et al. 1977, 1978), nuclear DNA gene sequences
(Caicedo and Schall 2004), and microsatellites (Sifres
et al. 2007). Although the Peruvian region was
analyzed extensively in these previous studies, Ecua-
dor received little attention, mainly because there were
not many accessions from Ecuador in the germplasm
banks. These studies have shown that although S.
pimpinellifolium is self-compatible, a wide variation in
the rate of autogamy exists among populations, ranging
from 100% to 16% (Rick et al. 1978). Differences in
diversity have been reported as being correlated with
this variation in the levels of outcrossing, with the
highest rates in the northern Peruvian departments of
Piura and Lambayeque (Rick et al. 1977).

The natural range of S. pimpinellifolium encom-
passes environments as different as the northern
Ecuadorian tropical forest and the coastal Peruvian
desert. The geographic distribution of different spe-
cies has been shown to be greatly affected by climate
(Woodward 1987), and at the same time genetic and
climate correlations at both micro-geographic and
regional scales have been shown in species as diverse
as Hordeum spontaneum C. Koch (Owuor et al.
2003), Triticum dicoccoides (Korn. ex Asch. et
Graebn.) Schweinf. (Li et al. 2000), and Pinus edulis
Engelm. (Mitton and Duran 2004). Such environ-
mental and genetic correlation has usually been
interpreted as evidence of adaptive genetic differen-
tiation. As S. pimpinellifolium thrives in such
different climates, it could be a good model for
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studying in some detail the relationship between
genetic variation distribution and climate and eco-
system types.

The Instituto de Conservacion y Mejora de la
Agrodiversidad Valenciana (COMAYV), with the
collaboration of the Universidad Nacional de Loja
(UNL) (Ecuador), the Universidad Nacional de Piura
(UNP) (Peru), the Universidad Nacional Pedro Ruiz
Gallo (UNPRG) (Lambayeque, Peru), and the Parque
Nacional de Galapagos (PNG) (Ecuador), has orga-
nized several collection expeditions in the last few
decades, covering the whole range of distribution of
S. pimpinellifolium, from southern Peru to northern
Ecuador, including the Galdpagos Islands (Darwin
et al. 2003), thus correcting Ecuador’s underrepre-
sentation. This wide germplasm collection has
allowed the study of materials from throughout the
region covered by this species. In order to compare
the results with the previous studies on this subject
done by other authors, accessions from international
germplasm banks have been included. These refer-
ence materials also include some S. lycopersicum
accessions.

Ten tomato-derived microsatellites (Smulders
et al. 1997), previously reported to be polymorphic
in 8. pimpinellifolium (Sifres et al. 2007), were
chosen as molecular markers representative of the
genome variation. Microsatellites were used because
they are codominant, highly polymorphic, and easily
reproducible. This kind of marker is widely used in
studies on variability in plants (Harter et al. 2004;
Monrchen et al. 1996; Powell et al. 1996).

In this study, we examined the genetic variation of
S. pimpinellifolium throughout its entire range of
distribution, including samples collected by the
COMAYV Institute on its collection trips to previously
under-collected regions as well as materials from
other germplasm banks used as references. We also
show the relationships between the genetic variation
distribution of S. pimpinellifolium and the climate
and ecosystems of the different areas that it inhabits.

Materials and methods

Plant materials

Solanum pimpinellifolium was collected during sev-
eral collecting expeditions to Peru and Ecuador
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organized by members of the COMAV Institute in
collaboration with Peruvian and Ecuadorian Univer-
sities. These trips began in 1980 and have continued
regularly up to the present day (Nuez and Cuartero
1984; Cuartero et al. 1984; Nuez et al. 1993, 1999;
Nuez and Picé 1999). Passport data for each acces-
sion was taken as recommended by the International
Plant Genetic Resources Institute (IPGRI 1996). The
longitude, latitude and altitude of each accession
were determined using a global positioning system
(GPS; Magellan Meridian XL, San Dimas,
California).

This study includes a total of 247 accessions.
About 205 accessions were gathered by the COMAV
Institute, the UNL, the UNPRG, and the PNG center
(see Supplemental Data accompanying online version
of this article), in addition to some materials from
other institutes used as references: 35 from the
Tomato Genetics Resource Center (TGRC), 3 from
the World Vegetable Center (AVRDC), and 5 from
the United States Department of Agriculture (USDA).
These materials are divided into 213 S. pimpinellifo-
lium and 33 S. lycopersicum plants, including 9
Andean, 17 non-Andean, and 7 S. lycopersicum var.
cerasiforme (Dunal) Spooner, G.J. Anderson et R.K.
Jansen accessions. Included in these materials are 67
Peruvian and 12 Galapagan accessions previously
analyzed elsewhere (Sifres et al. 2007; Nuez et al.
2004). The UNL and UNPRG universities of Loja
and Piura hold seed samples of the accessions.
Longitude, latitude and accession codes are available
for all materials used in the electronic supplementary
material table.

DNA extraction and microsatellite analysis

Genomic DNA was isolated from young leaves using
the DNeasy Plant Mini Kit (Qiagen, Valencia,
California, USA) following the protocol of the
manufacturer. All plants were screened for variation
at ten polymorphic microsatellite loci (LE20592,
LE21085, LELEUZIP, LEATPACAa, LEATPACAD,
LEGASTI1, LPHFS24, LEMDDNbDb, LEILVI1B and
LEGTOMS) (Smulders et al. 1997). Allele lengths
were determined using an ABI Prism 310 Genetic
Analyzer with the aid of Genescan and Genotyper
software (Applied Biosystem). Only one plant
from each accession was molecularly analyzed in
order to avoid the possible effects caused by the

use of multiple close relatives on genetic diversity
estimates.

Molecular data analysis

In order to classify the accessions into genetic
clusters (Harter et al. 2004) several factorial corre-
spondence analyses (FCA) were carried out using the
Genetix program (Belkhir et al. 1996). Several broad
clusters were defined using the data from an FCA
carried out on all accessions. New FCAs were done
for each cluster, and this information was used to
subdivide the former groups. A genetic cluster was
defined as a group that is found to be consistently
isolated from the rest in the FCA. These clusters were
compared with the ones obtained using the Bayesian
model-based clustering proposed by Pritchard et al.
(2000), implemented in the software STRUCTURE
2.1.  (http://pritch.bsd.uchicago.edu/software.html).
We used the basic admixture model with unlinked
loci and correlated allele frequencies among groups,
with the assumed number of populations (K) varying
from 2 to 20, 5 replicate runs per K value, a burning
period of 10°, and a post-burning simulation length of
1.5 x 10°. No a priori population information was
used. The run showing the highest posterior proba-
bility of data was considered for each K value.

Both the FCA and the STRUCTURE-based clus-
terings showed a clear geographical correlation, and
so the clustering of the accessions used in the rest of
the work was based on geographic regions.

The genetic diversity of each geographic group
was studied using the following standard genetic
parameters calculated with the Genetix software:
observed alleles (A), percentage of polymorphism
(P), observed heterozygosity (Ho), and Nei’s genetic
diversity (D) (Nei 1977). All these parameters were
calculated as the mean obtained for 100 bootstrapped
samples for every geographic group.

These subsamples were prepared taking random
individuals from all geographic groups and all of
them had the same number of individuals (4). The
variation inside the geographic groups was further
investigated by an analysis of molecular variance
(AMOVA) using ARLEQUIN 3.0 (Excoffier et al.
2005). The significance of the partitioning of genetic
variance among geographic groups was also tested.

In order to visualize the genetic relationship among
the geographic groups, a matrix of genetic Dc distances
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(Cavalli-Sforza and Edwards 1967) was calculated,
and a dendrogram was constructed by means of the
Neighbor-Joining method using the Populations pro-
gram, version 1.2.28 (Langella 2002). Bootstrap
support for the phenogram nodes was constructed by
bootstrapping the original data 1000 times with
replacement over all of the loci. A complementary
view of the same distance matrix data was built using a
Principal Coordinates Analysis (PCoA) (Gower 1966)
performed with the Gingko software (Bouxin 2005). In
this view, geographic groups were represented by
circles with radii proportional to diversity. The upper
third of the lowest distances were represented by lines
connecting the geographic groups.

Analysis of climate data

For the geographic analysis, the climate data set
included in the DIVA-GIS software (Hijmans et al.
2001) was used, and the vegetation land cover map
data was taken from the vegetation map of South
America (Eva et al. 2002). Climate parameters were
obtained for the geographical location of each
accession and mean and variance values throughout
the months were calculated. A principal component
analysis (PCA) was done with the previously
obtained climate matrix (Qian et al. 2005) using the
Gingko software. We considered climate as being

defined by the first two principal components. These
two values were computed for each accession and
both were used to calculate a Euclidean distance
matrix among the accessions.

The correlation between Dc genetic, geographic,
and climate distance matrices were calculated using
the ZT software (Bonnet and Van de Peer 2002).

Results
Genetic variation

In the studied accessions, between 3 and 16 alleles
with a mean number of 8.7 were found in the 10
microsatellites analyzed. The S. pimpinellifolium
accessions were grouped by their genetic similarity
using several FCAs (Fig. 1) and the program
STRUCTURE (Fig. 2).

An FCA multivariate analysis was carried out with
the genetic data (Fig. 1). The first two dimensions
accounted for 12.6% of the variation. In this repre-
sentation, there are three clear genetic clusters, which
correspond to Ecuadorian and Peruvian S. pimpinel-
lifolium, and S. lycopersicum, respectively. Among
these three groups there is a continuous range of
variation and no clear limits. Inside Ecuador, the
northern accessions tend to appear close to the
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Fig. 2 Genetic divisions a

created by STRUCTURE. = o
Accessions are represented
in the Peru and Ecuador
maps according to their
point of collection. From a
to d, different symbols
represent different genetic
clusters proposed by
STRUCTURE in several
runs carried out with the
number of groups (K) equal
to 2,4, 6, and 8 (a, b, ¢, and
d respectively). The regions -
painted in the map show the .
geographic clustering used

in the rest of the study

bottom-left corner while the southern ones are closer
to S. lycopersicum. Esmeraldas accessions form a
group isolated from the rest when the third dimension
is taken into consideration (data not shown).

An alternative method for dividing the genetic
variability implemented in the STRUCTURE soft-
ware has been widely used recently. We wanted to
check if the geographic division obtained with the
FCA analysis was also observed when this other
method was used. STRUCTURE divides individuals
into genetic clusters assuming a Hardy—Weinberg
equilibrium within clusters, and, in some cases, is
capable of calculating the most probable number of
clusters (K). However, the authors warn that plant
populations are usually not in equilibrium and thus K
could be overestimated (Pritchard et al. 2000). This
effect should be especially relevant in species with a
high degree of autogamy, such as S. pimpinellifolium.
For our genetic data, the Bayesian posterior proba-
bility reached no maximum and K could not be
estimated, as occurred with a similar trend observed
by other authors with sorghum data (Barnaud et al.
2007). Nonetheless, the STRUCTURE clusters
obtained are also highly correlated with a geogra-
phy-based genetic clustering. When STRUCTURE
was asked to create 2 genetic clusters, a clear division
between Ecuadorian and Peruvian accessions was
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found (Fig. 2a). If K is raised up to 6, more splits in
the north to south direction appear (Fig. 2b—). No
further clear geographic subdivisions appeared for K
between 7 and 20: instead, genetic clusters with few
plants appeared in the extra groups and the overall
geographic structure was maintained. The clusters
obtained for K equal to 8 are shown as an example
(Fig. 2d).

Both the FCA and the STRUCTURE-based clus-
tering showed a clear geographic division, and
therefore, in the end, a geographic subdivision of
the genetic diversity was proposed. The accessions
were grouped according to their geographic region of
origin: two regions were defined in Peru (Peru south
and Peru north) and six in Ecuador (Ecuador south,
Ecuador center, Ecuador north, Esmeraldas, Amazo-
nia, and Galapagos) (Fig.2). All the Amazonian
accessions were clustered together because of the
clear geographic division caused by the Andean
ridge. This geography-based S. pimpinellifolium divi-
sion was the one tested in the rest of the study.

Geographic group characterization
Several diversity indexes were calculated (Table 1).

Overall, Peruvian S. pimpinellifolium is more vari-
able than Ecuadorian S. pimpinellifolium according
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to the mean number of alleles per locus (A) (7.6 to
5.2), although this is not the case if the Nei diversity
index (D) is taken into account (0.40 to 0.41). The
most diverse region is Peru north, which has even
more alleles per locus than all of Ecuador considered
together. Nevertheless, inside Ecuador there exists a
lot of genetic variation and there are geographic
groups with high Nei’s D, such as Ecuador north
(0.30) and south (0.43), and also those with very low
D, such as Galapagos (0). S. lycopersicum possesses
a lower diversity than S. pimpinellifolium, although it
is worth mentioning that the Andean S. lycopersicum
accessions have more variability than the non-
Andean ones. In fact, these Andean accessions even
have a Nei’s D similar to some S. pimpinellifolium
regions.

Another indication of the Peruvian diversity is that
Peru possesses 33 exclusive alleles that do not appear
in any other region, while in Ecuador and S. lyco-
persicum there are just 7 and 1 unique alleles,
respectively. Peru north not only has the greatest
diversity, but also possesses the highest heterozygos-
ity (0.12). Peru south is characterized by low
heterozygosity (0.04) and moderate diversity (0.32).

Table 1 Genetic diversity found in the studied geographic
regions

Population n Ho D P A

S. pimpinellifolium 213 0.07 (0.05) 045 08 85

Peru 119 0.10 (0.08) 040 0.8 7.6
Peru north 83 0.12(0.11) 040 0.7 6.8
Peru south 36 0.04 (0.40) 032 0.7 4.1

Ecuador 94 0.03(0.03) 041 07 52
Ecuador north 42 0.05(0.06) 030 06 3.3
Ecuador center 7 0.03(0.06) 030 05 23

Ecuador south 26 0.03(0.05) 043 08 42

Esmeraldas 5 0.02(0.06) 024 06 1.7
Amazonia 6 0 (0) 022 04 17
Galapagos 8 0 (0) 0 0 1.0

S. lycopersicum 33 0.01 (0.02) 0.14 05 23
Andean 9 0.04(0.06) 021 05 1.8
non-Andean 17 0 (0) 005 02 13
var. cerasiforme 7 0 (0) 012 03 14

Notes: Number of individuals (n), observed heterozygosity
(Ho) and its variance (in brackets), Nei diversity (D),
proportion of polymorphic loci in which the most frequent
allele is under 0.95 frequency (P), and mean number of alleles
per locus (A)
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All the Ecuadorian regions have, besides a lower
variability, a lower heterozygosity that ranges from 0
in the Galapagos to 0.05 in Ecuador north.

Regional differentiation

The differentiation among all regions was confirmed
by a permutation test on the Weir and Cockerham F
for every pair of groups. According to this test, the
differences between all pairs but one were significant.
The only non-significant difference appeared in the
pair formed by S. lycopersicum Andean and S. lyco-
persicum var. cerasiforme. AMOVA conducted on
the geographic groups showed that all variance
components were highly significant (P < 0.001).
21.1% of the variation was due to the Peruvian-
Ecuadorian differentiation, 15.7% to the subdivisions
inside each country, and 63.2% was found within the
groups.

A 0.12 Gst between Peru and Ecuador also showed
the differentiation of these two regions, as did the
0.28 Gst between both of these and S. lycopersicum.

To study the relationships among the geographic
groups, a neighbor-joining dendrogram based on
Cavalli Dc distances was constructed (Fig. 3b). In
this tree, the Peruvian and Ecuadorian geographic
groups are split and show no clear relationships
between them. Bootstrap values for this dendrogram
are low, with just four nodes with a value above 70%.
To represent this distance matrix in a more informa-
tive way, a Principal Coordinate Analysis (PCoA)
was carried out, and one third of the lowest distances
were plotted in the graphic representation (Fig. 3a).
The first two dimensions of this analysis account for
76.0 % of the total variation. In this view, it is clear
that the Peruvian and Ecuadorian regions, although
quite different, are linked by the Ecuador south
geographic group. The central and northern Ecuado-
rian regions form a cluster with Amazonia and
Galapagos, whereas Esmeraldas remains equidistant
to S. lycopersicum and S. pimpinellifolium.

Climatic analysis

Geography and climate may influence the genetic
variation of S. pimpinellifolium, and we have
addressed the relative importance of these factors.
In Fig. 4, the most relevant variations in the climate
of the regions are presented. In Table 2, the main
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Fig. 3 (a) PCoA analysis of the Dc distances among the
S. pimpinellifolium geographic regions and S. lycopersicum.
Circle radii are proportional to diversity. Only a third of the

climatic parameters calculated for each of the geo-
graphic groups is shown. In every parameter
measured there is a clear gradient in the north to
south direction, precipitation ranges from less than
700 mm in coastal Peru to more than 2800 mm in
some Ecuadorian regions (Fig. 4a), and temperature
is also quite different between the colder Peru and the
warmer Ecuador (Fig. 4c). In both parameters, tem-
perature and rainfall, there is also a sharp difference
in seasonality: whereas in Ecuador the climate is
quite uniform throughout the year, in Peru there are
substantial variations (Fig. 4b and d). This climate
gradient is particularly abrupt between southern
Ecuador and northern Peru, despite their being
geographically close. The annual temperature ranges
rise from 12.1 to 16.5°C, the precipitation drops from
938.5 to 203.5 mm, and the precipitation seasonality
rises from 86.3 to 174.0 mm (Table 2).

All these differences are reflected in the coastal
vegetation cover: northern Ecuador is covered by

Esmeraldas

non-Andean

S. lycopersicum

cerasiforme

shortest distances are represented by lines; (b) NJ dendrogram
based on the Dc distances—only bootstrap values above 50%
have been printed

tropical and degraded forests, central Ecuador by
degraded vegetation, and southern Ecuador by grass-
lands and degraded forest. In Peru, the land cover is
quite different; the north is covered by shrublands and
the south by barren soil and desert (Fig. 4e).

To build a climate distance matrix for all the
accessions, a Principal Component Analysis was
done on the climate found in the geographic location
of every accession (data not shown). The two
principal components, which accounted for 66% of
the climatic variation, were used to calculate the
climate distances among the accessions. PCAl
depends mainly on the precipitation, relative humid-
ity, and temperature variance throughout the year,
and PCA2 varies with the diurnal temperature range
and with mean temperature. To quantify the relation-
ship among the genetic, climatic and geographic
distances, several Mantel tests were carried out. The
genetic and geographic correlation is 0.10, while the
climatic and genetic correlation is 0.37, and the
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Fig. 4 Climate (a—d) and
land cover (e) in the
Peruvian and Ecuadorian
region

-nnaanlwl.'l pnﬂ?u-tm —n:: annual I.—d)-:atm 1-|de=w|rlr
precipitation  seascmality temperature annual range m degraded vegetation = barren
(ma} fooaf, war) 176} {°C) degraded forest desert
>2B00 0-60 24.4-26 5-8.4 = grass savannah - water
2100-2800 60-120 22.8-24.4 8.4-11.8 = grass savannah SNow
1400-2100 120-180 ?1.2-22.8 11.8-15.2 = flooded savannah = urban
o 700-1400 180-240 19.6-21.2 15.2-1B.6 shrublands = forest
0-700 240-348 <19.6 >1B.6 grasslands
Table 2 Chmau.c mean Temperature Temperature Precipitation Precipitation
values recorded in the o o .
. . . (°C) range (°C) (mm) seasonality
accession collection points
. . (mm)
for each geographic region
studied Amazonia 2.6 11.8 2982 483
Galapagos 22.6 12.1 621.1 184.3
Ecuador 24.2 10.8 1403.6 71.4
north
Ecuador 24.5 11.3 941.3 97.0
N M 1 center
otes: €an annua
temperature, mean Ecuad(l)lr 23.9 12.1 938.5 86.3
temperature range sout
[hroughout the year, total Peru north 23.7 16.5 203.5 174.0
annual precipitation and Peru south 20.1 17.1 155.6 194.8
precipitation seasonality
geographic and climatic correlation is 0.34. All collection expeditions to gather S. pimpinellifolium
these correlations were significant according to their samples from throughout its natural habitat (Rick and
P-values. Fobes 1975; Warnock 1991), including the tradition-
ally underrepresented Ecuador (Rick et al. 1977;
Caicedo and Schall 2004; Sifres et al. 2007). S. pim-
Discussion pinellifolium from Ecuador and Peru is quite different
as shown by the STRUCTURE clustering, the FCA,
Genetic variation and climate correlation the geographic group dendrogram, and the AMOVA.
This division is highly correlated with acute climatic
The COMAYV Institute, in collaboration with the differences that occur near the Peruvian-Ecuadorian

UNL, UNPRG and PNG, has organized several border: for instance, the rainfall is 4 times greater in
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the southern Ecuadorian accessions than in the
geographically close northern Peruvian ones. These
differences do not only affect S. pimpinellifolium,
they also have an important effect on the overall
ecosystems that characterize both countries; coastal
Ecuador is covered by degraded forest and vegetation
and Peru by shrublands, desert, and barren lands.

Climatic, geographic and genetic distance corre-
lations also seem to indicate that climate and ecology
could be more informative when explaining genetic
differences than just the bare isolation by geographic
distance. In fact, we have found a very low
geographic and genetic distance correlation, as other
authors previously reported in Andean wild potatoes
(McGregor et al. 2002; Del Rio and Bamberg 2002).
Ecological distance would be the most meaningful
parameter, but it is very difficult to quantify. We have
used climate distance, an easy parameter to estimate,
as a fair approximation of ecological differences.
Several authors have proposed that the local adapta-
tion to different climatic conditions could account for
isolation in a longer term. This climate-related
adaptation has been shown recently in several species
like wild barley (Cronin et al. 2007), Brassica rapa
L. (Franks et al. 2007), and Fagus sylvatica L. (Jump
et al. 2006). Another plausible mechanism that could
account for the genetic isolation of geographically
close regions with different climates and ecologies
could be the adaptation of different pollinators and
seed dispersal animals to these dissimilar bioclimatic
environments, thus promoting the reproductive iso-
lation of the plants living therein.

These bioclimatic and genetic correlations could
also account for the Ecuadorian genetic subdivision.
Whereas there is only a mild geographic differenti-
ation within Peru, as has also been shown by other
studies (Rick et al. 1977; Caicedo and Schall 2004,
Sifres et al. 2007), Ecuador is divided into several
geographic regions. Ecuadorian S. pimpinellifolium is
found in isolated populations separated by great
distances, which could contribute to the large inter-
regional differences found in Ecuador. In northern
Peru, however, S. pimpinellifolium distribution is
almost continuous, and there are no important genetic
differences in the plants collected there. Although
this fact could account for part of the Ecuadorian
distribution, it does not seem to be a sufficient cause.
Southern Peru also shows a spotty plant distribution
(Rick et al. 1977; Caicedo and Schall 2004), but this

geographic group is genetically very close to the
northern Peruvian group and there is a lower genetic
differentiation there. The climatic differences
between Peru and Ecuador could be a possible
explanation for this situation. While the coastal south
Peru climate is quite uniform, regardless of the
latitude (Fig. 4), the Ecuadorian climate and land
cover varies heavily in the north to south direction.
This bioclimatic variation could be associated with
ecological differences and responsible for the impor-
tant regional variations found in Ecuador.

Diversity, heterozygosity and history

There are other differences between Peruvian and
Ecuadorian S. pimpinellifolium. Peru north is, accord-
ing to the mean number of alleles (A), the most
variable region. Peruvian S. pimpinellifolium is not
just more diverse, it includes almost all alleles present
in Ecuadorian S. pimpinellifolium. While there are 33
Peruvian alleles not present in Ecuador, only 7
exclusively Ecuadorian alleles have been found. These
facts corroborate Rick et al.’s observations (Rick and
Fobes 1975; Rick 1976; Rick et al. 1977). These
authors suggest, as a possible explanation for this
genetic richness, that the origin of the species could be
located around the northern Peruvian departments of
Piura and Lambayeque. The Ecuadorian genetic
variation not present in Peru could be explained by
new mutations which appeared after the migration, by
introgressions from other species like S. lycopersicum
var. cerasiforme (Rick and Holle 1990), or by losses in
the original Peruvian S. pimpinellifolium.

Apart from the differences in diversity, there is
also an important variation in the observed heterozy-
gosity (Ho). The highest Ho is found in the north of
Peru and the lowest in south Peru and Ecuador. This
lack of heterozygosity in southern Peru corroborates
previous observations by other authors (Rick et al.
1977; Caicedo and Schall 2004). A possible expla-
nation for this fact could be based on the higher
cross-pollination rate found in northern Peru (Rick
et al. 1977, 1978). Since a clear correlation between
genetic diversity and the degree of cross-pollination
has also been found in the species closely related to
S. lycopersicum (Roselius et al. 2005), the limited
level of allogamy in the Ecuadorian regions could
account for the lower heterozygosity and for the
decreased diversity. The small effective population
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size in the autogamous populations is likely to be the
link between these two parameters.

The differences in the level of allogamy could also
be due to differences in population density through-
out S. pimpinellifolium’s  natural range  of
distribution. In the southern departments of Peru
and in Ecuador, as Rick observed (Rick et al. 1977),
and as we have also noted in our expeditions,
S. pimpinellifolium 1is characterized by a sparse
distribution, a situation in contrast with the carpet
of plants that completely cover northern Peru. In
sparse distribution conditions, even outcrossing-
capable plants could have problems finding neighbor
candidates to cross-pollinate, and would choose the
path of self-pollination. With these thin densities, the
plants could be forced to have low heterozygosity,
low diversity and strong selection towards autogamy.

A plausible model in agreement with all these data
might be suggested. The original S. pimpinellifolium,
located in northern Peru, migrated to Ecuador and
southern Peru. This original colonization could have
caused, in addition to a bottleneck and a loss of
diversity, a selection towards autogamy in the new
regions which reduced the effective population size,
the heterozygosity, and the genetic diversity even
more. The coastal Peruvian climate is quite homog-
enous, and the similar ecological conditions could
have facilitated the migration between southern and
northern Peru, keeping these regions genetically
close. The diversity of the Ecuadorian region could
have hampered migration, keeping it more isolated
with reduced real and effective population sizes and
prone to further bottlenecks.

Nevertheless, caution is advised when the Peru-
vian origin hypothesis is evaluated. Even though our
data are in agreement with that scenario, there are
other possible explanations. For instance, it could be
argued that the Ecuadorian genetic fragmentation and
the reduced allogamy outside northern Peru, which
implies a lower effective population size, has lead to
significant diversity losses responsible for the sce-
nario that we have found, no matter where the
original population was located.

Galapagan population origin
Some plant material from the Galdpagos Islands, also

included in a previous study (Nuez et al. 2004), was
found, according to an AFLP-based dendrogram, to be
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more related to the S. lycopersicum var. cerasiforme
from the islands. This material was reanalyzed in this
study. These Galapagan plants show no genetic
diversity and are clustered with the Ecuadorian
S. pimpinellifolium on the geographic region tree,
although with low bootstrap values. These Galapagan
plants are genetically identical among themselves, and
are also indistinguishable from some S. pimpinellifo-
lium plants from the Ecuadorian Los Rios and Guayas
regions. They also share the lowest Cavalli distance
with the central and north Ecuadorian regions. Con-
sidering all this data, we propose to classify them as
S. pimpinellifolium. The previous classification (Nuez
et al. 2004) was probably due to a lack of typical
S. pimpinellifolium from northern and central Ecuador
in the AFLP-based dendrogram and to the relatedness
of S. pimpinellifolium and S. lycopersicum. This pop-
ulation is likely to have been a colonization from some
plants from Guayas or Los Rios, the geographically
and climatically nearest continental land, where
genetically identical plants are found. A recent strong
bottleneck, due to the colonization and low population
size, would explain the extremely low diversity of this
Galapagan region. Amazonian S. pimpinellifolium
could also be a consequence of recent colonizations.
These plants were found in cultivation lands outside
their natural range of distribution and, according to the
PCoA and the dendrogram, are genetically close to
plants from northern Ecuador on the other side of the
Andean range.

Interspecific gene flow

Solanum pimpinellifolium has a close relationship
with S. lycopersicum. The morphological limits,
based on fruit size and leaf shape, between these
species are fuzzy, and there are plants with interme-
diate forms that cannot be clearly classified (Rick and
Fobes 1975; Rick et al. 1978). Interspecific crosses
are easily obtained and both species live together in
the Andean region, so hybridization and gene flow
could be occurring.

The most northern S. pimpinellifolium, located in
Esmeraldas, could be related to its sister species.
These plants were collected a hundred meters away
from the coast, a not-so-common environment for
S. pimpinellifolium. In the dendrogram, it is not
grouped with the geographically closest northern
Ecuadorian region or with any other Ecuadorian or
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Peruvian S. pimpinellifolium, and in the PCoA, it is
as close to S. pimpinellifolium as it is to S. lycoper-
sicum. It could be the outcome of a natural, stabilized
hybridization between both species.

Furthermore, Andean S. lycopersicum seems more
diverse than the rest of the world’s S. lycopersicum,
although more accessions should be analyzed to
confirm this observation. This possibly richer Andean
genetic diversity might be associated with an inter-
specific genetic flux occurring in this region, as was
already proposed by other authors (Rick et al. 1974;
Rick and Fobes 1975). This genetic exchange among
cultivated and related wild species is a common
phenomenon found when they are sympatric (Papa
and Gepts 2003; Mason-Gamer et al. 1995; Rieseberg
and Soltis 1991).

Conclusions

The intraspecific variation and the genetic diversity
of S. pimpinellifolium were analyzed, and sharp
differences were found between the Ecuadorian and
Peruvian regions. The highest diversity and hetero-
zygosity is found in northern Peru, and the molecular
data is in agreement with the hypothesis of the
Peruvian origin of the species. The Ecuadorian region
is clearly subdivided. This genetic diversity is
correlated with the different climate diversity found
in the coastal areas of Ecuador and Peru. The origin
of the Galapagan population has been traced to the
region of central coastal Ecuador. The interspecific
variation shows that S. pimpinellifolium and S. lyco-
persicum are very closely related and there is likely to
be a genetic flow occurring between them.
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Supplementary material table.

Accession code  GeneBank Species Latitude  Longitude
L00712 AVRDC S. pimpinellifolium 1250008 0724200W
L06065 AVRDC S. pimpinellifolium 010600S  0792900W
UPVI156 CIAPAN S. lycopersicum

CATIE20245 COMAV S. lycopersicum var. cerasiforme 095900N  0842000W
GLP-24 COMAV S. pimpinellifolium 003140S  0901921W
GLP-26 COMAV S. lycopersicum var. cerasiforme 003140S  0901921W
GLP-30 COMAV S. pimpinellifolium 003341S  0902001W
PL508 COMAV S. lycopersicum 040223S  0794719W
PL509 COMAV S. lycopersicum 040223S  0794719W
PL510 COMAV S. lycopersicum 0402238 0794719W
PL511 COMAV S. lycopersicum 040223S  0794719W
PL515 COMAV S. lycopersicum 051648S  0792816W
PL516 COMAV S. pimpinellifolium 0559428 0794303W
PL517 COMAV S. pimpinellifolium 055942S  0794303W
PL518 COMAV S. lycopersicum 055942S  0794303W
PL519 COMAV S. lycopersicum 055942S  0794303W
PL520 COMAV S. lycopersicum 055942S  0794303W
PL560 COMAV S. pimpinellifolium 045500S  0802000W
PL561 COMAV S. pimpinellifolium 045300S  0802200W
PL562 COMAV S. pimpinellifolium 045600S  0803200W
PL563 COMAV S. pimpinellifolium 050900S  0801000W
PL564 COMAV S. pimpinellifolium 051400S  0800600W
PL565 COMAV S. pimpinellifolium 051700S  0795700W
PL566 COMAV S. pimpinellifolium 051700S  0795700W
PL567 COMAV S. pimpinellifolium 051100S  0803700W
PL568 COMAV S. pimpinellifolium 051100S  0803700W
PL569 COMAV S. pimpinellifolium 051700S  0795600W
PL570 COMAV S. pimpinellifolium 051900S  0795500W
PL571 COMAV S. pimpinellifolium 052000S  0795000W
PL572 COMAV S. pimpinellifolium 052600S  0794400W
PL573 COMAV S. pimpinellifolium 052600S  0794400W
PL574 COMAV S. pimpinellifolium 052500S  0794400W
PL575 COMAV S. pimpinellifolium 051600S  0804100W
PL577 COMAV S. pimpinellifolium 051900S  0804200W
PL578 COMAV S. pimpinellifolium 052600S  0804500W
PL579 COMAV S. pimpinellifolium 053100S  0804900W
PL580 COMAV S. pimpinellifolium 053100S  0804900W
PL581 COMAV S. pimpinellifolium 051600S  0800600W
PL582 COMAV S. pimpinellifolium 052300S  0800300W
PL583 COMAV S. pimpinellifolium 052600S  0800100W
PL585 COMAV S. pimpinellifolium 053300S  0795800W
PL586 COMAV S. pimpinellifolium 053300S  0795800W
PL587 COMAV S. pimpinellifolium 053500S  0795800W
PL588 COMAV S. pimpinellifolium 053500S  0795700W
PL589 COMAV S. pimpinellifolium 053500S  0795700W
PL591 COMAV S. pimpinellifolium 0549005  0794900W
PL592 COMAV S. pimpinellifolium 054905S  0794959W
PL593 COMAV S. pimpinellifolium 054900S  0794900W
PL5%4 COMAV S. pimpinellifolium 055500S  0794600W
PL595 COMAV S. pimpinellifolium 055500S  0794600W
PL596 COMAV S. pimpinellifolium 055900S  0794300W
PL597 COMAV S. pimpinellifolium 055900S  0794300W
PL598 COMAV S. pimpinellifolium 055900S  0794300W
PL599 COMAV S. pimpinellifolium 055900S  0794300W
PL601 COMAV S. pimpinellifolium 055900S  0794300W
PL602 COMAV S. pimpinellifolium 055900S  0794300W



Accession code  GeneBank Species Latitude Longitude
PL603 COMAV S. pimpinellifolium 045100S  0804700W
PL604 COMAV S. pimpinellifolium 045100S  0805000W
PL647 COMAV S. pimpinellifolium 051700S  0804114W
PL648 COMAV S. lycopersicum 052734S  0804557TW
PL650 COMAV S. pimpinellifolium 045300S  0802200W
PL655 COMAV S. pimpinellifolium 055900S  0794300W
PL658 COMAV S. pimpinellifolium 052900S  0800000W
PL660 COMAV S. pimpinellifolium 044800S  0801700W
QL119 COMAV S. pimpinellifolium 004248S  0802400W
QL137 COMAV S. pimpinellifolium 010219S  0801907W
QL156 COMAV S. pimpinellifolium 021741S  0804227W
QL159 COMAV S. pimpinellifolium 0221548 0801802W
QL59 COMAV S. pimpinellifolium 004657N  0793543W
QL75 COMAV S. pimpinellifolium 002000S  0792000W
UPV13126 COMAV S. pimpinellifolium 063400S  0783800W
UPV13127 COMAV S. pimpinellifolium 071500S  0790800W
UPV13518 COMAV S. pimpinellifolium 093300N  0775300W
UPV13569 COMAV S. lycopersicum

UPV13922 COMAV S. lycopersicum

UPV13926 COMAV S. lycopersicum

UPV13950 COMAV S. pimpinellifolium 093100N  0775500W
UPV14277 COMAV S. pimpinellifolium 035707S  0792608W
UPV14297 COMAV S. pimpinellifolium 034749S  0793679W
UPV14335 COMAV S. pimpinellifolium 032005S  0794149W
UPV14336 COMAV S. pimpinellifolium 031844S  0793743W
UPV14337 COMAV S. pimpinellifolium 031905S  0793517W
UPV14341 COMAV S. pimpinellifolium 023548S  0792826W
UPV14344 COMAV S. pimpinellifolium 022806S  0792716W
UPV14345 COMAV S. pimpinellifolium 022806S  0792716W
UPV14361 COMAV S. pimpinellifolium 031829S  0792053W
UPV15820 COMAV S. lycopersicum 37----N 002----W
UPV16459 COMAV S. lycopersicum 28----N 015----W
UPV17029 COMAV S. pimpinellifolium 053521S  0795813W
UPV19003 COMAV S. pimpinellifolium 004318S  0901935W
UPV19004 COMAV S. pimpinellifolium 004315S  0901937W
UPV19005 COMAV S. pimpinellifolium 004141S  0901926w
UPV19006 COMAV S. pimpinellifolium 004044S  0901841W
UPV19007 COMAV S. pimpinellifolium 004131S  0902024W
UPV19009 COMAV S. pimpinellifolium 004103S  0902205W
UPV19859 COMAV S. lycopersicum 40----N 002----W
UPV19883 COMAV S. pimpinellifolium 072000S  0793400W
UPV20199 COMAV S. pimpinellifolium 115448S  0763010W
UPV20199 COMAV S. pimpinellifolium 115448S  0763010W
UPV20380 COMAV S. pimpinellifolium 115458S  0763747W
UPV20380 COMAV S. pimpinellifolium 115458S  0763747W
UPV21104 COMAV S. lycopersicum 39----N 000----W
UPV22073 COMAV S. lycopersicum

UPV22220 COMAV S. pimpinellifolium 071000S  0790100W
UPV22339 COMAV S. pimpinellifolium 005426S  0774813W
UPV22359 COMAV S. pimpinellifolium 010210S  0774128W
UPV22362 COMAV S. pimpinellifolium 010248S  0774743W
UPV22504 COMAV S. pimpinellifolium 032557S  0783408W
UPV22505 COMAV S. pimpinellifolium 032557S  0783408W
UPV22511 COMAV S. pimpinellifolium 033527S  0783406W
UPV22674 COMAV S. lycopersicum var. cerasiforme 21----N 089----W
UPV22675 COMAV S. lycopersicum var. cerasiforme  20----N 098----W
UPV23574 COMAV S. pimpinellifolium 004448N  0781437W
UPV23590 COMAV S. pimpinellifolium 004719N  0781732W



Accession code  GeneBank Species Latitude Longitude
UPV23601 COMAV S. pimpinellifolium 005102N  0782531W
UPV23607 COMAV S. pimpinellifolium 005259N  0783000W
UPV23616 COMAV S. pimpinellifolium 00523IN  0794631W
UPV23621 COMAV S. pimpinellifolium 005922N  0793201W
UPV23628 COMAV S. pimpinellifolium 005936N  0793320W
UPV23639 COMAV S. pimpinellifolium 005130N  0795232W
UPV23647 COMAV S. pimpinellifolium 001450S  0790919W
UPV23649 COMAV S. pimpinellifolium 001439S  0791640W
UPV23657 COMAV S. pimpinellifolium 001319S  0792920W
UPV23660 COMAV S. pimpinellifolium 001237S  0792958W
UPV23661 COMAV S. pimpinellifolium 001102S  0793115W
UPV23662 COMAV S. pimpinellifolium 001042S  0793155W
UPV23663 COMAV S. pimpinellifolium 000733S  0793507W
UPV23664 COMAV S. pimpinellifolium 000504S  0794059W
UPV23668 COMAV S. pimpinellifolium 000528S  0794529W
UPV23677 COMAV S. pimpinellifolium 000019N  0795300W
UPV23680 COMAV S. pimpinellifolium 000209N  0795702W
UPV23693 COMAV S. pimpinellifolium 000416N  0800325W
UPV23696 COMAV S. pimpinellifolium 000044N  0800523W
UPV23703 COMAV S. pimpinellifolium 000253S  0800811W
UPV23706 COMAV S. pimpinellifolium 000732S  0801301W
UPV23710 COMAV S. pimpinellifolium 001804S  0801945W
UPV23712 COMAV S. pimpinellifolium 001947S  0802045W
UPV23713 COMAV S. pimpinellifolium 002523S  0802653W
UPV23714 COMAV S. pimpinellifolium 002557S  0802711W
UPV23715 COMAV S. pimpinellifolium 002658S  0802704W
UPV23718 COMAV S. pimpinellifolium 003828S  0802443W
UPV23734 COMAV S. pimpinellifolium 004944S  0802940W
UPV23737 COMAV S. pimpinellifolium 005136S  0802810W
UPV23745 COMAV S. pimpinellifolium 005828S  0803818W
UPV23746 COMAV S. pimpinellifolium 010350S  0803529W
UPV23747 COMAV S. pimpinellifolium 010350S  0803529W
UPV23757 COMAV S. pimpinellifolium 010419S  0801052W
UPV23762 COMAV S. pimpinellifolium 010235S  0800517W
UPV23768 COMAV S. pimpinellifolium 010256S  0800525W
UPV23776 COMAV S. pimpinellifolium 012018S  0804201W
UPV23788 COMAV S. pimpinellifolium 014153S  0804649W
UPV23789 COMAV S. pimpinellifolium 015350S  0804353W
UPV23791 COMAV S. pimpinellifolium 021607S  0804519W
UPV23798 COMAV S. pimpinellifolium 022157S  0801809W
UPV23799 COMAV S. pimpinellifolium 020700S  0793560W
UPV23808 COMAV S. pimpinellifolium 022458S  0793727W
UPV23810 COMAV S. pimpinellifolium 024000S  0793700W
UPV23824 COMAV S. pimpinellifolium 025850S  0794337W
UPV23851 COMAV S. pimpinellifolium 031922S  0794956W
UPV23858 COMAV S. pimpinellifolium 031941S  0794720W
UPV23860 COMAV S. pimpinellifolium 031917S  0794259W
UPV23871 COMAV S. pimpinellifolium 031927S  0793946W
UPV2388 COMAV S. pimpinellifolium 031942S  0793629W
UPV3378 COMAV S. lycopersicum 41----N 002----E

UPV3598 COMAV S. lycopersicum 39----N 006----W

UPV3644 COMAV S. lycopersicum 38----N 001----W

UPVS5745 COMAV S. lycopersicum 40----N 002----W

UPV6441 COMAV S. pimpinellifolium 050551S  0801613W
UPV6445 COMAV S. pimpinellifolium 051019S  0800819W
UPV6446 COMAV S. pimpinellifolium 051602S  0800612W
UPV6447 COMAV S. pimpinellifolium 052220S  0800326W
UPV6453 COMAV S. pimpinellifolium 053459S  0795751W



Accession code  GeneBank Species Latitude Longitude
UPV6454 COMAV S. pimpinellifolium 053526S  0795742W
UPV6455 COMAV S. pimpinellifolium 0555228 0794553W
UPV6464 COMAV S. pimpinellifolium 060050S  0794041W
UPV6465 COMAV S. pimpinellifolium 060050S  0794041W
UPV6472 COMAV S. pimpinellifolium 060936S  0794202W
UPV6473 COMAV S. pimpinellifolium 060936S  0794202W
UPV6474 COMAV S. pimpinellifolium 061325S  0794230W
UPV6480 COMAV S. pimpinellifolium 071148S  0792542W
UPV6485 COMAV S. pimpinellifolium 071821S  0792645W
UPV6486 COMAV S. pimpinellifolium 071821S  0792645W
UPV6489 COMAV S. pimpinellifolium 071825S  0792645W
UPV6490 COMAV S. pimpinellifolium 071825S  0792645W
UPV6491 COMAV S. pimpinellifolium 071825S  0792645W
UPV6492 COMAV S. pimpinellifolium 0719118 0792213W
UPV6495 COMAV S. pimpinellifolium 071500S  0791400W
UPV6496 COMAV S. pimpinellifolium 071320S  0791251W
UPV6497 COMAV S. pimpinellifolium 071320S  0791251W
UPV6498 COMAV S. pimpinellifolium 071320S  0791251W
UPV6499 COMAV S. pimpinellifolium 071414S  0791126W
UPV6501 COMAV S. pimpinellifolium 071244S  0791126W
UPV6502 COMAV S. pimpinellifolium 071300S  0785800W
UPV6503 COMAV S. pimpinellifolium 071300S  0785800W
UPV6505 COMAV S. pimpinellifolium 071343S  0784958W
UPV6596 COMAV S. pimpinellifolium 050600S  0795400W
UPV6597 COMAV S. pimpinellifolium 050100S  0795300W
UPV6620 COMAV S. pimpinellifolium 045200S  0795700W
UPV6626 COMAV S. pimpinellifolium 050800S  0801600W
UPV6678 COMAV S. pimpinellifolium 040837S  0795050W
UPV6679 COMAV S. pimpinellifolium 040237S  0794119W
UPV6701 COMAV S. pimpinellifolium 031819S  0792107W
UPV6717 COMAV S. pimpinellifolium 084005S  0781848W
UPV6920 COMAV S. lycopersicum 39----N 006----W
UPV8895 COMAV S. lycopersicum 43----N 003----W
UPVO9151 COMAV S. lycopersicum

UPVI172 COMAV S. lycopersicum

LA0400 TGRC S. pimpinellifolium 051500S  0795700W
LA1236 TGRC S. pimpinellifolium 001400S  0791000W
LA1245 TGRC S. pimpinellifolium 032730S  0795800W
LA1258 TGRC S. pimpinellifolium 012900S  0800600W
LAI1261 TGRC S. pimpinellifolium 014900S  0793100W
LA1307 TGRC S. lycopersicum var. cerasiforme 130700S  0741300W
LA1312 TGRC S. lycopersicum var. cerasiforme 133700S  0734700W
LA1380 TGRC S. pimpinellifolium 051609S  0800302W
LA1381 TGRC S. pimpinellifolium 053544S  0795359W
LA1388 TGRC S. lycopersicum var. cerasiforme 110800S  0752000W
LA1429 TGRC S. pimpinellifolium 004800S  0801400W
LA1469 TGRC S. pimpinellifolium 055136S  0794724W
LA1470 TGRC S. pimpinellifolium 060112S  0794048W
LA1471 TGRC S. pimpinellifolium 061836S  0794500W
LA1607 TGRC S. pimpinellifolium 130524S  0762324W
LA1636 TGRC S. pimpinellifolium 132700S  0760500W
LA1670 TGRC S. pimpinellifolium 175000S  0703100W
LA1683 TGRC S. pimpinellifolium 045212S  0810636W
LA1684 TGRC S. pimpinellifolium 050712S  0801012W
LA1688 TGRC S. pimpinellifolium 045300S  0802230W
LA1689 TGRC S. pimpinellifolium 051300S  0803730W
LA1781 TGRC S. pimpinellifolium 003600S  0802500W
LA1923 TGRC S. pimpinellifolium 144000S  0751700W



Accession code  GeneBank Species Latitude Longitude
LA1933 TGRC S. pimpinellifolium 152700S  0742700W
LA1936 TGRC S. pimpinellifolium 154936S  0740115W
LA2182 TGRC S. pimpinellifolium 055551S  0783946W
LA2188 TGRC S. pimpinellifolium 055900S  0781100W
LA2652 TGRC S. pimpinellifolium 045300S  0804100W
LA2653 TGRC S. pimpinellifolium 044500S  0803500W
LA2656 TGRC S. pimpinellifolium 034800S  0804200W
LA2725 TGRC S. pimpinellifolium 134300S  0755200W
LA2850 TGRC S. pimpinellifolium 005600S  0804300W
LA2852 TGRC S. pimpinellifolium 004900S  0802900W
LA2854 TGRC S. pimpinellifolium 012000S  0803500W
LA2915 TGRC S. pimpinellifolium 055905S  0794443W
PI1127807 USDA S. pimpinellifolium 125000S  0724200W
P1365927 USDA S. pimpinellifolium 115403S  0763948W
PI1365959 USDA S. pimpinellifolium 162400S  0731500W
P1379007 USDA S. pimpinellifolium 065000S  0780100W
PI379055 USDA S. pimpinellifolium 001500S  0793000W



Capitulo 3.- The implications of AFLP data for the
systematics of the wild species of
Solanum section Basarthrum.
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ABSTRACT. The wild species associated with the Andean domesticate, the pepino, and closely associated with the wild
and cultivated potatoes, are morphologically and ecologically variable. We studied 10 of the 11 known species, represented
by 35 accessions, of Solanum section Basarthrum, plus material of two putative new species. Given the morphological vari-
ability, and cryptic species, molecular studies were appropriate. Amplified Fragment Length Polymorphisms (AFLP) were
utilized because they are highly polymorphic, and cover most of the genome. Some 98% of the 292 fragments recovered
proved informative. A neighbour joining cluster analysis and principal coordinates analysis largely supported previous
taxonomic distinctions based on decades of morphological and biosystematic study. However, two new distinct molecular
elements were identified, one autogamous, the other self incompatible, that will be described as new species, and that mimic
a species pair of wild tomatoes native to the same region of Peru. The most diverse taxonomic group, the series Caripensia,
also proved to be the most diverse genetically (85% of loci polymorphic), allowing morphologically similar species to be
distinguished. The AFLP data and species distributions in this series support an hypothesis of rapid evolution and peripheral
isolation as evolutionary mechanisms in the geographically and ecologically diverse series Caripensia.

Solanum section Basarthrum has proven to be fertile
for studies of systematics, evolution, reproductive bi-
ology, domestication, and plant breeding (Correll 1962;
Anderson 1979; Mione and Anderson 1992; Anderson
et al. 1996; Prohens et al. 2003). Several characteristics
make this group a model for these types of studies. A
few species are autogamous, while most are self-in-
compatible and allogamous (Mione and Anderson
1992); a range of crossing relationships from full in-
tercrossability and fertility of hybrids to impenetrable
crossing barriers exist among the species (e.g., Ander-
son 1979), and the section is morphologically, ecolog-
ically, and geographically diverse. Solanum sect. Bas-
arthrum includes widely distributed species and very
rare species known from only one location; the species
occupy different ecological niches, and grow at eleva-
tions from 0 to 3300 m (Correll 1962; Prohens et al.
2003). Some intercompatible species are sympatric
while others are allopatric (Correll 1962; Anderson
1975, 1977, 1979). The section includes one cultigen, the
pepino (Solanum muricatum Aiton), and thus studies on
the relationships of the wild species to the domesticate,
the process of domestication in general, and the use of
wild species in the genetic improvement of the pepino
have been important (Anderson et al. 1996; Prohens et
al. 2003, 2004; Rodriguez-Burruezo et al. 2003). Sola-
num sect. Basarthrum is phylogenetically very close to
potatoes (Solanum sect. Petota) and tomatoes (Solanum
sect. Lycopersicon; Lester 1991; Spooner et al. 1993), two
groups with great economic importance, and for which
Solanum sect. Basarthrum represents a tertiary gene
pool for breeding (Sakamoto and Taguchi 1991; Trog-
nitz and Trognitz 2004). Finally, because of its rela-
tionship to potatoes and tomatoes, Solanum sect. Bas-

arthrum is useful for comparative studies of evolution
between tuberous and non-tuberous groups of Sola-
num. Over three decades ago, Donovan Correll, the last
monographer of section (which he included as the clos-
est relatives in his treatment of the tuberous and non-
tuberous relatives of the potatoes), considered many of
the species in this section more variable and difficult
than the notoriously variable potatoes (pg. 43, 1962).
Wild species of sect. Basarthrum are herbaceous,
mostly perennial, and native to the Andean region of
South America, with some also in the mountains of
Central America (Correll 1962). The section includes 12
wild species distributed among four series: Canensa (S.
canense Rybd.), Caripensia (S. basendopogon Bitter, S. car-
ipense Humb. & Bonpl. ex Dunal, S. cochoae G.J. An-
derson & Bernardello, S. filiforme Ruiz Lépez & Pavén,
S. fraxinifolium Dunal in DC, S. heiseri G.J. Anderson,
S. tabanoense Correll, S. taeniotrichum Correll, S. trachy-
carpum Bitter & Sodiro), Articulata (S. santae-marthae
Bitter), and Suaveolentia (S. suaveolens Kunth & Bouché)
(Anderson and Jansen 1998). These four series are re-
productively isolated from each other, but within se-
ries Caripensia several species can be intercrossed and
may give fertile hybrids (Anderson 1975, 1977; Ander-
son and Bernardello 1991; Prohens and Nuez 2001). In
addition, several species of Caripensia can be crossed
with the cultivated S. muricatum (Heiser 1964; Ander-
son 1975, 1977, Bernardello and Anderson 1990; An-
derson and Bernardello 1991). All currently known
species of series Caripensia are self-incompatible with
the exception of S. trachycarpum, which is self-compat-
ible and autogamous (Mione and Anderson 1992).
Within series Caripensia, the ‘Caripense complex” in-
cludes the widespread S. caripense, and three species
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TABLE 1. Species and collections studied. Each accession is listed with accession number, collector, and locality. * Accession from the
G. J. Anderson collection; ® Accession from the J. Prohens collection. < Vouchers in CONN.

S. basendopogon Bitter. 38°<, ]. G. Hawkes, Peru (Dep. La Libertad); 43 44°<, J. G. Hawkes, Peru (Dep. La Libertad); BIRM/S
0032°, J. G. Hawkes, Peru (Dep. La Libertad)

S. canense Rybd. 46°<, D’Arcy, Panama (Canita); 498°<, G. J. Anderson, Costa Rica (Monte Verde, Prov. Alajuela); 509*<, G. J.
Anderson, Costa Rica (near Tilaran, Prov. Guanacoste)

S. caripense Humb. & Bonpl. ex Dun. 220 239>, G. J. Anderson, 220: Ecuador (near Tixan), 239: Ecuador (near Urdaneta);
BIRM/S 1034®, G. J. Anderson, Ecuador; BIRM/S 1251°, Alan Child, Ecuador (Prov. Loja); E-7°, E. Nuez & ]. Prohens, Ecuador
(Prov. Pichincha); EC-36°, F. Nuez & J. Prohens, Ecuador (Prov. Loja); EC-40°, E Nuez & ]. Prohens, Ecuador (Prov. Loja); PI-
243342, Unknown, Costa Rica

S. cochoae G. J. Anderson & Bernardello. 934*<, Carlos Ochoa, Peru (Prov. Amazonas)

S. filiforme Ruiz Lépez & Pavén. 1452¢<, Carlos Ochoa, Peru (Prov. Tarma)

S. fraxinifolium Dunal in DC. 500°<, G. ]. Anderson, Costa Rica (near Monte Verde); BIRM/S 1809, Barbara Pickersgill, Peru
(Selva de San Francisco, Prov. Ayacucho)

S. heiseri G. J. Anderson. 6800*<, Charles B. Heiser, Colombia, Cerro de Monserrate (Bogotd); BIRM/S 1979°, Charles B.
Heiser, Colombia

S. suaveolens Kunth & Bouché. BIRM/S 1573, Unknown, Colombia (Caguan)

S. tabanoense Correll. EC-22°, FE. Nuez & ]. Prohens, Ecuador (Prov. Loja); EC-26°, E Nuez & J. Prohens, Ecuador (Prov. Loja);
E-257°, . Nuez & ]. Prohens, Ecuador (Prov. Loja)

S. tabanoense S. caripense hybrid. 769 239+, G. ]. Anderson, 769: Colombia (near El Encanto), 239: Ecuador (near Urdaneta)

S. trachycarpum Bitter & Sodiro. 7087*<, Charles B. Heiser, Ecuador; 169+, G. J. Anderson, Ecuador (Mitad del Mundo; Prov.
Pichincha); E-34°, E Nuez & ]. Prohens, Ecuador (Prov. Cotopaxi)

PNSI1. P-71%<, E Nuez & ]. Prohens, Peru (Prov. Abancay); P-74"<, F. Nuez & J. Prohens, Peru (Prov. Abancay); P-80><, E. Nuez
& J. Prohens, Peru (Prov. Abancay); P-82><, E Nuez & ]. Prohens, Peru (Prov. Abancay)

PNS2. P-51°<, E Nuez & J. Prohens, Peru (Prov. Ayacucho); P-61><, E Nuez & J. Prohens, Peru (Prov. Ayacucho); P-62°<, E

Nuez & J. Prohens, Peru (Prov. Ayacucho); BIRM/S 1122°, Unknown, Peru (Dep. Cusco)

with limited distributions: S. filiforme, S. fraxinifolium,
and S. heiseri (Anderson and Bernardello 1991). Species
of this complex are distinguished from the rest of spe-
cies of series Caripensia by having pinnately compound
leaves, rotate corollas, and unbranched inflorescences.

Previous authors have employed a wide range of
methods to understand the systematics of this group,
including morphological studies (Correll 1962; Ander-
son 1975, 1977; Anderson and Gensel 1976), crossing
studies (Anderson 1975, 1977, 1979; Prohens and Nuez
2001), chemotaxonomy (Simpson 1979; Anderson et al.
1987), cytology (Bernardello and Anderson 1990; Stief-
kens et al. 1999), and chloroplast and ribosomal DNA
studies (Anderson et al. 1996, Anderson and Jansen
1998). These studies have led to a reorganization of the
section, including the reestablishment of a second sec-
tion (sect. Anarrhichomenum) (Anderson and Jansen
1998), the suggestion that the monotypic series Arti-
culata (S. sanctae-marthae) also be treated as a separate
section (Anderson 1977), and the recognition of two
new species, (S. heiseri [Anderson 1975] and S. cochoae
[Anderson and Bernardello 1991]).

The study of nuclear DNA offers a powerful tool to
elucidate the systematic relationships of plants (Brower
et al. 1996; Henry 1997). Despite its utility, an extensive
study of the nuclear genome has not been applied to
Solanum sect. Basarthrum. Here we use amplified frag-
ment length polymorphisms (AFLPs) to study the sys-
tematics of wild species of this section. AFLPs cover
most of the genome and exhibit a high level of poly-
morphism in the Solanaceae (Milbourne et al. 1997;
Furini and Wunder 2004; Nuez et al. 2004, Spooner et

al. 2005), allow a large number of loci to be scored in
a single reaction, and have a much better repeatability
among laboratories than other markers such as random
amplified polymorphisms of DNA (RAPDs; Jones et al.
1997). Furthermore, previous work (Kardolus et al.
1998) indicates that AFLPs are of great utility in the
study of the biosystematics of the related Solanum sect.
Petota. Thus, we expected that AFLPs would be useful
to address systematic questions among wild species of
Solanum sect. Basarthrum.

MATERIALS AND METHODS

Plant Material. We examined 35 accessions from Solanum
sect. Basarthrum (Table 1) corresponding to 10 of the known wild
species, plus materials corresponding to two putative new species,
and to an artificially obtained interspecific hybrid between S. ta-
banoense and S. caripense. Seeds and living material are no longer
available for the very rare (one locality) S. sanctae-marthae and S.
taeniotrichum. The number of accessions for each species studied
varied between seven, for the abundant and widespread S. cari-
pense, and one for S. suaveolens, the rare S. cochoae, and S. filiforme,
for which only one collection is known. Selection of accessions was
based on the availability of materials and on the geographical
range of distribution of each species.

Materials corresponding to two very distinctive collections (An-
derson et al. in preparation) collected in Central Peru in 2001 were
labeled as “PNS1” and “PNS2” (“putative new species”). PNS1,
unlike all known S. caripense but similarly to S. canense, S. suaveolens
and S. trachycarpum, is self-compatible, likely autogamous, bears
smaller flowers, and though self compatible, has a style that pro-
trudes ca. 1 mm beyond the staminal column. The other—PNS2—
is self-incompatible, possesses a strongly exserted style (several
mm beyond the terminus of the staminal column), generally has
larger flowers and leaves, and has significantly longer hairs on
leaves, stems, etc. (0.8 mm vs. 0.5 mm). Accession BIRM/S 1122,
which originally was considered as S. caripense, instead is gen-
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TaBLE 2. Oligonucleotide adaptors and primers used for the
AFLP analysis.

Restriction

enzyme Sequence

5’- CTCGTAGACTGCGTACC- 3’

E-0 Adaptor Eco RI  3'- CTGACGCATGGITAA- 5’

5'- GACGATGAGICCTGAG 3’
M-0 Adaptor ~ MseI  3’- TACTCAGGACTCAT- 5’
E-A Eco RI  5'- AGACTGCGTACCAATTCA- 3’
M-C Msel  5'- GATGAGTCCTGAGTAAC- 3’
E-ACA Eco RT  5'- AGACTGCGTACCAATTCACA- 3/
E-AAC Eco RI  5'- AGACTGCGTACCAATTCAAC- 3/
M-CAA Msel  5'- GATGAGTCCTGAGTAACAA- 3’
M-CTA Msel  5'- GATGAGTCCTGAGTAACTA- 3’

omically very similar to PNS2, and, as a consequence, was includ-
ed in the PNS2 group.

DNA Isolation and AFLPs. Total genomic DNA was isolated
from young leaves of single plants using the DNeasy® Plant Mini
Kit (Qiagen Inc.), following the protocol of the manufacturer. DNA
concentration was quantified on agarose and stored at —20°C until
used. A sample of 0.25 g DNA sample was digested by the en-
zyme combination EcoRI and Msel at 37°C for 2 h. Ligation was
performed with the AFLP® Core Reagent Kit (Invitrogen Corp.)
following the instructions of the manufacturer. After ligation, the
reaction mixture was diluted 1:10 in TE buffer.

For the pre-selective amplification, a 5 pl aliquot from the DNA
dilution was added to a 25 pl solution containing 2.5 wl of 10X
buffer, 0.5 ul of primer EcoA (10 pM), 0.5 pl of primer MseC (10
uM), 1.0 pl of dNTPs (10 mM), and 0.8 units of Tag polymerase
(Roche). After pre-amplification, DNA was diluted again 1:10 in
TE buffer. The selective amplification was performed on 2 ul ali-
quots using four combinations of primers (Table 2). DNA frag-
ments were separated in an ABI Prism 310 genetic analyzer (Ap-
plied Biosystems). Resulting fragments were scored as binary
traits (1 = present, 0 = absent) using Genographer 1.6 software
(Benham 2001).

Analysis of AFLP Data. Pairwise genetic similarities were es-
timated with the Dice (Sorensen) similarity coefficient S; =2a/
(2a+b+c), where a is the number of bands shared by i and j, b is
the number of bands present in i and absent in j, and c is the
number of bands present in j and absent in i. The resulting genetic
similarity matrices were used to generate a principal coordinates
analysis (PCoA). Calculations were performed using the
NTSYSpc2.0 software package (Applied Biostatistics Inc.). Boot-
strapped distance matrices were calculated using the Phyltools
1.32 software (Buntjer 2001) and used to test the stability of the
neighbour joining tree constructed with the Phylip 3.62 package
(Felsenstein 2004b).

Genetic diversity for AFLP data was estimated with the Popgene
software (Yeh and Boyle 1997). The proportion of polymorphic
fragments (P) and the Nei’s gene diversity index were calculated
(Nei 1987). For the species represented by more than two acces-
sions, the Nei minimum distance (Nei 1978) and the non-biased
Gst (Nei and Chesser 1983), computed using the Genetix 4.05.2
software (Belkhir et al. 2004) and assuming complete homozygos-
ity (Mohammadi and Prasanna, 2003), were estimated.

RESULTS

A total of 292 AFLP fragments were recognized, of
which 266 (98%) were polymorphic and informative
(Table 3). Of these, 18 were specific to series Canensa,
82 to series Caripensia, 0 to series Suaveolentia, and sev-
en to the group formed by PNS1 and PNS2. When
fragments specific to a series, but universal to all mem-
bers of that series were sought, we found 13 in series
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TaBLE 3. Gene diversity statistics estimated from AFLP data for
Solanum section Basarthum, series Caripensia and PNS1 + PNS2.
The hybrid between S. caripense and S. tabanoense (769 239) was
excluded from the analyses. H; = total gene diversity.

Number  Poly-
of morphic
acces- loci
Groups sions (%) H,

Total 34 97.6  0.230
Series Canensa (S. canense) 3 15.0  0.062
Series Caripensia (7 species) 22 85.3  0.201
Series Suaveolentia (S. suaveolens) 1 — —
“PNS1 + PNS2” (2 putative new 29.5  0.092

species)

Series Caripensia 22 853  0.201
S. basendopogon 3 le4  0.067
S. cochoae 1 — —
S. trachycarpum 3 202 0.085
S. tabanoense 3 29.5  0.112
“S. caripense” complex 12 56.5  0.159
S. caripense 7 387 0.114
S. heiseri 2 55  0.023
S. fraxinifolium 2 103 0.043
S. filiforme 1 — —

Putative new species 8 29.5  0.092
PNS1 4 13.7  0.049
PNS2 4 202 0.071

Canensa, none in series Caripensia, none in series Suav-
eolentin and one in the group formed by PNSI and
PNS2.

The total gene diversity (Ht) for wild species of
Solanum sect. Basarthrum was 0.23 (Table 3). The great-
est gene diversity was found in series Caripensia (more
than 85% polymorphic loci), presumably the result of
this being a series including several species. Not sur-
prisingly, the level of polymorphism within each spe-
cies is much lower, with polymorphism ranging from
5.5% in S. heiseri (2 accessions) to 38.7% in S. caripense
(7 accessions) (Table 3). The great difference in the per-
centage of polymorphism of series Caripensia vs. the
individual species in the series results from the fact
that polymorphic fragments within a species are
monomorphic or absent in the remainder of species.
Because of this, the relative magnitude of AFLP dif-
ferentiation among species (Gst) is very high
(Gst=0.51). AFLP diversity of S. trachycarpum, the only
autogamous species of series Caripensia, is similar to
or greater than that of the rest of species of the series,
which are self-incompatible (Table 3). In contrast, in the
group composed of PNSI+PNS2, the diversity in
PNS2 (self-incompatible) is much greater that in PNS1
(autogamous). However, we included three geograph-
ically distinct collections of S. traychycarpum, and
though there are four collections of PNSI, all are from
the same locality.

The usefulness of AFLPs as phenetic markers was
assessed with a Neighbour-Joining cluster analysis. So-
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FiG. 1.  UPGMA phenogram of 34 accessions of Solanum section Basarthrum plus an interspecific hybrid between S. caripense

and S. tabanoense based on AFLPs. Solanum suaveolens was excluded from the phenogram because it caused a long branch
attraction problem (Felsenstein 2004a). Phenetic relationships were derived from Dice AFLP-based pairwise genetic distances.
The numbers adjacent to some nodes indicate bootstrap confidence values (percentages; 1000 replications). Nodes without

numbers had bootstrap values of less than 50.

lanum suaveolens showed a very long branch, indicating
a rate of genetic divergence different from that of the
other species, and was removed from the cluster anal-
ysis in order to avoid a long-branch attraction problem.
The inclusion of a species with such a different rate of
evolution could lead to misleading phenograms (Fel-
senstein 2004a). The phenogram produced using ge-
netic distance data among accessions (Fig. 1) clearly
separates three consistent main clusters consisting of:
1) S. canense, 2) S. basendopogon, and 3) the rest of ac-
cessions, including the two putative new species. With-
in the large latter plexus, there are four strongly sup-
ported groups (bootstrap values greater than 90%): a)
S. trachycarpum, b) a unit with S. cochoae, S. filiforme,
and one errant S. caripense (PI 243342), c) S. fraxinifol-
ium and S. heiseri, and d) a branch uniting the two
putative new species. A cluster with a significant, but
lower bootstrap value (61%) unites the three S. taban-
oense collections as well. Similarly, all accessions but
one of S. caripense are included in one subcluster (with
42% boostrap support). As would be expected, the hy-
brid between S. tabanoense and S. caripense showed a
basal position in the S. caripense subcluster (Fig. 1).

In order to obtain more information on the relation-
ships among species we also performed a principal co-

ordinates analysis (PCoA). In the PCoA with all the
accessions, the first and second coordinate explain
14.3% and 11.2% of the variation and mostly account
for the separation of three groups formed by S. canense,
PNS1+PNS2, and the rest of the accessions. The third
coordinate (8.0% of the variation explained) funda-
mentally separates S. basendopogon from the rest of the
accessions. The PCoA generally confirm the cluster
analysis, and verifies that S. basendopogon is genetically
differentiated from the remaining species of series Car-
ipensia. However, it also shows that PNS1 and PNS2
are genetically differentiated from the rest of the mem-
bers of series Caripensia, a result that could not be in-
ferred from the cluster analysis. In addition, the PCoA
shows that S. suaveolens plots closer to species of series
Caripensia than to S. canense.

Because the three first principal coordinates only
explain a bit more than one third (34.9%) of the vari-
ation detected, and mainly separate the series or spe-
cies that are morphologically very different, a second
PCoA was performed in which the four most distinct
species (S. basendopogon, S. canense, PNS1, and PNS2)
were excluded. Thus, this PCoA included the species
of series Caripensia (excluding the highly distinct S. bas-
endopogon) and S. suaveolens. In this restricted analysis,
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TABLE 4. Nei minimum distance (above the diagonal) and relative magnitude of gene differentiation (Gst; below the diagonal) between
species of section Basarthrum. Only species with two or more accessions have been included.

S. basendopogon  S. canense S. caripense  S. fraxinifolium S. heiseri PNS1 PNS2 S. tabanoense  S. trachycarpum

S. basendopogon 0.27 0.16 0.21 0.25 0.25 0.22 0.21 0.26
S. canense 0.47 0.23 0.30 0.30 0.30 0.29 0.25 0.30
S. caripense 0.26 0.38 0.11 0.13 0.14 0.13 0.10 0.16
S. fraxinifolium 0.37 0.49 0.13 0.15 0.20 0.17 0.17 0.22
S heiseri 0.48 0.55 0.21 0.30 0.21 0.20 0.18 0.25
PNS1 0.49 0.55 0.22 0.41 0.49 0.07 0.19 0.25
PNS2 0.40 0.49 0.20 0.41 0.40 0.09 0.17 0.21
S. tabanoense 0.28 0.35 0.09 0.19 0.24 0.30 0.22 0.21
S. trachycarpum 0.41 0.47 0.24 0.35 0.44 0.45 0.36 0.26

the first coordinate explains 15.3% of the variation, and
clearly separates S. trachycarpum from the rest of the
species. The second and third coordinates (11.5% and
10.4% of the variation explained) segregate S. suaveolens
from the rest of species and also clearly separate S.
tabanoense and the different species of the Caripense
complex, which were intermingled in the first PCoA
with all the materials. The total variation explained by
the first three coordinates in the second PCoA analysis
is 37.2%.

The lowest values of genetic distances and Gst are
found among the members of the Caripense complex,
as well as between S. caripense and S. tabanoense (Table
4). Also, the genetic differentiation of S. canense is con-
firmed, given that it displays the highest genetic dis-
tance and Gst values of all the species. The putative
new species, PNS1 and PNS2, although reproductively
distinct from each other, are genetically very similar,
with a genetic distance between them of 0.07 and a
Gst of 0.09.

DiscussioN

Though no revolutionary changes were suggested,
these new molecular data proved very useful in clari-
fying some of the most difficult systematic distinctions
in this morphologically complex group. Gratifyingly,
our nuclear genome data support most of the previous
taxonomic classification and reorganizations per-
formed on the basis of morphological, cytological, fla-
vonoid, and organelle DNA data (e.g., Anderson and
Jansen 1998). It is notable that although within section
Basarthrum we have found great genetic variation,
which supports a number of series and species, as well
as treatment of this taxon as a distinct section, there
are also a number of species for which, although mo-
lecular genetic distinction is possible, the genetic dis-
tinctions are not great. Based on these results, diver-
sification in series Caripensia, and, in particular in the
Caripense complex, seems to have taken place recently,
with several species perhaps arising nearly simulta-
neously.

As crossing data in the past have done (Anderson

1975), the AFLP data highlighted unusual material
(PNS1, PNS2) that will be recognized as new species
(Anderson, Martine, Prohens and Nuez in review).
This material, from southern Peru, displays very dis-
tinct AFLP patterns (Fig. 1). In addition, there are mor-
phological features (plant habit, flower size, style
length, pubescence features) that distinguish these new
species. However, these putative new species are mor-
phologically clearly part of Solanum sect. Basarthrum.
Interestingly, it is reproductive features (compatibility
and autogamy in this case) that first suggested a dis-
tinction between these species, analogous to the taxo-
nomic outcome (i.e., recognition of a dioecious species)
of reproductive studies of related solanums more than
20 years ago (Anderson and Levine 1982), and exem-
plified in other angiosperm groups in general (Ander-
son et al. 2002).

Though morphologically different from each other,
PNS1 and PNS2 are genetically very similar in AFLP
profile. It is of considerable interest that a parallel pat-
tern to that found for PNSI and PNS2 occurs in two
related species of Solanum sect. Lycopersicon from this
same region (Rick et al. 1976). The two species, S.
chmielewskii (C.M. Rick, Kesicki, Fobes & M. Holle)
D.M. Spooner, G.J. Anderson & RK. Jansen (syn. L.
chmielewskii C.M. Rick, Kesicki, Fobes & M. Holle) and
S. neorickii D.M. Spooner, G.J. Anderson & R.K. Jansen
(syn. L. parviflorum C.M. Rick, Kesicki, Fobes & M. Hol-
le) are relatively closely related to Solanum sect. Bas-
arthrum (Spooner et al. 1993). PNS1 has a rather di-
minutive appearance and smaller plant parts, includ-
ing less showy flowers, and inserted or slightly ex-
serted stigma, features that are also present in the
nearly completely autogamous S. neorickii (Rick et al.
1976). Like S. chmielewskii, PNS2 has larger plant parts
and more robust stems, exserted stigmas, and is allog-
amous. In addition, paralleling the syndrome in S.
chmielewskii and S. neorickii (Bretd et al. 1993; Marshall
et al. 2001; Spooner et al. 2005), PNS1 and PNS2 are
genetically very similar. Rick et al. (1976) suggested
that S. neorickii evolved from S. chmielewskii and became
genetically isolated from the parent by virtue of its
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FiG. 2. Principal coordinates analysis (PCoA) plot of 35
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A. First and second coordinates. B. First and third coordi-
nates.

tendency towards inbreeding. A similar scenario
might apply to these new species, with PNS1 being
the autogamous derivative of the allogamous PNS2.
Similarly distinct is the morphologically unmistak-
eable S. canense, which is also the most genetically dif-
ferent species; it occupies a distinct position on the
PCoA diagram (Fig. 2), and in the phenogram (Fig. 1).
Solanum suaveolens is the species morphologically most
similar to S. canense, but was originally placed by Cor-
rell (1962) in a separate series because he considered
the morphological resemblance superficial. At the mo-
lecular level, the AFLP data (Fig. 1), supported by ear-
lier molecular studies (Simpson 1979; Anderson et al.
1987, 1996), argue that the many points of morpholog-
ical similarity are misleading, and are likely derived
from a convergence on self compatibility and autoga-
my (Anderson and Jansen 1998). Thus, genetically, S.
suaveolens occupies a position relatively much closer to
the series Caripensia than to S. canense (Fig. 2). None-
theless, molecularly S. suaveolens is also different from
species of the series Caripensia as shown in the second
and third coordinate of the PCoA (Fig. 3). Although
only one collection of S. suaveolens was included, be-
cause it is molecularly distinct from S. canense and
morphologically and reproductively different from the
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Caripense complex, its treatment in a separate series
(as the sole member) continues to be justified (as in
Correll 1962). The remaining species comprising series
Caripensia form a genetically similar group in which
many members are at least partially interfertile (Heiser
1964; Anderson 1975, 1977, 1979; Anderson and Ber-
nardello 1991; Prohens and Nuez 2001). Within this
group, S. basendopogon forms a molecularly separate en-
tity, a treatment supported by the habit of the plants
as well as a number of morphological features (e.g., the
unique warty fruits; Anderson and Bernardello 1991).
Solanum trachycarpum is also molecularly separated
from the remaining species, as is shown in the phen-
ogram and in the PCoA (particularly on the first co-
ordinate). Presently it is the only species of series Car-
ipensia that is known to be self-compatible (Mione and
Anderson 1992), and that is characterized by growing
in dry areas, a habitat quite distinct from other mem-
bers of Solanum sect. Basarthrum.

Additional support for the transfer by Anderson
and Jansen (1998) of S. tabanoense from Correll’s (1962)
series Appendiculata to the series Caripensia is provided
by the AFLP data. Although S. tabanoense is located in
the AFLP plots with the other species of the Caripense
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complex (S. caripense, S. filiforme, S. fraxinifolium, and S.
heiseri), on the basis of a quite distinct morphology
(e.g., stellate corollas, often simple leaves, and fruits at
least 4X the size of all other wild species) Correll 1962;
Anderson 1977) and biochemical differences (Simpson
1979; Anderson et al. 1987), we believe it is best treated
outside the Caripense complex.

The two species morphologically most similar to S.
caripense and to each other, S. fraxinifolium and S. heis-
eri, are unequivocally distinct in the phenogram (Fig.
1) and in the PCoA analyses (Figs. 3a, 3b), so their
status as different species is supported.

Solanum cochoae and S. filiforme are rare species in-
deed, each essentially represented by single collections
(from Peru) (Correll 1962; Anderson and Bernardello
1991). Nonetheless, they are genetically distinct from
the remainder of species. The reason for their rarity is
not known; perhaps they too, like PNS1 and PNS2, are
established peripheral isolates, or old established hy-
brids. The series Caripensia and the Caripense complex
within it continue to be of interest: new species are
discovered regularly when the group is studied inten-
sively in the field or laboratory, such as S. heiseri (An-
derson 1975), S. cochoae (Anderson and Bernardello
1991), the new taxa (PNS1 and PNS2) alluded to here-
in, or material sent to one of us (Anderson) by Lynn
Bohs and Mike Nee from field work in the Andes.

Artificial hybrids in the greenhouse and experimen-
tal garden can be made between some of the species
pairs within the Caripense complex, and some are at
least partially fertile (Anderson 1975, 1977; Prohens
and Nuez 2001), and on some occasions in the field,
species have been observed growing in contiguous ar-
eas. This suggests that gene flow among various of
these species could occur. Such gene flow would, of
course, help explain the great morphological and mo-
lecular diversity of the most common species, S. cari-
pense, and also why some elements (such as S. caripense
PI243342) fall out associated with other groups (see
phenogram, Fig. 1). Therefore, one might consider
treating the whole Caripense complex as a single spe-
cies as has been done in wild potatoes (van den Berg
et al. 2002). However, each of the species possesses
morphological features sufficient to allow them to be
recognized as distinct entities. In addition, the molec-
ular analyses make it clear that the four known species
included in the Caripense complex (plus the new spe-
cies, PSN1 and PSN2) can be separated from each oth-
er. In addition, no obvious hybrids have been identified
in field settings, though we expect they occur. Fur-
thermore, the topographically complex habitat that
these Andean species occupy facilitates geographic
isolation and poses barriers to pollen flow for these
buzz-pollinated species. Given all these factors, and
additionally that it is easier for plant breeders to iden-
tify potentially useful breeding material when natural
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variation is distinguished by recognition of species
(Prohens et al. 2003; Rodriguez-Burruezo et al. 2003),
we maintain these entities as distinct species.

Species of the Caripense complex are possibly quite
recent in origin, an hypothesis supported by the rela-
tively large number of variant species and by the fact
that intensive field work continues to reveal new var-
iants and species. Intensive studies of morphology and
intercrossability of S. caripense through much of its ex-
tensive range have failed to indicate any clear clines of
variation (Anderson 1975, 1977, 1979). We also specu-
late that, based on its wide morphological and genetic
variation and the patchiness of its rugged mountainous
habitat, that the broadly distributed (Costa Rica
through Peru; Correll 1962) S. caripense might be the
ancestral plexis from which the new entities of this
complex radiated, perhaps non-dichotomously, but as
more-or-less simultaneous peripheral isolates via dis-
persal into remote areas. This parapatric model of spe-
ciation, perhaps involving metapopulations, is one of
the chief ways in which Levin (1993, 2000) envisions
new species being formed.

The data on AFLP diversity present in each species
(with the exception of S. cochoae, S. filiforme, and S. suav-
eolens, for which only one accession each was studied)
indicate that among the wild species there are no large
differences in the diversity within self-compatible ver-
sus self-incompatible species. The greatest diversity is
found in S. caripense, a self-incompatible species, but,
as indicated, it is a species with a very wide distribu-
tion. The lowest diversity is found in S. heiseri, a species
with a very limited distribution.

In conclusion, AFLP data have proved to be a pow-
erful tool for examining the relationships among the
wild species of Solanum sect. Basarthrum. Rare or un-
common species (e.g., S. cochoae, S. filiforme, S. fraxini-
folium, S. heiseri, PNS1, and PNS2) that are difficult to
distinguish morphologically have been supported as
distinct elements of the same complex series. In others,
shared morphological features (e.g., between the self
compatible S. canense and S. suaveolens) are revealed as
products of convergence rather than common origin.

Finally, unfortunately, but perhaps revealingly,
there is no clear hierarchical structure in the Caripense
complex. This was also the result in previous molec-
ular work (Anderson and Jansen 1998). This argues
strongly for relatively rapid evolution in this group
and/or potential hybridization among its members.
The combination of both factors seems likely.
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AFLP AND DNA SEQUENCE VARIATION IN AN ANDEAN
DOMESTICATE, PEPINO (SOLANUM MURICATUM, SOLANACEAE):
IMPLICATIONS FOR EVOLUTION AND DOMESTICATION'

José M. BLaNcA,? JAIME PROHENS,?>* GREGORY J. ANDERSON,> ELENA ZURIAGA,? JOAQUIN CARNIZARES,>

AND FERNANDO NUEZ2

2Instituto para la Conservacién y Mejora de la Agrodiversidad Valenciana, Universidad Politécnica de Valencia,
Camino de Vera 14, 46022 Valencia, Spain; and *Department of Ecology and Evolutionary Biology, University of Connecticut,
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The pepino (Solanum muricatum) is a vegetatively propagated, domesticated native of the Andes, where it grows with wild
relatives. We used AFLPs and a 1-kb sequence of the 3-methylcrotonyl-CoA carboxylase gene to study variation of 27 accessions
of S. muricatum and 35 collections of 10 species of wild relatives (Solanum section Basarthrum). A total of 298 AFLP fragments
and 29 DNA sequence haplotypes were detected. Cluster and principal coordinate analyses and other genetic parameters estimated
from both types of markers, show that S. muricatum is closely related to the species from one of the series (Caripensia) of section
Basarthrum and that >90% of the variation of the cultigen is also represented in that series. Pepino is highly diverse, either
because it is not monophyletic or it has been subjected to regular introgression with wild species, or both. Although a continuous
distribution of the genetic variation occurred within the cultivated species, three genetic clusters were recognized. Cluster 1 is
mostly centered in Ecuador, cluster 2 in Ecuador and Peru, and cluster 3 in Colombia and Ecuador. Cluster 3 also includes all
modern cultivars studied. These results and other evidence suggest that northern Ecuador/southern Colombia is the main center of
pepino diversity and the center of origin. The high genetic variation of this cultigen indicates that domestication does not always

produce a genetic bottleneck.

Key words:
Basarthrum.

The pepino (Solanum muricatum Aiton) is an herbaceous
Andean domesticate grown for its juicy and aromatic fruits.
Although it was a very important crop in the Andean region in
pre-Columbian times (Prohens et al., 1996), its 20th century
prominence has not equaled that of its close relatives the
tomato (Solanum lycopersicum L.) and potato (Solanum
tuberosum L.). However, in the last three decades, there has
been growing interest in the pepino from exotic fruit markets,
and its cultivation has spread from its ancestral home in the
Andes of South America to other countries such as New
Zealand, Spain, and the Netherlands (Nuez and Ruiz, 1996).

The study of the molecular variation of the pepino is of
interest for several reasons. Although the seeds of pepino
plants are fertile and produce vigorous offspring, this crop is
primarily propagated vegetatively by cuttings (Heiser, 1964;
Anderson, 1979; Morley-Bunker, 1983), and as a consequence,
its genetic structure could be different from that of seed-
propagated crops. Also, the pepino is fairly easy to intercross
with several wild species, and the cultigen is grown in the areas
of natural distribution of some of the wild species (Heiser,
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1964; Anderson, 1975, 1977); therefore, natural hybridization
and introgression with the closely related wild species is likely
(e.g., Anderson et al., 1996). Pepino materials grown in
Andean South America correspond to local landraces that have
not been subjected to modern breeding (Nuez and Ruiz, 1996),
but there are also many cultivars that have been developed
elsewhere (e.g., Dawes and Pringle, 1983; Prohens et al.,
2002). Because of this, the pepino is an interesting model for
the study of (a) the intraspecific variation structure and (b)
relationships with wild relatives, in a vegetatively propagated
crop with a wide “natural” distribution where the crop still
grows in close proximity to its closest wild relatives. Studying
intraspecific variation and relationships with wild relatives will
provide information for understanding the evolution and
domestication of the pepino specifically and of the process of
domestication generally.

Previous studies of the molecular variation of pepino have
included analyses of patterns of flavonoids (Anderson et al.,
1987) and cp-DNA restriction fragment length polymorphisms
(RFLPs) (Spooner et al., 1993; Anderson et al., 1996;
Anderson and Jansen, 1998). These first molecular studies
determined that the wild species most closely related to the
pepino were those of the series Caripensia (S. basendopogon
Bitter, S. caripense Humb. and Bonpl. ex Dun., S. cochoae G.
J. Anderson and Bernardello, S. filiforme Ruiz Lépez and
Pavoén, S. fraxinifolium Dunal in DC, S. heiseri G. J. Anderson,
and S. tabanoense Correll) and that intraspecific diversity
existed. However, the molecular variation assessed with these
markers was limited by the amount of the genome covered and
was not appropriate for a detailed study of intraspecific
variation of the cultigen, S. muricatum.

Polymorphisms in the DNA sequence of an individual gene
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can provide information on the evolutionary history of a
species (Kimura, 1983), and they have been used to study
domestication in cultivated plants (Schaal and Olsen, 2000;
Olsen and Purugganan, 2002; Clark et al., 2004). These data,
however, provide information on only a limited portion of the
genome; therefore, multivariate techniques applied to sets of
multilocus markers, such as the amplified fragment length
polymorphisms (AFLP; Vos et al., 1995), may be more useful
in identifying groups of genetically similar individuals. AFLPs
show a high level of polymorphism in Solanaceae (Kardolus et
al., 1998; Nuez et al., 2004; Spooner et al., 2006), and their use
allows a large number of loci to be scored in a single reaction
with much better repeatability among laboratories than other
markers such as random amplified polymorphisms of DNA
(RAPDs) (Jones et al.,, 1997). Furthermore, AFLPs have
proved to be of great interest for the study of domestication
processes in potato (Spooner et al., 2006), a crop closely
related to pepino. Other types of markers that could be useful in
such studies, such as simple sequence repeats (SSRs), are not
available in the pepino. In this work, we use an approach that
combines the variation in AFLPs and in the sequence of a
nuclear gene to study the genetic relationships of the cultivated
pepino to its closely related wild species, as well as the
structure of its genetic variation over its natural range, i.e., that
associated with its presumed region of origin and pre-
Columbian cultivation in Colombia, Ecuador, and Peru
(Heiser, 1964; Anderson, 1975; Anderson et al., 1996; Prohens
et al., 1996). Because two complementary molecular tech-
niques are used, results obtained are more robust than those
based on a single technique. Although our study focuses on
pepino, our data are relevant to a general understanding of
evolution and domestication of crops.

MATERIALS AND METHODS

Plant materials—Materials studied included 22 accessions of Solanum
muricatum that we have classified as the typical cultivated S. muricatum (our S.
muricatum sensu stricto). In addition, there were five accessions that we
consider to be putative introgressant forms, or natural hybrids between S.
muricatum and wild species of the series Caripensia: we have called these S.
muricatum sensu lato (Table 1).

To assess the relationships of the pepino with its wild relatives, we included
35 accessions representing the 12 closely related species from Solanum section
Basarthrum (Table 2). The number of accessions included for each of the wild
species depended on abundance (e.g., one accession for rare species) and
availability of seeds. Among these materials there is an interspecific hybrid (S.
tabanoense X S. caripense) as well as an odd accession of S. caripense (PI-
243342) that, based on morphological characteristics, seems to have been
introgressed with genes from S. muricatum (presumably during its repeated
propagation in a seed bank). These accessions were also part of a separate
AFLP study on the systematics of wild Basarthrum species (Prohens et al.,
2006). Included among the wild species in the latter study were two newly
described species (S. catilliflorum G. J. Anderson, Martine, Prohens and Nuez
and S. perlongistylum G. J. Anderson, Martine, Prohens and Nuez) (Anderson
et al., 2000).

To understand the distribution of genetic variation, we compared genetic
clusters (derived from the AFLP analyses described in the “Results” section,
subsection Structure of variation in the cultigen). This approach has been
successfully applied to studies of other domesticates (Harter et al., 2004; Song
et al., 2006).

Generation of molecular data—TFor each accession, genomic DNA was
extracted from one plant using the DNeasy Plant Mini Kit (Qiagen, Valencia,
California, USA) following the protocol of the manufacturer. The AFLP
analyses (Vos et al., 1995) were carried out as described elsewhere (Nuez et al.,
2004), using three selective combinations of primers (EcoNed: AGACTGCG

AMERICAN JOURNAL OF BOTANY

[Vol. 94

TACCAATTCACC-Mse: GATGAGTCCTGAGTAAcac, EcoFam:
AGACTGCGTACCAATTCCTT-Mse: GATGAGTCCTGAGTAACTT, Eco-
Hex: AGACTGCGTACCAATTCCTC-Mse GATGAGTCCTGAGTAA).
DNA fragments were separated in an ABI Prism 310 genetic analyzer (Applied
Biosystems, Foster City, California, USA).

A preliminary survey carried out by sequencing six nuclear regions (CD15,
CT81, CT165, CT267, CD23, CT137) from the tomato map (Tanksley et al.,
1992) on several accessions of pepino and five other species of the closely
related Solanum section Lycopersicon subsection Lycopersicon (i.e., S.
chilense, S. habrochaites S. lycopersicum, S. peruvianum and S. pimpinelli-
folium) (Spooner et al., 2005) showed that the most variable region was CT137,
which corresponds to a 3-methylcrotonyl-CoA carboxylase gene (MCC)
(McKean et al., 2000). Therefore, this gene was chosen for further analysis in
our materials.

The PCR amplification of the MCC gene was done with primers 006d
(GTCCAAATCTGAGGCAAGTGG) and 006r (GGTAGCAGAGATG
CAAAGGCTC). After amplification, the PCR products were treated with
Exonuclease I and precipitated with NaCl and ethanol. DNA sequencing was
performed using an ABI Prism 3100 genetic analyzer following manufacturer
instructions for the BigDye terminator v3.1 cycle sequencing kit (Applied
Biosystems). Four sequencing reactions were carried out to obtain a high-
quality sequence of each PCR product. Apart from the primers 006d and 006r,
internal primers 006d2 (GCTAAAGTTGTAGAGGCGTATGAC) and 00612
(AAAAGCAGCCACGGAACCACA) were used for amplification.

Because all species analyzed are diploid (Bernardello and Anderson, 1990;
Anderson et al., 2006) and we did not find any evidence of more than two
haplotypes per individual, we assumed that the materials studied have a single
copy of the MCC gene. Consequently, we considered the individuals as
homozygous or heterozygous depending on whether one or two haplotypes,
respectively, were found. Heterozygotes were detected as double peaks in the
chromatogram. In most cases, both haplotypes were inferred through haplotype
subtraction (Clark, 1990). In the cases with deletions in heterozygosis or with
poor chromatogram quality, PCR products were cloned using the pGEM-T
vector System II (Promega, Madison, Wisconsin, USA), and each haplotype
was sequenced separately.

AFLP data analysis—The AFLP fragments were scored as binary traits (1
= present, 0 = absent) using Genographer 1.6 software (Benham et al., 1999).
Because AFLPs are dominant and anonymous markers, phenetic methods are
appropriate (Koopman et al., 2001). Principal coordinate analyses (PCoA)
based on Dice distance matrices were performed using the NTsys 2.02g
software package (Rohlf, 1996). Nei distances (Nei and Li, 1979) were
calculated for 1000 bootstrapped data matrices using Phyltools 1.32 software
(Buntjer, 1997), and a neighbor-joining phenogram was built with the Phylip
3.62 package (Felsenstein, 1989). Based on this analysis, the genetic clusters
were defined. Genetic diversity (/) (Nei, 1973) was estimated with the Popgene
1.32 software (Yeh and Boyle, 1987). The gene differentiation among genetic
clusters (Gg) was calculated with the Genetix Software 4.05.2 (Belkhir et al.,
2004) using the unbiased estimator (Nei and Chesser, 1983). One hundred
permutated data sets were also prepared with the Genetix software.

DNA sequence data analysis—The Staden package v1.4 (Bonfield, 2004)
was used to obtain complete sequences from the partial readings, and ClustalW
v1.82 (Thompson et al., 1994) was used to align them. The cluster analysis was
done using the Kimura 2 parameter as an evolution model and neighbor-joining
as a clustering method using the Phylip package (Felsenstein, 1989). DNAsp
software 4.0.6 (Rozas et al., 2003) was used to calculate the recombination
parameter R (Hudson, 1987); the minimum number of recombination events Rm
(Hudson and Kaplan, 1985); the genetic differentiation between groups, Kg
(Hudson et al., 1992, equation 11); and the neutrality tests (Tajima, 1989; Fu
and Li, 1993). Nucleotide diversity (r [Nei, 1987, equation 10.5] and 6 [per
site] [Nei, 1987, equation 10.3]) and haplotype diversity (Nei, 1987, equation
8.4) are means of the values calculated by DNAsp for two groups. To form
these two groups, a randomly chosen allele from each accession was included
in group 1 and the other allele in group 2.

RESULTS

AFLP and DNA sequence diversity—Scoring of the AFLP
fragments in the range of 60-380 base pairs resulted in 298
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TaBLE 1. Solanum muricatum collections studied.
Taxon Accession Collector Origin*
S. muricatum Aiton s.s.
32b B. Pickersgill Peru (Ayacucho)
35° B. Pickersgill Peru (Ayacucho)
o8P B. Pickersgill Peru (Chimbote)
642° G.J. Anderson Ecuador (Quito)
7340 G.J. Anderson Colombia (San Antonio)
844° G.J. Anderson Ecuador (Patate)
910° G.J. Anderson Peru (Chiclayo)
913b G.J. Anderson Peru (Lima)
1450° L. Bohs Ecuador (Bafios)
1451° L. Bohs Peru (Huancayo)
6318 C.B. Heiser Colombia (Titaitata)
7038 C.B. Heiser Ecuador
37-A¢ F. Nuez Ecuador (Gualaceo)
E-37¢ F. Nuez and J. Prohens Ecuador (Riobamba)
EC-46° F. Nuez and J. Prohens Ecuador (Loja)
El Camino®¢ Commercial cv. New Zealand
JpP-261°4 J. Prohens Unknown (supermarket in Spain)
Kawi®d Commercial cv. New Zealand
Puzol® Commercial cv. Spain (hybrid New Zealand X Chilean material)

Sweet Round®d

Vetas Verdes®
S. muricatum Aiton s.1.

Commercial cv.
Viru® C. Gisbert
F. Nuez and J. Prohens

Spain (from Chilean material)
Peru (Trujillo)
Ecuador (Ibarra)

751° G.J. Anderson Colombia (Popayén)®
868 G.J. Anderson Ecuador (Imbabura)
EC-12¢ F. Nuez and J. Prohens Ecuador (Loja)"
Popayan® F. Nuez Colombia (Popayén)?
SL® Breeding line Chile"

# Indicates the country of origin. When known, the city or village closest to the collection site is given in parentheses for the local Andean materials. For
the other materials, we give all the collection information we have (also in the parentheses).

b Accession from the G.J. Anderson collection. Vouchers in CONN.

¢ Accession from the J. Prohens collection. Seeds deposited in the germplasm bank of the Instituto de Conservacion y Mejora de la Agrodiversidad

Valenciana.
d “Modern” cultivars.
¢ Fertile plant growing near wild pepino relatives.

f Derived from seed from a typical pepino fruit, but resultant plants morphologically reminiscent of hybrids or backcrosses with a wild relative.

¢ Sterile plant, as is common for interspecific pepino hybrids.

" Cultivar of uncertain Chilean origin, with high-sugar, low-yield fruits typical of some interspecific hybrids and wild pepino relatives.

bands, all of which were polymorphic. For S. muricatum, 204
of the 298 bands were present in at least one of the accessions,
and all were polymorphic as well.

One thousand and sixty-six nucleotide sites of the MCC
gene were examined. Of these, 676 correspond to noncoding
regions (three introns and the 3’ untranslated region) and 390 to
coding fragments (three exons) (Fig. 1). Nucleotide substitu-
tions amount to 9.5% in the noncoding sites and 3.5% in the
coding regions. Four insertions/deletions (indels) were present,
two corresponding to single nucleotides, one to 2 bp, and the
other to 55 bp.

A total of 29 haplotypes were considered (Fig. 1). Of these,
S. muricatum presents seven, S. caripense seven, S. base-
ndopogon four, and S. tabanoense two; the remaining species
were characterized by a single haplotype each. The complete
nucleotide sequences were deposited at GenBank (accession
numbers EF200591-EF200696). The heterozygosity for the
MCC locus in S. muricatum is 0.5. The haplotypes muricatum
3a and 3b, which represent 9.6% of the haplotypes found in S.
muricatum, are identical to the S. caripense haplotypes
caripense la and caripense 1b. Solanum heiseri has a haplotype
identical to S. caripense haplotype caripense la and to S.

muricatum haplotype muricatum 3a, and the S. filiforme
haplotype has the pepino haplotype muricatum 1b.

Tajima and Fu and Li’s tests were performed to test for
neutrality on the S. muricatum and S. caripense sequence sets.
Nonsignificant results were obtained with both tests (data not
shown).

Relationships between cultivated and wild relatives—The
AFLP data were subjected to a series of PCoA analyses. In the
first PCoA, all the wild and cultivated accessions were included
(Fig. 2A). In this case, the two main axes account for 27.7% of
the variation. Despite the distance between the main S.
muricatum group and the species of series Caripensia, a
continuous dispersion of accessions is found between them.
The S. muricatum accessions located closer to series Car-
ipensia accessions are: SL, Popayan, 751, EC-12, and 868, and
as indicated in Table 1, these are considered putative hybrids or
introgressed forms (the S. muricatum sensu lato group). The
species furthest from S. muricatum (S. canense, S. basen-
dopogon, S. catilliflorum, and S. perlongistylum) were
removed to more carefully examine the relationships among
S. muricatum and the most closely allied wild relatives, and the
PCoA was rerun. In this new analysis (data not shown), S.
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TaBLE 2.  Wild Solanum section Basarthrum collections studied.
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Taxon Accession Collector Origin®
S. basendopogon Bitter
3gP J.G. Hawkes Peru (Dep. La Libertad)
43 X 44b J.G. Hawkes Peru (Dep. La Libertad)
BIRM/S 0032¢  J.G. Hawkes Peru (Dep. La Libertad)
S. canense Rybd.
46° D’Arcy Panama (Canita)
498b G.J. Anderson Costa Rica (Monte Verde, Prov. Alajuela)
509 G.J. Anderson Costa Rica (near Tilaran, Prov. Guanacoste)
S. caripense Humb. and Bonpl. ex Dun.
220 X 239 G.J. Anderson 220: Ecuador (near Tixan, Prov. Chimborazo)

BIRM/S 1034¢
BIRM/S 1251¢
E-7¢
EC-36°
EC-40°
PI-243342¢
S. catilliflorum G. J. Anderson, Martine, Prohens and Nuez
P-71¢
P-74¢
P-80¢
P-82¢
S. cochoae G. J. Anderson and Bernardello
9340
S. filiforme Ruiz Lopez and Pavén
1452°
S. fraxinifolium Dunal in DC
5000
BIRM/S 1809¢
S. heiseri G. J. Anderson
6800°
BIRM/S 1979¢
S. perlongistylum G. J. Anderson, Martine, Prohens and Nuez
P-51¢
P-61¢
P-62°¢
BIRM/S 1122¢
S. suaveolens Kunth and Bouché
BIRM/S 1573¢
S. tabanoense Correll
EC-22¢
EC-26°¢
E-257¢
S. tabanoense X S. caripense hybrid
769 X 239°

S. trachycarpum Bitter and Sodiro
7087°
169°
E-34¢

239: Ecuador (near Urdaneta, Prov. Loja)
Ecuador

Ecuador (Prov. Loja)

Ecuador (Prov. Pichincha)

Ecuador (Prov. Loja)

Ecuador (Prov. Loja)

Costa Rica

G.J. Anderson

A. Child

F. Nuez and J. Prohens
F. Nuez and J. Prohens
F. Nuez and J. Prohens
Unknown

F. Nuez and J. Prohens
F. Nuez and J. Prohens
F. Nuez and J. Prohens

Peru (Prov.
Peru (Prov.
Peru (Prov.

Abancay, Dep. Apurimac)
Abancay, Dep. Apurimac)
Abancay, Dep. Apurimac)

F. Nuez and J. Prohens  Peru (Prov. Abancay, Dep. Apurimac)
C. Ochoa Peru (Prov. Amazonas; Dep. Loreto)
C. Ochoa Peru (Prov. Tarma, Dep. Junin)

G.J. Anderson
B. Pickersgill

Costa Rica (near Monte Verde, Prov. Puntarenas)
Peru (Selva de San Francisco, Dep. Ayacucho)

C.B. Heiser
C.B. Heiser

Colombia (Cerro de Monserrate, Dep. Bogotd)
Colombia

F. Nuez and J. Prohens
F. Nuez and J. Prohens

Peru (Prov. Huanta, Dep. Ayacucho)
Peru (Prov. La Mar, Dep. Ayacucho)

F. Nuez and J. Prohens  Peru (Prov. La Mar, Dep. Ayacucho)
Unknown Peru (Dep. Cusco)
Unknown Colombia (Caguan, Dep. Huila)

F. Nuez and J. Prohens
F. Nuez and J. Prohens
F. Nuez and J. Prohens

Ecuador (Prov. Loja)
Ecuador (Prov. Loja)
Ecuador (Prov. Loja)
G.J. Anderson 769: Colombia (near El Encanto, Dep. Amazonas)
239: Ecuador (near Urdaneta, Prov. Loja)

C.B. Heiser
G.J. Anderson
F. Nuez and J. Prohens

Ecuador
Ecuador (Mitad del Mundo, Prov. Pichincha)
Ecuador (Prov. Cotopaxi)

2 Indicates the country of origin. When known, the place of collection, province, or department is given within parentheses.

b Accession from the G.J. Anderson collection. Vouchers in CONN.

¢ Accession from the J. Prohens collection. Seeds deposited in the germplasm bank of the Instituto de Conservacién y Mejora de la Agrodiversidad

Valenciana.

trachycarpum lies far away in the second axis from the group
formed by S. muricatum and the remaining species of the series
Caripensia, so the PCoA analysis was run again without S.
trachycarpum. This new analysis (Fig. 2B) shows that the
group formed by S. muricatum sensu stricto plus S. filiforme
and S. cochoae are separated in the first axis from the wild
species. The S. muricatum sensu lato accessions and the odd S.
caripense P1-243342 are located in the middle of these two
groups.

A phenogram was constructed with the AFLP data (Fig. 3A).
All the S. muricatum accessions are grouped under a node

supported by an 89% bootstrap value. This group also includes
S. cochoae, S. filiforme, and S. caripense PI-243342. All S.
muricatum sensu lato accessions (except ‘Popayan’ and SL) are
grouped together in one part of the diagram in a basal position
in relation to the bulk of the wild species. The lack of boostrap
support in the structure of the lower nodes makes it difficult to
interpret which of the rest of the wild species is most closely
associated with the pepino.

Structure of variation in the cultigen—The AFLP data
were subjected to a third PCoA that focused only on the S.
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Fig. 2. Principal coordinate analysis (PCoA) plot of (A) Solanum
muricatum and all studied wild species of Solanum section Basarthrum,
(B) S. muricatum with species only from the S. caripense complex, and
(C) accessions of S. muricatum s.s. In (C), each accession is represented by
its haplotype composition. Axis labels indicate the percentage explained
by the first (dim1) and second (dim2) dimensions of the PCoA.

muricatum sensu stricto accessions (Fig. 2C). Even though a
continuous distribution is evident, the S. muricatum sensu
stricto accessions can be assembled into three genetic clusters
that appear after the construction of a neighbor-joining tree
built with the AFLP data from the S. muricatum sensu stricto
accessions (data not shown). Two clusters (labeled 1 and 2) are
clearly differentiated (Fig. 2C) and were supported by
bootstrap values of 40 and 55, respectively, in the AFLP-
based phenogram (following a similar approach to that of
Harter et al., 2006). Cluster 3 seems to be intermediate between
clusters 1 and 2.
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Genetic cluster 1 is centered in Ecuador, with an outlier in
southern Peru (Fig. 4). Genetic cluster 2 is located in Peru and
Ecuador. Both of these clusters include only traditional
landraces from the Andean region. Cluster 3 is a mixture of
traditional varieties from Peru and Ecuador as well as modern
cultivars developed all around the world.

The genetic diversity within the genetic clusters of S.
muricatum is relatively high and quite variable (Table 3). The
genetic cluster 2 is the least diverse based on AFLP estimates
and nucleotide diversity. Genetic cluster 3, which, apart from
local landraces, contains the modern cultivars, had the greatest
diversity. Solanum muricatum is as variable as the very
widespread wild species S. caripense; perhaps not surprisingly,
genetic cluster 3 by itself is almost as diverse as S. caripense.

The haplotype diversity data also confirm that S. muricatum
is a highly diverse species (Table 3). The S. muricatum
haplotypes are widely dispersed in the neighbor-joining tree
constructed using the MCC gene data (Fig. 3B). For instance,
two of the haplotypes of S. muricatum are grouped with those
of S. heiseri, S. fraxinifolium, and the S. caripense haplotypes
(all except caripense 2). Three others (muricatum la, 1b, Ic)
are linked to S. filiforme and, with an 86% bootstrap value, to
the former group. Haplotype muricatum 4 is quite different
from the other S. muricatum haplotypes and is nearly identical
to the shared haplotype found in S. catilliflorum and S.
perlongistylum.

The positions of three of the S. muricatum haplotypes mula,
mulb, and mulc in the tree (Fig. 3B) could indicate that other
unstudied materials were the source of some of the variation in
the pepino. However, careful study of the data itself, i.e., the
sequences given in Fig. 1, shows that these haplotypes could
result from recombination within the gene studied. For
example, haplotypes muricatum 1b and 2 accumulate their 11
nucleotide differences in a fragment of just 316 bp while the
rest of the sequence is identical. And haplotype muricatum 1b
could result from a recombination between two S. caripense
haplotypes (caripense 2 and caripense 1b) plus four additional
mutations. The statistics testing genetic differentiation among
species also support the contention that the cultivated pepino
and the wild relatives share much of the molecular diversity
described. In support of that hypothesis, note that only 9% of
the markers in S. muricatum sensu stricto are unique (i.e., not
found in the wild species of series Caripensia). Adding further
support to this argument is that two thirds of the markers in the
wild species are found within S. muricatum sensu stricto.

DISCUSSION

The origin of most domesticates turns out to be more
complicated than supposed at first analysis and may involve
different scenarios, such as polyphyletic origins and the
existence of complex interrelationships among the wild
relatives and the domesticate (Olsen and Schaal, 1999; Nesbitt
and Tanksley, 2002; Clark et al., 2004; Sukhotu et al., 2004).
The evolutionary history of the pepino is no exception. Four
decades of previous study have yielded many hypotheses on
the origin of this Andean cultigen (e.g., Correll, 1962; Heiser,
1964, 1969; Briicher, 1966). The earliest hypotheses suggested
different single species as possible progenitors (e.g., Heiser,
1964; Briicher, 1966). On the basis of a wide range of analyses
utilizing all the tools in systematic botany/evolutionary
research, indicate that, other species have probably been
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involved in the diversification of the pepino through post-
origin hybridization, even if the pepino originated from a single
species (e.g., Anderson and Jansen, 1998; Prohens et al., 2003).
The molecular tools available over the last 15 years have made
our hypotheses about the origin of domesticates, the species,
locations, and especially the underlying processes (e.g.,
interspecific hybridization) much more precise. The genetic
data we present here, based on two complementary types of
molecular data, strengthen our understanding of the origins of
this complicated cultigen, and we hope they also demonstrate
that the origin and evolution of domesticates—a process
involving human manipulation—is not the simple one-
directional process often envisioned.

Relationships between the cultigen and the wild rela-
tives—The AFLP data indicate that S. muricatum is genetically
close to S. filiforme, S. cochoae, and S. caripense P1-243342,
relationships that could lead to the interpretation that these
accessions are the wild ancestors of pepino. However, we
prefer to be cautious and to take into account other information
from other studies that indicate that these accessions represent
special cases. Solanum caripense accession PI-243342 is quite
different from the rest of the S. caripense accessions and
became part of our study via stock from a seed bank. Because
of its reputed origin from an area near the northern edge of the
range of S. caripense (Costa Rica) and considerably outside of

the ancient range for S. muricatum and because it resembles
materials derived from artificial hybrids between S. caripense
and S. muricatum, we suggest that this unusual accession may
be derived from hybridization between the original Costa Rican
S. caripense accession and some material of S. muricatum,
presumably during its repeated multiplication ex situ in
germplasm collections. Solanum filiforme and S. cochoae are
rare species, and only one accession of each is available. The
haplotype found in S. filiforme is very similar to those of S.
muricatum, while that from S. cochoae is identical to one of the
S. caripense haplotypes. Thus, these species could be true wild
species closely related to the origin of S. muricatum or, more
likely, stabilized hybrids (and a fertile, sexually reproducing
entity in the case of S. cochoae; Anderson and Bernardello,
1991) between S. muricatum and a wild species, probably the
widespread and highly polymorphic S. caripense.

Apart from the three exceptions mentioned, S. muricatum is
not linked with a single wild species either in the AFLP or in
the haplotype trees. Furthermore, in the haplotype tree, S.
muricatum sequences are dispersed through the tree. This
suggests that several wild species have contributed to the origin
and evolution of S. muricatum. A similar lack of association of
the domesticate with a single wild species and the dispersion of
the cultigen across parts of the tree were described previously
with cpDNA data in S. muricatum (Anderson et al., 1996).
Analogous scenarios have been described for other cultivated
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Colombia

Fig. 4. Geographic locations of the Andean Solanum muricatum
accessions. Different symbols represent accessions from different S.
muricatum genetic clusters (from Fig. 2C): open circles for genetic cluster
1, solid circles for cluster 2, gray circles for cluster 3.

species (e.g., Olsen and Schaal, 1999; Clark et al., 2004). It
seems clear from the haplotype data that several wild species
have either contributed to the S. muricatum genome or have
become associated with it through hybridization. For instance,
haplotypes muricatum 3a and 3b are identical to caripense
haplotypes la and 1b from S. caripense, and haplotype
muricatum 4 is only two nucleotides different from the S.
catilliflorum and S. perlongistylum haplotypes. This hypothesis
of hybridization is strengthened by the fact that the haplotypes
are not only found in the putative pepino X wild species
hybrids (S. muricatum sensu lato) but also in some of the S.
muricatum sensu stricto accessions. However, some of the S.

AMERICAN JOURNAL OF BOTANY

[Vol. 94

TaBLe 3. Estimates of diversity based on AFLP (h; Nei, 1973) and
sequence-based indexes (0 [per site] [Nei, 1987, equation 10.3],
nucleotide diversity 7 [Nei, 1987, equation 10.5], and haplotype
diversity Hq [Nei, 1987, equation 8.4]) for Solanum muricatum and
the wild species with a larger number of accessions.

AFLP Sequence
Groups Accessions h Sequences Haplotypes 0 n Hq

S. muricatum

(all accessions) 27 0.19 52 7 0.0058 0.0068 0.71
S. muricatum s.s. 22 0.15 44 6 0.0057 0.0061 0.69

Cluster 1 8 0.15 16 4 0.0040 0.0036 0.64

Cluster 2 6 0.09 12 2 0.0052 0.0063 0.53

Cluster 3 8 0.18 16 5 0.0067 0.0072 0.75
S. caripense 9 0.13 12 6 0.0042 0.0037 0.86
S. catilliflorum +

S. perlongistylum 8 0.11 10 2 0.0004 0.0004 0.40

muricatum haplotypes (i.e., muricatum la, 1b and 2) are found
only in the cultigen (as well as in S. filiforme, whose haplotype
is identical to muricatum 1b).

The haplotypes muricatum 3a, 3b, and 4 found in some
accessions of S. muricatum are likely the result of post-origin
hybridization, perhaps as a result of “hybrid capture”
(Rieseberg and Soltis, 1991; Mason-Gamer et al., 1995; Papa
and Gepts, 2003). The genetic flow between S. muricatum and
related wild species is to be expected, given that this cultigen is
grown in the natural area of distribution of its wild relatives
(Heiser, 1964; Anderson, 1975, 1977). In fact, several putative
natural hybrids have been identified (via morphology and/or
molecular variation) in this study. Furthermore, hand-pollinat-
ed hybrids between the pepino and various wild species are
relatively easy to make in greenhouse and garden cultures
(Anderson and Jansen, 1998; Prohens and Nuez, 2001). Part of
the haplotype richness in the pepino could be the consequence
of hybridizations at several places and at several times, and the
lack of genetic or geographic barriers today, and presumably in
the past, between the cultivated and the wild species could
explain the high diversity in S. muricatum (Anderson et al.,
1996; Prohens et al., 2003). This is not the case in other
cultivated relatives like tomato (Nesbitt and Tanksley, 2002),
which was domesticated far from the natural area of
distribution of most of its wild relatives and has a limited
diversity.

We believe that it is very likely that recombinations are
present and that their existence will confuse the relationships
shown by the haplotype tree. We consider the existence of the
few nodes with bootstrap values greater than 70% to be one
indication of recombination. When only nodes with more than
70% support are considered, a tree with very low resolution
and with no significant relationships results. For instance, the
haplotype distinguishing S. canense, the most distant species
based on morphological, ecological (Anderson et al., 1996),
and genetic data (Prohens et al., 2006), does not place this
species at a significant distance from the others. Alternative
trees were constructed using maximum likelihood, Bayesian,
and parsimony aproaches with similar results (data not shown).
The likely reason for the failure of these methods is that all
assume no recombination. Network approaches also provided
no resolution. A similar lack of concordance between the
haplotype tree and the species tree has been described for
Manihot spp. (Olsen and Schaal, 1999). This situation could be
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explained by a recent origin of these wild species. A similar
complex situation has been found in the wild relatives of other
domesticated species in the Solanaceae (Sukhotu et al., 2004).
Given all of this, we can conclude that it is the species in series
Caripensia that are the closest wild relatives (given the S.
muricatum haplotypes muricatum la, 1b, 1c, 3a, and 3b and
typical haplotypes of the series Caripensia all grouped
together, supported by an 86% boostrap value). However, it
is not possible to infer exactly which wild species may have
contributed the unique pepino haplotypes (muricatum la, 1b,
1c, and 2).

The complex origin of S. muricatum could help explain why
the AFLP-based tree does not show clear-cut relationships
among the cultivated and the wild species (except for S.
filiforme, S. cochoae, and the odd S. caripense PI-243342).
Previous proposals suggested S. fabanoense and S. caripense
as possible progenitors of S. muricatum (Anderson et al.,
1996). Although the participation of S. caripense is supported
by the haplotype data herein, the involvement of S. tabanoense
is not as clear from these data. Chloroplast RFLP DNA data,
however, strongly implicate S. tabanoense in the origin of the
pepino as well (Anderson et al., 1996). Furthermore, hybrids
between the cultigen and S. tabanoense are easy to make
(Heiser, 1964, 1969; Anderson, 1979), and there is by far the
greatest morphological similarity between the fruits of S.
tabanoense and some cultivars of pepino (Heiser, 1964, 1969).
In addition, the simple leaves of typical S. tabanoense mirror
those of some pepino cultivars. Thus, we would not dismiss the
role of this species in the origin and evolution of the pepino.

Variation structure within the cultigen—Solanum murica-
tum varies considerably in both the AFLP and sequence data.
Only the materials studied corresponding to the widespread
wild species S. caripense have a diversity comparable to that of
the cultivated species. A similar result for these species was
reported in the cpDNA RFLPs study (Anderson et al., 1996),
although the variation in S. muricatum was not as high as that
described here, probably because of the nature of the markers
used. Together, these results suggest that there have been no
bottlenecks associated with the domestication of the pepino.
The pepino also showed overall high heterozygosity, likely due
to its high diversity per se, as well as to its reproductive
behavior in cultivation, which is based primarily on vegetative
propagation, a mode that favors heterotic hybrids (Rodriguez-
Burruezo et al., 2003). The variation in this domesticate, the
pepino, is notable in comparison to the much more important
congeneric domesticate (Spooner et al., 1993), the tomato. That
is, the tomato shows much less genetic diversity compared with
its closest wild relative S. pimpinellifolium L. (Bret6 et al.,
1993; Rus-Kortekaas et al., 1994) than does the pepino with its
closest relative. Perhaps this again indicates that the tomato
was domesticated in Mexico, far from most of its related wild
species in South America.

The AFLP and sequence data indicate that there is some
intraspecific differentiation in the pepino, although there are no
strongly isolated groups. The clusters 1 and 3, which are
centered in the northern Andean area, are more diverse than
cluster 2, which is centered in Peru. The genetic diversity of the
pepino in the northern areas is considerably increased when the
S. muricatum sensu lato accessions are added. However,
adding these accessions may not make much sense, because
they clearly involve selection. from many unknown stocks
around the world and include material judged to be hybrids or
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backcross products. Pepino diversity, however, may also be
substantial in these northerly areas. That is, there may be more
hybridization with wild species in the north, because in the
north pepinos have been and are regularly being cultivated in
kitchen gardens or small fields adjacent to populations of the
wild species (J. Prohens, personal observation). Alternatively
or additionally, field work conducted some decades ago by
Charles Heiser and Richard Schultes suggested that southern
Colombia/northern Ecuador was a locus of possible origin of
the pepino (Schultes and Romero-Castafieda, 1962; Heiser,
1964). That hypothesis was based on morphological diversity
of pepinos and the fact that some of the fruits in that region
bore seeds. The former would be reasonably strong evidence,
but the latter is neither restricted to the Colombia/Ecuador
region nor indicative of “primitiveness” because many pepino
fruits, throughout the natural Andean range of this cultigen,
bear seeds (Anderson, 1979). It has been proposed that the
geographic area with the greatest diversity is likely to be the
center of the species domestication (Vavilov, 1951; Harlan,
1992). In that case, northern Ecuador and southern Colombia
could be the center of pepino domestication, with Peru
constituting a secondary center and a more recent area of crop
expansion.

We suggest that geographic differentiation of genetic
diversity of cultivated pepinos could have been considerably
weakened by the much greater human interchange among
communities and countries in the past 50 years or so. The
authors’ experience, supplemented by personal communica-
tions from C. Heiser (a specialist in Andean-cultivated
Solanaceae at the University of Indiana), indicates that there
has been a dramatic change in markets, kitchen gardens, and
local cultivation in the last half of the 20th century (Heiser,
1969, 1985; Nuez et al., 1999). First, travel for local people in
the Andes is now much easier. An indication of the greater
interchange, and of the curiosity of gardeners, is that many
crops from outside the region appear more prominently in
markets (markets that, as a consequence, have lost much of
their local or regional “flavor”). In addition, household kitchen
gardens are less common today, and when they exist, the crops
in them are often not local. And, finally, there are now even
commercial field-scale production systems for crops such as
the pepino that previously came to market primarily from
small, local kitchen gardens. Such mass production systems not
only introduce new commercially developed varieties into
areas, but also may swamp out the local forms in markets. In
addition, of course, botanists and horticulturalists collected
pepinos and other crops and developed new cultivars, leading
to confusing patterns of local landraces and eventually to the
homogenization of local agriculture. Thus, it would actually be
more surprising if the geographic patterns of variation of
cultivated species such as the pepino were not heterogeneous
and ambiguous. One would thus expect a relatively weak signal
in the genetic structure of geographic groups, as we have found
in this study.

The high diversity in the breeding materials from outside the
Andean region (included in genetic cluster 3) is notable; this
species seems to have avoided the typical bottleneck associated
with the spread of the cultigen from its region of origin to the
rest of the world. One possible explanation for this unusually
high diversity could be related to the heterosis previously
described in this cultivated species. Rodriguez-Burruezo et al.
(2003) demonstrated that the greater the genetic distance
among parents in the cultivated pepino, the greater the hybrid
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vigor of the offspring—the result expected. Thus, modern plant
breeders would have been drawn to the greater vigor and
diversity displayed by intercultivar hybrids. Of course,
botanists and plant breeders (including the present authors)
are also drawn to “new’” diversity, novelties, and forms, and
thus, new hybrid combinations also attract attention. This
hypothesis is further supported by the known intercultivar
hybrid ancestry of some of the accessions included (El Camino,
Kawi, Sweet Round, and Puzol; Prohens et al., 2002).

Conclusions—The AFLP and haplotype data link S.
muricatum to a group of wild species of the series Caripensia,
although it is not possible to ascertain whether there is a single
species genetically closest to the pepino. In this respect, there is
genetic material from several wild species in the cultigen.
However, not all haplotypes present in S. muricatum have been
found in the wild accessions studied, indicating that other wild
materials have contributed to the origin and evolution of S.
muricatum. The highly diverse pepino retains a considerable
proportion of the diversity present in its wild relatives. During
domestication and subsequent selection, the pepino seems not
to have passed through the same stringent bottleneck as some
other related domesticates (e.g., the tomato). That it is likely a
polyphyletic species and that it is intercompatible with several
sympatric wild species from series Caripensia may account for
this high genetic diversity. Several accessions of S. muricatum
sensu lato that are intermediate between S. muricatum sensu
stricto and the wild relatives make a strong argument for the
(regular) occurrence of gene flow. These results indicate that
domestication does not always result in a reduced diversity in
the cultigen.
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IV. DISCUSION GENERAL






Los resultados obtenidos en esta tesis nos han permitido aportar nueva informacion sobre la
taxonomia y la filogenia de las especies pertenecientes a las secciones Lycopersicon y
Basarthrum del género Solanum. En ambas secciones hemos revisado las clasificaciones
propuestas en estudios anteriores aportando nuevos datos moleculares que en algunos casos

confirman dichas clasificacionesy en otros estan en desacuerdo con €llas.

Hemos estudiado en detalle la variabilidad de una especie de cada seccion. En e primer caso,
nos centramos en S. pimpinellifolium a tratarse de la especie silvestre més cercana a la especie
cultivada. En el segundo caso, estudiamos la variacion en la especie cultivada porque en los
estudios anteriores se habia utilizado un bajo nimero de entradas y no se habia hecho un uso

extensivo de |os marcadores mol ecul ares mas resol utivos.

Una vez estudiada la taxonomia de estas especies, hemos pasado a analizar |as relaciones entre
las mismas. En todos los casos los distintos abordajes moleculares empleados, marcadores
microsatélite, AFLPs y secuencias de genes nucleares, han demostrado su utilidad para estos

estudios.

|. Clasificaciones taxonémicas

Ta y como se ha comentado en la introduccion y como se ha comprobado en los trabajos
realizados, el establecimiento de los limites que definen y separan una especie de otra no es una
tarea facil. Estos limites no siempre estédn claros y la posibilidad de cruzamiento entre los

individuos dibuja un escenario continuo en € que establecer lalinea divisoriano es sencillo.

La taxonomia de las dos secciones estudiadas, asi como las relaciones filogenéticas entre sus
especies, ha sido objeto de debate durante largo tiempo por parte de numerosos investigadores. A
pesar de todos los esfuerzos realizados hasta el momento no se ha acanzado un consenso
definitivo. Los principales motivos de estas discrepancias pueden deberse a la divergencia
reciente de las especies, que permanecen estrechamente relacionadas e incluso mantienen la
capacidad de cruzamiento y de produccion de hibridos fértiles en algunos casos, y ala escasez de

estudios en los que se incluya una amplia representacion de la variabilidad natural existente.



En ambas secciones, |os resultados obtenidos muestran la existencia de una gran diversidad de
situaciones. En la mayoria de los casos se confirma la entidad de especies reconocidas por €

resto de los autores, pero en algunos otros casos esos limites no estén tan claros.

En el caso de la seccidn Lycopersicon, recientemente se ha propuesto la consideracion de nuevas
especies, como es e caso de S galapagense (Darwin et a. 2003) o la segregacion de S
peruvianum en cuatro: S. arcanum, S. huaylasense, S. corneliomulleri y S peruvianum s.str.
(Peralta et al. 2008). Sin embargo, seglin nuestros resultados no todas las especies propuestas
parecen formar grupos genéticos diferenciados y por lo tanto creemos que deberian ser

reconsideradas.

Solanum huaylasense, que parece ser el resultado de una diferenciacion por aislamiento
geogréfico, puesto que se encuentra en una region muy concreta (en el Callején de Huaylas, en €
curso del rio Santa, en el departamento peruano de Ancash (Rick 1986; Peralta et al. 2008)), si
parece formar una entidad genética distinta al resto. Asimismo, S. arcanum aparece diferenciada
del resto de entradas de S. peruvianum, aungue mostrando una estructura mas compleja que S.

huaylasense.

Por el contrario, nuestros datos no apoyan la definicion de S. corneliomulleri como una especie
distinta. Las entradas empleadas como referencias aparecen completamente mezcladas con el
resto de S. peruvianum s. gtr., especie con la que comparte el habitat, en €l centro y sur de Peru.
De hecho, Rick y Lamm (1955) y Rick (1963) vieron que Lycopersicon glandulosum (clasificada
actualmente como S corneliomulleri por el TGRC) podia cruzar con S peruvianumyy, por tanto,
sugirieron que no se consideraran especies distintas. En cuanto a la diferenciacion morfol6gica
entre ambas especies, segun las claves propuestas por Peralta et a. (2008) para distinguirlas, S.
corneliomulleri es mas pubescente y presenta el margen de la hoja més dentado o dividido que S
peruvianum. Sin embargo, a nivel practico, estas diferencias pueden ser muy sutiles y la

variabilidad presente en estas especies hace que la distincion entre ambas sea dificil .

A diferencia del caso anterior, en la seccion Basarthrum encontramos un giemplo en e que su
posible utilidad préctica justifica el mantenimiento de la separacion entre especies. El complgjo

Caripense est4 formado por 4 especies: S. caripense, S. filiforme, S fraxinifoliumy S. heiseri.



Entre varias de ellas es posible conseguir hibridos, en algunos casos fértiles (Anderson 1975,
1977; Prohens y Nuez 2001) y ademés estas especies coexisten en ciertas areas. La existencia de
flujo genético podria explicar la gran variabilidad existente en S. caripense y la existencia de
algunas entradas intermedias entre algunas especies que no pueden asignarse claramente a
ninguna de €ellas. Por ello, se podria plantear la reduccion de todas las especies del complejo
Caripense a una sola, tal y como serealiz6 en el caso de |la patata (van der Berg et al. 2002). Sin
embargo, morfolégica 'y genéticamente pueden distinguirse las 4 especies del compleo; ademas
mantenerlas como especies independientes puede ser de utilidad para la identificacion de
material que pueda ser empleado en programas de mejora. Por ello, en este caso sugerimos €
mantenimiento de las mismas como especies digtintas, a diferencia de lo que ocurre con S

peruvianumy S. corneliomulleri en la seccion Lycopersicon.

Otra de las especies propuestas recientemente en la seccién Lycopersicon es S. galapagense. En
este caso podria tratarse de un endemismo local muy restringido. Aparece en todos los casos
estrechamente relacionada con S. cheesmaniae. Su diferenciacion morfolégica no es muy fuerte,
distinguiéndose basicamente en algunos caracteres de la morfologia de la hoja, que ademés se
encuentran en bgja frecuencia en S. cheesmaniae. Rick (1971) ya sugirié que se trataba de dos
formas de la misma especie y no de dos especies distintas, tal y como han sugerido

recientemente los autores Darwin et al. (2003).

Hemos mencionado la dificultad existente para establecer los limites entre las especies cuando
aparecen individuos con caracteristicas intermedias. Ta es el caso que encontramos en €l norte
de Ecuador, donde el grupo de entradas de S. pimpinellifolium de la region de Esmeradas
podrian estar relacionadas tanto con S lycopersicum como con S. pimpinellifolium. Ambas
especies estan estrechamente relacionadas, los limites en sus caracteristicas morfolégicas no
estan claros, apareciendo formas intermedias que dificultan su clasificacion (Rick y Fobes 1975;
Rick et al. 1978). Este grupo de entradas aparece tan cercano a resto de S. pimpinellifolium como
a S lycopersicum, por lo que podria tratarse del resultado de una hibridacion natural que se ha
estabilizado.



Nuevas especies silvestres de la seccion Basarthrum

En esta seccion regularmente se describen nuevas especies, tales como € caso de S heiseri
(Anderson 1975) o S. cochoae (Anderson y Bernardello 1991). Entre los material es analizados en
estatesis, se incluyeron dos colectas recientes, procedentes del centro de Per(, denominadas PNS
(“Putative New Species’). La primera, PNS1, colectada en la provincia de Abancay, es
autocompatible y probablemente autdégama, puesto que la exercidén estigmatica no es muy
acusada. En cuanto a PNS2, colectada en la provincia de Ayacucho, es autoincompatible y
presenta un estilo fuertemente exerto. Los resultados moleculares obtenidos muestran la clara
distincion entre ambas especies y € resto, apareciendo muy proximas entre si. Esta situacion
recuerda al caso de las especies de la seccion Lycopersicon, S. neorickii y S. chmielewskii. PNSI,
con una apariencia mas menuda, muestra partes mas pequefias, incluyendo flores menos vistosas,
y una exercion estigmatica escasa o nula, tal y como se observa en S. neorickii. En el caso de
PNS2, las partes de la planta son mas grandes y la exercién estigmética es fuerte, tal y como
ocurre en S. chmielewskii. Rick et al. (1976) sugirieron la posibilidad de que S. neorickii hubiera
evolucionado a partir de S. chmielewskii y que se hubieran mantenido separadas por la autogamia
de la primera. En € caso de estas dos nuevas especies podria tratarse del mismo caso, siendo
PNSL1 la derivada autégama de la algama PNS2. Tras estos resultados que indicaban su entidad
como especies distintas, ambas fueron caracterizadas morfolégicamente y descritas por
Anderson et a. (2006). La especie PNS1 se denomind S catilliflorum G.J. Anderson, Martine,
Prohens & Nuez, mientras que la especie PNS2 se denomind S. perlongistylum G.J. Anderson,

Martine, Prohens & Nuez.

Un caso similar lo constituyen las especies S. cochoae y S filiforme, que Unicamente han sido
colectadas en una ocasion en PerU. Se trata de especies muy infrecuentes y molecularmente son
distintas del resto. Podria ser un caso parecido a de PNS1y PNS2, en e que se trate de aislados

periféricos o hibridos antiguos que se han mantenido.



ll. Relaciones filogenéticas

Al igual que ocurre con la taxonomia de las especies, las relaciones filogenéticas entre éstas
también han sido objeto de discusién y controversia en los Ultimos afios y no se ha alcanzado un
consenso definitivo. En este sentido, al estudiar las relaciones filogenéticas en la seccion
Lycopersicon observamos algunas diferencias con respecto a la clasificacién en cuatro grupos
sugerida por Peraltaet a. (2008).

En primer lugar, en el caso del grupo Arcanum (formado por S. arcanum, S. chmielewskii y S.
neorickii), nuestros resultados sugieren la inclusién de S. huaylasense en este grupo y no en
Eriopersicon, puesto que en todos los andlisis aparece més estrechamente relacionado con S

arcanum gue con €l resto de especies.

En base a nuestras observaciones, e grupo Eriopersicon estaria compuesto Unicamente por las
especies S peruvianumy S chilense, incluyéndose dentro de la primera la recientemente descrita
S corneliomulleri. Al contrario de lo que sugiere Perata et a. (2008), S. habrochaites no aparece
agrupada con estas especies, sino ocupando una posicién basal compartida con S. pennelli. Esta
posicion de ambas podria sefialarlas como las especies de esta seccion que se separaron en
primer lugar, a ser las mas cercanas a S. lycopersicoides, especie de una seccion distinta y

empleada en € andlisis como control fuera de grupo.

Cabe destacar que en los arboles filogenéticos se observa una tendencia en la distribucion de las
especies a lo largo de dos ges segun su reproduccion, desde autoincompatibles a
autocompatibles, y su distribucion geogréfica, de sur a norte. Solanum peruvianumy S. chilense
(autoincompatibles y del sur) aparecen en e extremo opuesto a las especies del grupo
Lycopersicon (autocompatibles y del norte). Situadas geografica y filogenéticamente en una
posicion intermedia aparece e grupo Arcanum, formado por una mezcla de especies
autocompatibles y autoincompatibles. Esto concuerda con los resultados de cruzabilidad de Rick
(1986), @ cual sugirio que las poblaciones de S. peruvianum del norte de la distribucion, que se
corresponden con la actual S. arcanum, podrian ser e origen del grupo Lycopersicon, hipotesis

gue se ve refrendada por nuestros resultados.



Respecto a la seccion Basarthrum, S. canense aparece algjada del resto de especies, lo que
concuerda con su diferenciacion morfoldgica 'y su clasificacion en una serie distinta. Solanum
suaveolens, la especie més parecida morfol 6gicamente a S. canense, fue clasificada en una serie
distinta por Correll (1962), al considerar ese parecido como superficial. De acuerdo con este
autor, S. suaveolens aparece mas cerca genéticamente de la serie Caripensia que de S. canense,
pero a su vez es algo distinta de las especies pertenecientes a esa serie. Por |0 tanto, parece estar
justificado e mantenimiento de su clasificacion en la serie Suaveolentia, tal y como propuso
Correll (1962), puesto que es molecularmente distinta de S. canense y morfolégica y

reproductivamente diferente del complejo Caripense.

En cuanto a las especies pertenecientes a la serie Caripensia, S. basendopogon forma una
entidad claramente diferenciada, que se ve refrendada por caracteres morfol dgicos tales como €l
habito de crecimiento (Anderson y Bernardello 1991). Asimismo, S. trachycarpum también es
molecularmente distinta del resto de especies, es la Unica especie autocompatible de la serie
(Mioney Anderson 1992) y se caracteriza por crecer en habitats secos, a diferencia del resto de
especies de la seccion. Por otro lado, nuestros resultados apoyan la transferencia de S
tabanoense desde la serie Appendiculata a la serie Caripensia realizada por Anderson y Jansen
(1998), aungue creemos que debe permanecer fuera del complejo Caripense por las diferencias
morfoldgicas (Correll 1962) y bioquimicas (Simpson 1979; Anderson et al. 1987) con €l resto de
especies de este complgjo. Respecto a S fraxinifollium y S, heiseri, muy similares entre si y
respecto a S caripense, parece sin embargo que son suficientemente distintas como para

justificar su consideracién como especies distintas.

Las especies del complejo tienen probablemente un origen reciente. Los datos observados
sugieren que S. caripense puede ser el ancestro a partir del cual surgieron e resto de especies del
complgjo. Posiblemente, de forma mas o menos simultdnea, se produjeron aislamientos

periféricos debido ala dispersion en areas remotas.

Origen del pepino dulce:

La especie cultivada, S. muricatum, no aparece ligada a una Unica especie en los resultados de

ninguno de los dos tipos de marcadores empleados, aunque las especies del complejo Caripense



son las més cercanas a ella. Esto podria sugerir que varias especies silvestres han contribuido al
origen y evolucién de la cultivada, coincidiendo con los resultados obtenidos empleando cpDNA
(Anderson et a. 1996). Escenarios andlogos se han descrito en otras especies como cassava
(Olsen'y Schaal 1999) o maiz (Clark et al. 2004).

Estudios previos sefialaban a S. tabanoense y S. caripense como posibles progenitores del pepino
dulce (Anderson et al. 1996). Sin embargo, asi como nuestros resultados apoyan la participacion
de S caripense, por € contrario no permiten clarificar el papel de S tabanoense. Aunque, por su
facilidad de hibridacion y su gran similitud morfol 6gica, no podemos descartar su implicacion en
el origen y evolucion de S. muricatum. Ademas, la presencia de alelos exclusivos en S
muricatum, que no aparecen en ninguna otra especie en estudio, sugiere que otra especie silvestre

desconocida hayaintervenido también.

lll. Variabilidad intraespecifica

En ambas secciones estudiadas se ha observado la existencia de una gran diversidad genética,
pero ésta no esta uniformemente distribuida. En ambos casos, hay especies muy variablesy otras
con una variabilidad muy reducida. Ademas en ambas secciones algunas especies muestran una

fuerte estructuracion interna

Entre las especies de la seccion Lycopersicon, la especie que muestra una mayor variabilidad
genética, tanto empleando AFLPs como secuencias génicas, es S peruvianum. Algunos
miembros del grupo Lycopersicon son mucho menos variables, especialmente S. cheesmaniae y
S galapagense, que no mostraron variabilidad haplotipicay apenas polimorfismo en e caso de

los AFLPs. En una posicion intermedia encontramos a S. pennelli y S, habrochaites.

En cuanto a la existencia de cierta subestructuracién, merecen mencién especial los casos de S.
arcanum y S. pimpinellifolium. En e primer caso, Solanum arcanum muestra una estructura
complega, en la que se observan dos grupos pertenecientes a los departamentos de Amazonas y
Ancash por un lado, y los de Cgamarca y La Libertad, por otro, ambos separados por una

importante barrera geografica como son los Andes. Estos resultados concuerdan con la division



propuesta por Rick (1986), que estudiando la cruzabilidad de las entradas de S. peruvianum (tal y
como estaban clasificadas antes de la division propuesta por Peralta et al. 2008) describio tres
grupos, dos de los cuales se corresponden con los dos grupos que vemos en nuestros andlisis. Es
posible que € tercer grupo no lo hayamos podido identificar porque lamentablemente no habia
representantes de esa regién geogréfica disponibles en el momento de iniciar € presente trabgo.
Rick (1986) sugiri6é la no division de estos grupos en distintas especies, puesto que su
diferenciacion morfol 6gica no era sencilla. Por €l contrario, nuestros datos no concuerdan con los
resultados aportados recientemente por Peralta et a. (2008). Estos autores sugieren, basandose
en datos morfol 6gicos, la existencia de cuatro grupos distintos en esta especie, distintos alos que
vemos con nuestros datos y que tampoco coinciden con los obtenidos a partir de datos de
cruzabilidad de Rick (1986) ni con la distribucion geogréfica. Por todo ello, consideramos S.
arcanum como un complejo, que debe estar compuesto por varias especies cripticas, y sugerimos

la elaboracién de un estudio en detalle para clarificar esta situacion.

Al andlizar la distribucién de la variabilidad genética de S. pimpinellifollium en todo €l rango de
distribucion de la misma, la primera observacién clara es que esta especie también muestra un
par de grupos, en este caso compuestos por las entradas peruanas y ecuatorianas
respectivamente. Ademés, dentro de estos grupos se observa un comportamiento distinto.
Mientras que en e caso de las entradas procedentes de Ecuador se observa una fuerte
estructuracion, en el caso de Per(l Unicamente se ve una suave diferenciacion entre norte 'y sur. Se
observa que la region del norte de Pertl es la que muestra una mayor diversidad, con un nimero
importante de alelos exclusivos de esa regidn, y heterocigosidad, 1o que podria explicarse por la

mayor tasa de alogamia descrita en estaregion (Rick et al. 1977, 1978).

Segun nuestros resultados, € clima y la ecologia parecen ser mas informativos a la hora de
explicar las diferencias genéticas en S. pimpinéllifolium que Unicamente el aislamiento por
distancia geografica en e caso de esta especie. Esto podria ser debido a un aislamiento de las
poblaciones por adaptaciones a distintas condiciones ambientales o ecoldgicas. Por gemplo, por
la adaptacion de distintos polinizadores o animales responsables de dispersar las semillas en cada
region. Si entre dos regiones donde se encuentran poblaciones de esta especie existe otra region
en la que los polinizadores no pueden sobrevivir, no podrian atravesarlo y € aislamiento entre

ambas poblaciones seria alin mayor.



Estas diferencias bioclimaticas podrian explicar también la diferenciacion observada dentro de
Ecuador en S pimpinellifolium. Mientras que la costa peruana, region donde se encuentra esta
especie, muestra unas caracteristicas climaticas muy uniformes, en Ecuador se observa una gran

variacién de norte a sur, que esta acompafiada de variacion en la vegetacion.

A partir de estos datos, podemos establecer una hipétesis sobre €l origen y posterior distribucién
de la especie. Al parecer, S. pimpinellifolium migré hacia Ecuador y a sur de Pert desde el norte
de Pert, de donde es originaria. Esto provocd una pérdida de diversidad debida a cuellos de
botella, y una seleccién hacia la autogamia en las nuevas regiones, 10 que a su vez provocd una
reduccion del tamafo poblaciona efectivo, la heterocigosidad y la diversidad genética. Sin
embargo, las regiones del norte y sur de Pertl aparecen genéticamente proximas, |0 que puede ser
debido a que las similitudes climaticas y ecoldgicas a lo largo de la costa peruana hayan

favorecido las migraciones entre individuos de ambas regiones.

Por ultimo, cabe destacar que entre las entradas de S. lycopersicum utilizadas como referencias
externas, las procedentes de la regiéon andina muestran mayor variabilidad genética que las del
resto del mundo y que, pese a que seria necesario un analisis mas profundo, ésto podriaindicar la
existencia de flujo genético interespecifico en laregion, tal y como proponen otros autores (Rick
et al. 1974; Rick y Fobes 1975).

En cuanto a la seccién Basarthrum, la diversidad presente en cada una de las especies silvestres
no muestra grandes diferencias entre las especies autoincompatibles y autocompatibles. La
especie con mayor diversidad genética es S. caripense, que también se trata de la especie més
ampliamente distribuida. Por €l contrario, la especie con menos variabilidad es S heiseri, que

tiene una distribucion muy restringida.

Respecto a la variaciéon dentro de la especie cultivada, a contrario de lo que cabria esperar, S.
muricatum ha mostrado una gran diversidad, Unicamente comparable a la observada en S
caripense. Resultados similares se obtuvieron trabgando con cpDNA (Anderson et al. 1996).
Esto sugiere que no se produjeron cuellos de botella importantes tras |la domesticacion del pepino
dulce. Ademas este cultivo muestra una gran heterocigosidad, que puede explicarse por su

reproduccion vegetativa. Esta Situacion es muy distinta a la que encontramos en € tomate



cultivado, en € que la variabilidad genética es muy pequefia, y en € que parece gque los cuellos

de botella han sido muy importantes (Nesbitt y Tanksley 2002).

El origen polifilético de la especie cultivada puede ser la causa principal de su variabilidad.
Ademas, se han identificado posibles hibridos naturales en este trabgjo, 10 que es de esperar
puesto gue las especies silvestres y la cultivada comparten el area de distribucion. Parte de la
amplia variabilidad haplotipica presente en S. muricatum puede ser consecuencia de multiples
hibridaciones en distintos lugares y momentos, y la fata de barreras tanto genéticas como
geogréaficas entre las silvestres y la cultivada puede explicar la gran diversidad observada en esta
Ultima (Anderson et a. 1996; Prohens et al. 2003).

En cuanto a la diferenciacion intraespecifica en S. muricatum, pese a que no se observan grupos
fuertemente aidados, s que observamos cierta subestructuracion. Los materiales procedentes del
norte de la region andina muestran mas variabilidad que los de la region central de Pert, hecho
gue concuerda con la opinion de varios autores (Schultes y Romero-Castafieda 1962; Heiser
1964). Segln estos autores, la region de origen del pepino dulce se encuentra en € sur de
Colombia y norte de Ecuador, basandose en la amplia variabilidad morfolégica presente en la
region. Ademas en esta region se cultiva frecuentemente el pepino dulce en pegquefios campos o
en los jardines de las casas, donde es frecuente que aparezcan estas especies silvestres (Prohens,
observacion personal). Por todo €ello, € sur de Colombia y €l norte de Ecuador podria ser €
centro de origen del pepino dulce, mientras que Per( podria ser un centro secundario y una

region de expansion del cultivo més reciente.

El hecho de que la diferenciacion geogréfica en S. muricatum no sea muy fuerte podria
explicarse por un incremento reciente en el intercambio de material entre comunidades. Este
fendmeno parece haber aumentado en los Ultimos 50 afios, puesto que se han observado cambios
en los mercados, donde antes se veian Unicamente cultivos caseros y locales, y en los que, por
una mayor facilidad en los desplazamientos, se han introducido cultivos de otras regiones.
Ademas, la aparicién de sistemas de produccion a gran escala estan desplazando los cultivares

locales.



V.CONCLUSIONES






Las especies identificadas en la seccion Lycopersicon son las siguientes. S. peruvianum, S,
chilense, S, arcanum, S. huaylasense, S. chmielewskii, S. neorickii, S. pimpinélifolium, S
cheesmaniae, S. lycopersicum, S. galapagense, S. habrochaitesy S. pennellii.

El establecimiento de S. corneliomulleri como especie distinta, tal y como proponen algunos
autores, no se ve corroborado por nuestros datos, no siendo posible su distincion de S
peruvianumss. str.

Entre las especies propuestas recientemente, se confirma que S. huaylasense forma un grupo
coherentey distinto del resto de S. peruvianum.

. Solanum arcanum es distinta del resto de S. peruvianum. En este caso se observa una fuerte
estructuracion, que aconseja la realizacion de un estudio en profundidad sobre la misma.
Entre las especies de la secciéon Lycopersicon se podrian establecer los siguientes grupos:
Arcanum (S. arcanum, S. chmielewskii, S. neorickii, S. huaylasense), Lycopersicon (S
lycopersicum, S. pimpinellifolium, S cheesmaniae y S galapagense), Eriopersicon (S
peruvianum s.str., y S. chilense) y en una posicion basal las especies S. habrochaites y S,
pennellii.

El grupo Arcanum aparece en una posicion intermedia entre los grupos Lycopersicon
(autocompatibles y del norte de la distribucion) y Eriopersicon (autoincompatiblesy del sur).
Solanum pimpinellifollium muestra una gran diferenciacion entre los materiales procedentes
de Per( y Ecuador. Este hecho se ve refrendado empleando distintos tipos de marcadores
moleculares, tanto microsatélites, como AFLPsy secuencias de genes nucleares.

Dentro de cada uno de estos grupos geogréficos se observa un comportamiento distinto. En
el caso de las entradas procedentes de Ecuador se observa una fuerte estructuracién, mientras
gue en el caso de Pert Unicamente se ve una ligera diferenciacion entre norte 'y sur.

Las condiciones climéticas y ecolOgicas parecen ser mas informativas para explicar las
diferencias genéticas entre poblaciones de S. pimpinellifolium que Unicamente el aislamiento
por distancia geografica. La costa peruana muestra unas caracteristicas climaticas muy
uniformes, mientras que en Ecuador se observa una gran variacion de norte a sur, que esta

acompafada de variacion en la vegetacion.



10.

11.

12.

13.

14.

15.

La existencia de una mayor variabilidad y heterocigosidad en el norte de Peru, parece situar
en estaregion e origen de S. pimpinellifolium, desde donde migré hacia Ecuador y al sur de
Per(. Las regiones del norte y sur de Perll han permanecido genéticamente proximas,
probablemente gracias a migraciones de individuos entre ambas regiones favorecidas por las
similitudes climéticas y ecoldgicas alo largo de la costa peruana.

En la seccion Basarthrum se ha observado la existencia de una gran diversidad,
confirmandose ademés que |os material es procedentes de dos colectas recientes realizadas en
Peru, denominadas provisionalmente PNS1 y PNS2, son distintos entre si y respecto del resto
de especies descritas hasta el momento.

En cuanto alas relaciones filogenéticas entre |as especies de esta seccién, se confirmaque S
canense es la especie més algada del resto. Ademas se justifica que S suaveolens se
clasifique en una serie propia, Suaveolentia, intermedia entre S. canense (a la que se parece
morfolégica y reproductivamente) y la serie Caripensia (de la que estA mas cerca
genéticamente).

Dentro de la serie Caripensia se observan claramente diferenciadas las especies S
basendopogon, S trachycarpumy S tabanoense. EI complgo Caripense queda constituido
por las especies S caripense, S. filiforme, S fraxinifolium y S heiseri. Estas especies se
pueden distinguir morfolégica y molecularmente por lo que a pesar de coexistir en ciertas
&reas y de ser capaces de hibridar, la posible utilidad préctica justifica su mantenimiento
como especies distintas.

Solanum caripense, especie ampliamente distribuida, parece ser € ancestro a partir del cual
surgieron recientemente el resto de especies de este complejo, quiza a partir de aislamientos
en éreas remotas.

Solanum muricatum no aparece ligada a una Unica especie silvestre, 10 que sugiere que
fueron varias las que han contribuido a su origen y evolucion. A partir de los resultados
podemos concluir que las especies del complejo Caripense son las més cercanas al pepino

dulce.
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