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ABSTRACT

Melon (Cucumis melo L.) is one of the most economically important crops in the world. The wide intraspecific
genetic variability that it presents allows the study of a wide range agronomic and fruit quality traits. In recent
years, a large number of molecular markers and genomic tools have been developed in melon, which is a resource
that facilitates the development of new breeding populations. Introgression Lines (ILs) are a set of lines that contain
a chromosomal fragment of a donor parent, usually wild or exotic, in a common genetic background usually an
elite variety. These collections are appropriate for the study of quantitative traits and, above all, for the introduction
of exotic alleles in modern cultivars. This doctoral thesis describes the development of a collection of ILs using
the Japanese accesion ‘Ginsen makuwa’, as an exotic donor parent, and the French cultivar ‘Vedrantais’ as a
recurrent parent. Successive genotyping in early generations through the Agena Bioscience platform and High
Resolution Melting, have improved efficiency in the process of obtaining ILs (five generations). This collection
includes 27 ILs, which have subsequently been characterized by high-density genotyping (Genotyping by
Sequencing). These have an average of 2.7 introgressions / IL with a 94 % ‘Vedrantais’ genetic background,
representing 96.8 % of the donor genome ‘Ginsen makuwa’. The analysis of phenotyping data in three
environments and genotyping resulted in the detection of 86 QTLs (Quantitative Tratit Loci), of which 74 were
stable in at least two environments. Of these, 3 QTLs related with flowering aspects, 33 QTLs related with the
mophological fruit (fruit shape, netting and rind thickness), 12 QTLs related with ripening behaviour
(presence/absence of aroma, abscission layer and flesh firmness), 16 QTLs were related with flesh color, 5 QTLs
related with color of the inner rind and 1 related with the soluble solid concentration. Some of the QTLs described
in this thesis have been identified in previous works, giving greater confidence to the detected regions, others,
however, are novel and, therefore, very interesting, becouse they constitute a very valuable resource for the search

for candidate genes and for the use of these alleles in improvement programs.

Of the entire ILs collection, MAK_10-1 presented a blockade of the climacteric, which can translate into a longer
post-harvest life, trait that is very in the international market. The effects of introgression on chromosome 10 are
the absence of external aroma and the greater flesh firmness, in addition the higher soluble solids content in flesh.
In addition, several candidate genes involved in transcriptional regulation and ethylene signaling during fruit
ripening have been located. On the other hand, other potentially interesting lines and candidate genes, are described
to provide diversity of sizes, shapes, flesh color and aromatic profile to the cantaloupe type market. Regarding the
profile of volatile compounds (VOCs) analyzed in ILs, it was found that Makuwa introgressions generally
decreased the content of aromatic compounds. Despite the remarkable environmental effect, certain genomic
regions could be associated with certain VOCs profiles, identifying some candidate genes involved in different
aromatic biosynthetic pathways. The difficulty of recover certain aromatic profiles in breeding programs is
evidenced by the high number of regions and genes involved, as well as by pleiotropic effects that affect the aroma
production and which are described in this thesis as the blocking of the climacteric or the flesh color due to the

presence of carotenes.
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RESUMEN

El melén (Cucumis melo L.) es actualmente uno de los cultivos con mayor importancia econémica en el mundo.
La amplia variabilidad genética intraespecifica que presenta permite el estudio para su explotacion del control
genético de un amplio abanico de caracteres tanto agrondmicos como de calidad del fruto. En los Gltimos afios se
han desarrollado un gran nimero de marcadores moleculares y de herramientas gendmicas en melon, que facilitan
el desarrollo de nuevas poblaciones de mejora. Las lineas de introgresion (ILs) son un conjunto de lineas que
contienen un fragmento cromosémico de un parental donante, normalmente exdtico, en un fondo genético comin
normalmente de una variedad de élite. Estas colecciones son apropiadas para el estudio de caracteres cuantitativos
y, sobre todo, para la introduccidn de alelos exéticos favorables en cultivares comerciales. En la presente tesis
doctoral se describe el desarrollo de una coleccion de ILs empleando la entrada japonesa ‘Ginsen makuwa’, como
parental donante y el cultivar francés ‘Vedrantais’ como parental recurrente. Los sucesivos genotipados en
generaciones tempranas mediante la plataforma Agena Bioscience y High Resolution Melting, han mejorado la
eficiencia en el proceso de obtencién de las ILs (cinco generaciones). Esta coleccion incluye 27 ILs, que
posteriormente se han caracterizado mediante un genotipado de alta densidad (Genotyping by Sequencing). Estas
presentan un promedio de 2,7 introgresiones/IL con un 94 % de recuperacion del fondo genético ‘Vedrantais’,
representando un 96,8 % del genoma donante. El andlisis de los datos de fenotipado en tres ambientes y el
genotipado dio lugar a la deteccion de 86 QTLs (Quantitative Tratit Loci), de los que 74 fueron estables en al
menos dos ambientes. De éstos, 3 QTLs estan relacionados con aspectos de floracién, 4 con la precocidad de
maduracidn del fruto, 33 con aspectos morfoldgicos (forma del fruto, reticulado y espesor de la corteza), 12 con
el proceso de maduracién (presencia de aroma, capa de abscision, firmeza de la pulpa), 16 con el color de la pulpa,
5 con el color interno de la corteza y 1 con el contenido en solidos solubles. Algunos de los QTLs descritos en esta
tesis han sido identificados en trabajos previos, lo que da solidez a las regiones detectadas, otros, en cambio,
resultan novedosos y, por tanto, muy interesantes, pues constituyen un recurso muy valioso tanto para la basqueda

de genes candidatos como para el empleo de estos alelos en programas de mejora.

De entre las ILs méas prometedoras, destaca MAK_10-1 por presentar un bloqueo del climaterio, lo cual se traduce
en una mayor vida postcosecha, caracteristica muy buscada en el mercado internacional. Los efectos de la
introgresion en el cromosoma 10 son la ausencia de aroma externo y la mayor firmeza de la pulpa, ademas del
mayor contenido de solidos solubles en pulpa. Ademas, se han localizado varios genes candidatos involucrados en
la regulacion transcripcional y de sefializacion de etileno durante la maduracion del fruto. Por otro lado, se
describen otras lineas potencialmente interesantes, asi como genes candidatos, para proporcionar diversidad de
tamafios, formas, color de la pulpa y perfil aroméatico al mercado de tipos cantalupo. Respecto al perfil de
compuestos volatiles (VOCs) analizado en las ILs, se encontré que las introgresiones Makuwa en general
disminuyeron el contenido en compuestos aromaticos. A pesar del efecto ambiental notable, se pudieron asociar
ciertas regiones genomicas a ciertos perfiles de VOCs, identificando a su vez algunos genes candidatos
involucrados en diferentes rutas de biosintesis de aromas. La dificultad de recuperar ciertos perfiles aromaticos en
los programas de mejora se pone de manifiesto por el elevado nimero de regiones y genes implicados, asi como
por efectos pleiotrépicos que afectan a la produccion de aromas y que se describen en esta tesis como el bloqueo

del climaterio o la coloracion de la pulpa por presencia de carotenos.
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RESUM

El mel6 (Cucumis melo L.) és actualment un dels cultius amb major importancia econémica en el mén. La seua
gran variabilitat genética intraespecifica permet 1’estudi per a la seua explotacié del control genétic d’un gran
ventall de caracters tant agronomics com de qualitat del fruit. En els ultims anys s’han desenvolupat un gran
nombre de marcadors moleculars i de ferramentes genomiques en meld, que faciliten el desenvolupament de noves
poblacions de millora. Les linies de introgressié (ILs) sén un conjunt de linies que contenen un fragment
cromosomic d’un parental donant, normalment exotic, en un fons genétic normalment d’una varietat d’¢lit. Estes
col-leccions son utils per a I’estudi de caracters quantitatius, a més de per a la introduccié d’al-lels exotics
favorables en cultivars comercials. En la present Tesi Doctoral es descriu el desenvolupament d’una col-leccid
d’ILs amb I’entrada japonesa ‘Ginsen makuwa’ com parental donant i el cultivar francés ‘Vedrantais’ com parental
recurrent. Els successius genotipatges en generacions primerenques, mitjancant la plataforma Agena Bioscience i
High Resolution Melting, han millorat I’eficiéncia en el procés d’obtencio de les ILs (cinc generacions). Esta
col-leccid inclueix 27 ILs que posteriorment s’han caracteritzat mitjancant genotipatge per seqlienciacid. Estes
presenten un promedi de 2,7 introgressions/IL amb un 94 % de recuperacié del fons genétic ‘Vedrantais’,
representant un 96,8 % del genoma donant. L’analisi de les dades de fenotipatge en tres ambients i el genotipatge,
facilita la deteccid de 86 QTLs (Quantitative Trait Loci), dels quals 74 foren estables en al menys dos ambients.
D’estos, 3 QTLs estan relacionats amb aspectes de floracid, 4 amb la precocitat de maduracié del fruit, 33 amb
aspectes morfologics (forma del fruit, reticulat, espessor pell), 12 amb el procés de maduracié (preséncia d’aroma,
capa d’abscisio, fermesa de la polpa), 16 amb el color de la polpa, 5 amb el color intern de la pell i 1 amb el
contingut en solids solubles. Alguns dels QTLs descrits en la Tesi han sigut identificats en treballs previs, el que
déna solidesa a les regions detectades, altres en canvi, resulten nous i, per tant, molt interessants, ja que
constitueixen un recurs valuds tant per a la recerca de gens candidats com per a 1is d’estos al-lels en programes

de millora.

D’entre les ILs prometedores, destaca MAK _10-1 per presentar un bloqueig del climateri, el qual es tradueix en
una major vida postcollita, caracteristica molt buscada en el mercat internacional. Els efectes de la introgressié en
el cromosoma 10 son I’abséncia d’aroma extern i la major fermesa de la polpa, a més del major contingut en solids
solubles. S’han localitzat diversos gens candidats involucrats en la regulacié transcripcional i de senyalitzacio
d’etilé durant la maduracio del fruit. Per altra banda, es descriuen altres linies potencialment interessants, aixi com
gens candidats, per a proporcionar diversitat de grandaria, forma, color de la polpa i perfil aromatic al mercat de
tipus cantalupo. Respecte al perfil de compostos volatils (VOCs) analitzat en les ILs, es troba que les introgressions
Makuwa en general van disminuir el contingut en compostos aromatics. Malgrat el efecte ambiental notable, es
pogueren associar certes regions genomiques a certs perfils de VOCs, identificant alguns gens candidats en
diferents rutes de biosintesis d’aromes. La dificultat de recuperar certs perfils aromatics en els programes de
millora es posa de manifest per I’elevat nombre de regions i gens implicats, aixi com pels efectes pleiotropics que
afecten a la produccié d’aromes i que es descriuen en esta Tesi, com el bloqueig del climateri o la coloraci6 de la

polpa per preséncia de carotens.
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Capitulo 1: Introduccion general

CAPITULO 1: INTRODUCCION GENERAL

1.1. Importancia econdmica del meldn

El melén (Cucumis melo L.) es una cucurbitacea cuyo fruto es de gran valor comercial. La
produccion mundial de melén en 2017 fue de 31,9 millones de toneladas, con un total de 1,2
millones de hectareas cultivadas. Los principales paises con mayor produccion de melén son
China, Turquia, Iran, Egipto, India, Kazajistan, Estados Unidos y Espafia, destacando China
con una produccion de mas de 17 millones de toneladas en el afio 2017, frente a los 1,8 millones
de Turquia. Espafia es el octavo productor mundial con 655,677 toneladas, siendo uno de los
principales paises exportadores (FAOSTAT, 2017) (Figura 1).
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Figura 1. Produccién de melén (millones de toneladas) de los diez paises con mayor produccién de este cultivo
en el mundo. Fuente: FAOSTAT (datos del afio 2017).

La produccion europea de meldn en 2017 fue de 1,9 millones de toneladas, con un total de
91,322 hectéareas cultivadas. La superficie cultivada y produccion de meldn en Espafia suponen,
respectivamente, el 24,41 %y 35,19 % de las europeas. Espafia sigue siendo el primer productor
europeo (Figura 2) y el segundo que mas superficie destina a este cultivo. EI melén ocupa el
séptimo lugar entre las hortalizas/frutas que se producen en Espafia después del tomate,
cebollas, pimientos, lechugas, sandias y el grupo de calabacines y calabazas (FAOSTAT, 2017).
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Figura 2. Produccién de melén (millones de toneladas) de los diez paises con mayor produccién de este cultivo
en Europa. Fuente: FAOSTAT (datos del afio 2017).

En Espafa, la gran mayoria del mel6n se cultiva en condiciones de regadio. La comunidad
autobnoma que mas meldn cosecha es la Region de Murcia con 213,638 toneladas. EI 100 % de
la produccion de meldn en la Regidn de Murcia se realiza en condiciones de regadio, del cual
el 99 % corresponde con producciones al aire libre y el 1 % en invernaderos. Le sigue Castilla
La Mancha, con una produccién de 202,381 toneladas, de las cuales el 91,4 % se corresponde
con producciones al aire libre en regadio y el 8,5 % en secano. Dentro de Castilla La Mancha,
es Ciudad Real la provincia que mas melon produce con 174,000 toneladas, lo que corresponde
a un 85,9 % del total de esta comunidad. Toda la produccion de mel6n en Ciudad Real se realiza
al aire libre y en regadio. La tercera comunidad méas productora de melén es Andalucia, con un
total de 169,276 toneladas, de las cuales el 47,6 % se obtiene en producciones al aire libre en
regadio, el 46,2 % en invernaderos y el 6,2 % en condiciones de secano. La provincia de
Almeria es la mayor productora de la comunidad andaluza con un 65,4 %, el 39,3 % procedente

de cultivos al aire libre y el 60,7 % de cultivos en invernaderos (Anuario de Estadistica, 2018).

1.2. Taxonomia, origeny variabilidad genética

El meldn pertenece a la familia de las cucurbitaceas, familia que también comprende otros
cultivos de importancia econémica mundial como la sandia (Citrullus lanatus (Thunb.) Matsum
& Nakai), el pepino (Cucumis sativus L.) y las calabazas y calabacines (Cucurbita spp.). Las
cucurbitaceas se han utilizado desde tiempos ancestrales con diversos objetivos: alimentacion
humana y animal, para fabricacion de recipientes, como fuente de principios activos en
medicina, como ornamentales o para elaboracidn de instrumentos musicales (Whitaker y Davis,
1962; Lira-Saade, 1995). Aunque estas hortalizas se aprovechan mayoritariamente por sus

frutos, en estado maduro e inmaduro, en algunas especies también se aprovechan sus semillas,
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e incluso las hojas jovenes y las flores. La familia de las cucurbitaceas estad formada por 130
géneros y aproximadamente 800 especies (Kocyan et al., 2007). EI género Cucumis comprende
aproximadamente 60 especies (Sebastian et al., 2010) e incluye dos importantes cultivos
comerciales, como son el pepino (C. sativus) y el melon (C. melo), y otros minoritarios, como
el ‘Gherkin’ del Oeste de India (C. anguria L.) y el ‘Kiwano’ (C. metuliferus E. Meyer ex
Naudin), que son consumidos de forma local. Otras especies como C. dipsaceus Ehrenger ex
Spach y C. myriocarpus Naudin, son utilizadas como ornamentales (Esteras et al., 2011).
Estudios recientes consideran que la especie C. melo surgi6 hace 3 millones de afios
aproximadamente (Sebastian et al., 2010; Endl et al., 2018), aunque el lugar de domesticacion
del mel6n ha estado en constante discusion durante un largo periodo de tiempo (Robinson y
Decker-Walters, 1997; Yashiro et al., 2005; Lebeda et al., 2006; Thakur et al., 2019). La
problematica de asignar un lugar de domesticacion viene dada por la distribucién de sus
especies silvestres (Gémez-Guillamoén et al., 2016). Tradicionalmente, se ha asumido que el
origen la especie C. melo es africano, con una posterior domesticacion en Oriente Medio e India
(Robinson y Decker-Walters, 1997). Tiempo después se observo que existen C. melo silvestres
tanto en Africa como Asia, por lo que pudieron existir dos domesticaciones coetaneas en ambas
regiones (Whitaker y Bemis, 1976; Kirkbride, 1993; Pitrat et al., 2008; Pitrat et al., 2013). Un
estudio reciente muestra, que ademas de los grupos africano y asiatico, existio un grupo
australiano (Endl et al., 2018), aunque fueron los melones del grupo africano y asiatico a partir
de los que se desarrollaron los melones cultivados (Bates y Robinson, 1995), reforzando la
hipdtesis de la existencia de dos domesticaciones independientes en Africa y Asia. Por un lado,
la domesticacion de melones en Asia habria llevado a la diversificacion de la mayoria de los
grupos horticolas de meldn que se extendieron rapidamente hacia la cuenca del Mediterraneo
(Sabato et al., 2019; Gonzalo et al.,2019). Por otro lado, la domesticacion en Africa inicamente
habria generado el cultivar tibish, un melon consumido en varios paises del norte de Africa
(Serres-Giardi y Dogimont, 2012; Gonzalo et al., 2019). En cuanto a los parientes silvestres
mas cercanos a C. melo, Sebastian et al. (2010) y Endl et al. (2018) citan a Cucumis trigonus y
Cucumis picrocarpus F. Muell., procedentes de la India y Australia respectivamente.

Desde su origen, el melén ha sufrido un enorme proceso de diversificacion, patente en la gran
variabilidad que existe en cuanto a la morfologia y la fisiologia del fruto principalmente. Los
centros primarios y secundarios de diversidad genética se localizan desde el este asiatico hasta
el Mediterraneo (Robinson y Decker-Walters, 1977; Akashi et al., 2002). El centro de
diversificacion primario es India, mientras Japon, Afganistan, Iran, Iraq, Turquia, Portugal y
Espafia, entre otros, constituyen los centros de diversificacion secundarios (Robinson y Decker-

Walters, 1997; Akashi et al., 2009; Gonzalo et al., 2019).
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Después de extenderse por Asia, se introdujo en Europa en el periodo greco-romano (Szabd et
al., 2005; Paris et al., 2012). El comercio intensivo y su dispersion condujeron a una rapida
diversificacion de la especie (Kerje y Grum, 2000; Pitrat et al., 2008). Pitrat et al. (2000)
sugirieron tres introducciones en Europa: por Europa del este, por los Balcanes y por Italia.
Diferentes fuentes facilitan la informacion sobre la llegada del melon a Europa. Por ejemplo,
se han encontrado escritos sobre el meldn en el periodo greco-romano (Plinio, libro Historia
Natural 20, 6:11 siglo I, en Paris et al., 2012), diferenciando entre el meldn dulce (melopepo) y
no dulce (cucumeres). Se cree que los tipos descritos como melopepones se refieren a los
melones del grupo Adana procedentes de Turquia (Cizik, 1952; Janick et al., 2007), mientras
que cucumeres se refiere a los melones del grupo Flexuosus (Mazzini et al., 1984; Grant., 2007).
Posteriormente, en la época medieval se encontraron escritos donde aparecian las descripciones
‘de plantas enredaderas, los frutos redondos y delgados, en forma de nuez u ovalados, y
amarillentos, aromaticos, huecos por dentro y sabrosos’, indicando que se trataba de C. melo
(Libro Hortulus, Walahfrid Strabo afio 840 D.C. aproximadamente, Payne y Blunt, 1966, en
Paris et al., 2012). Recientemente Sabato et al. (2019), caracterizaron semillas procedentes de
un yacimiento de Cerdefia datado en la edad de Bronce, que posiblemente correspondian a
melones alargados y no dulces, representando uno de los registros mas antiguos del
mediterrdneo occidental.

Espafia también es considerada como un centro de diversificacion secundario (Esteras et al.,
2013; Lazaro et al., 2017). Se piensa que fueron tipos no dulces y mas o menos alargados
(flexuosus) los que se introdujeron en primer lugar en la Peninsula Ibérica. Este mel6n no dulce,
que puede confundirse facilmente con C. sativus (pepino), fue citado por Columella como
cogombro (Alvarez de Sotomayor 1824, en Paris et al., 2012). Posteriormente, durante la
conquista isldmica de la peninsula en la Edad Media, se introdujeron los tipos dulces (Paris et
al. 2012).

Esta especie, C. melo, tradicionalmente se ha dividido en dos subespecies, basandose en las
diferencias en la pilosidad del ovario: subsp. melo (con pelos largos en el ovario), y subsp.
agrestis (con pelos cortos en el ovario) (Jeffrey, 1980). EI meldn incluye tanto tipos silvestres
como cultivados y muestra gran variabilidad en caracteres relacionados con la calidad del fruto,
como tamario, forma, coloracion de pulpay corteza, caracteristicas organolépticas como dulzor
0 aromay el tipo de maduracion (climatéerica o no). En los melones cultivados existe variacion
en cuanto a su uso, consumiéndose la mayoria de los tipos en estado maduro como postre, y
algunos tipos no dulces se consumen inmaduros, como el pepino, en ensaladas o encurtidos.
Otros incluso son cultivados como ornamentales. La clasificacion intraespecifica resulta dificil

debido a la existencia de muchos tipos intermedios. Recientemente, Pitrat (2017) reclasifico la
22



Capitulo 1: Introduccion general

variacion intraespecifica en 19 grupos: Agrestis, Kachri, Chito, Tibish, Acidulus, Momordica,

Conomon, Makuwa, Chinensis, Flexuosus, Chate, Dudaim, Chandalak, Indicus, Ameri,

Cassaba, Ibericus, Inodurus y Cantalupensis, siguiendo los descriptores utilizados previamente

(Naudin, 1859; Pangalo, 1958; Pitrat et al., 2000) excepto en algin caso que utiliza nuevos

grupos y subgrupos (Figura 3).

La variabilidad genética de esta especie no se encuentra en peligro, puesto que son numerosos

los bancos de germoplasma activos que la conservan. Las principales colecciones se encuentran

en bancos de germoplasma de Rusia, EE.UU., Francia y China (Pitrat, 2008). Asi mismo,

existen algunas colecciones de interés en manos de grupos de mejora como el grupo de Mejora

de cucurbitaceas del Instituto de Conservacion y Mejora de la Agrodiversidad Valenciana

(COMAV).

Grupo Cantalupensns

Grupo Ibericus Grupo Flexuosus
Grupo Inodorus
Grupo Ameri . e ’ ‘

Grupo Chate

. Ny h A |
Grupo Chandalak ‘ . ’Q\ .
. 7' ‘. St Grupo Cassaba
Grupo Momordica : T .
‘ Grupo (RS
Tibish

Grupo Conomon
Grupo Makuwa Grupo Chinensis \ N
obd 640 &

Grupo Agrestls Grupo Kachri Grupo Chito  Grupo Dudaim ~ Grupe Indicus
00 6@ 0000 0 @« &M

Figura 3. Principales grupos botanicos en los que la especie Cucumis melo esta dividida, segin Pitrat (2017).

Todas las imagenes son originales excepto la correspondiente al del grupo Indicus, obtenida de Pitrat (2017).
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1.3. El grupo Makuwa y el grupo Cantalupensis

El grupo Makuwa se cultiva principalmente en el Lejano Oriente. Se caracteriza por sus plantas
andromonoicas con flores de pilosidad corta en el ovario. En cuanto a las caracteristicas de
fruto, predomina el color verde de la pulpa, aunque pueden encontrarse también colores de
pulpa naranja y blanco. Los frutos presentan tamafio medio, con una forma redonda u ovalada
sin reticulado. El peddnculo no es dehiscente. Presenta un contenido medio de azlcares. Es un
fruto de maduracion temprana y corta vida postcosecha (Pitrat, 2017). El grupo Makuwa se
divide en 6 subgrupos segun la clasificacion de Pitrat (2017): ‘Ogon’, ‘Nashi-uri’, ‘Kanro’,
‘Ginmakuwa’, ‘Seikan’ y “Yuki’, este ultimo ha sido el parental empleado en la presente tesis.
El grupo Makuwa es uno de los principales objetivos de estudio por parte de grupos de
investigacion asiaticos, con estudios que abarcan casi todos los ambitos de la mejora vegetal.
Desde el punto de vista de resistencia a patdgenos se ha evaluado como fuente de resistencia a
Fusarium oxysporum f. sp. melonis raza 1.2 y a Aphis gossypii (Namiki et al., 1998). Desde el
punto de vista de la calidad de fruto, Guo et al. (2017) han estudiado aspectos como la firmeza
de la pulpa, el contenido en sélidos solubles, el color de la corteza y la produccién etileno. Del
mismo modo, también se han realizado mdultiples estudios relacionados con la busqueda de
genes relacionados con la sintesis de carotenos (Tuan et al., 2019) y con la identificacion de
genes relacionados con la sintesis de compuestos aromaticos volatiles, como las lipooxigenasas
(Zhang et al., 2015; Cao et al., 2016, Wang et al., 2019) o las alcohol dehidrogenasas (Chen et
al., 2016) y también con genes relacionados con la sintesis de etileno (Akashi et al., 2002; Li et
al., 2016). Recientemente, se han publicado dos transcriptomas de Makuwa durante el
desarrollo del fruto (Kim et al., 2016; Shin et al., 2017) y se ha desarrollado un conjunto de
microsatélites para testar la pureza de las semillas de Makuwa (Nam et al., 2019).

El grupo Cantalupensis fue desarrollado en Europa, probablemente a partir de accesiones del
este de Turquia (Pitrat, 2017). Las plantas son monoicas o0 andromonoicas. El color de la corteza
es variable y el de la pulpa suele ser naranja. Los frutos tienen un tamafio medio, y su forma
puede ser achatada, ovalada o redondeada. La corteza presenta venas marcadas y reticulado
variable. El pedunculo es dehiscente. Presenta un alto contenido en azlcares y aromas y una
vida postcosecha media-baja. Este grupo también presenta gran variabilidad subdividiéndose
en seis grupos: ‘Prescott’, ‘Saccharinus’, ‘Charentais’, ‘Ogen’, ‘American Estern’ y ‘American
Western’ (Pitrat, 2017). En la presente tesis se ha utilizado el cultivar ‘Vedrantais’ perteneciente
al subgrupo ‘Charentais’, el cual se caracteriza por tener frutos redondos, reticulados y con un
ligero acostillado, con venas verdes, ademas de los caracteres comunes a todos los subgrupos
anteriormente citados. El grupo Cantalupensis ha sido estudiado por mdltiples objetivos.

Numerosos grupos de investigacion han centrado sus investigaciones en este grupo varietal
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debido a su importancia econémica, ya sea como parental para crear alguna poblacion de mejora
(Paris et al., 2008; Galpaz et al., 2018; Pereira et al., 2018), para el estudio de caracteres etileno
dependientes y etileno independientes (Pech et al., 2008), para el estudio de genes responsables
en caracteres que afecten a la calidad del fruto, como la acidez (Cohen et al., 2012; 2014), el
contenido en sdlidos solubles (Burger et al., 2003; Freilich et al., 2015), el color de la pulpa
(Freilich et al., 2015; Galpaz et al., 2018) o la presencia de compuestos organicos volatiles
(Aubert y Bourger, 2004, Kourkoutas 2006 et al., Gonda et al., 2010), entre otros.

La eleccion de ambos parentales para formar la poblacidn desarrollada en la presente tesis se
debe a que son dos tipos alejados genéticamente y con fenotipos contrastantes para muchos
caracteres, como, por ejemplo, la morfologia del fruto y el comportamiento del fruto en la
maduracion. Ademas, Makuwa presenta un alto contenido de azlcares dentro de la shsp.
agrestis. Por otro lado, ‘Vedrantais’ es un cultivar comercial de gran importancia econémica,
que hasta la fecha de inicio de esta tesis todavia no se habia utilizado como parental recurrente

en el desarrollo de Lineas de Introgresion (Introgression Lines, ILS).

1.4. Marcadores genéticos y mapas genéticos y fisicos en melén

Un marcador es cualquier diferencia fenotipica con control genético simple y utilizada en el
analisis genético. Tras los marcadores morfologicos, de facil identificacion visual (Nuez et al.,
2000), se desarrollaron los primeros marcadores bioquimicos o isoenzimas (Esquinas-Alcézar,
1981; Akashi et al., 2002). Posteriormente, se desarrollaron los marcadores basados en el
polimorfismo de las secuencias de ADN. Los primeros marcadores de ADN utilizados en C.
melo fueron los basados en la restriccion e hibridacion, RFLPs (Restriction Fragment Lenght
Polymorphisms). Con el desarrollo de la PCR al final de los afios 80, surgieron nuevos
marcadores basados en la amplificacion no especifica de secuencia como los RAPDs (Random
Amplified Polymorphic DNAs) y AFLPs (Amplified Fragment Lenght Polymorphisms) (Garcia
et al., 1998; Stepansky et al., 1999; Silberstein et al., 1999; Garcia-Mas et al., 2000; Zhuang et
al., 2004) y despues especificos de secuencia los como los SCARs (Sequence Characterized
Amplified Regions), CAPS (Cleaved Amplified Polymorphic Sequence), SSRs o microsatélites
(Simple Sequence Repeats), ISSRs (Internal Simple Sequence Repeats), Expressed Sequence
Tags (ESTs) y SNPs (Single Nucleotide Polymorphism) (Stepansky et al., 1999, Morales et al.,
2004; Kong et al., 2007; Fernandez-Silva et al., 2008a). La necesidad de informacion de
secuencia para el desarrollo de estos ultimos es lo que retrasd su aplicacion en especies no
modelo como el meldn. Desde hace mas de 10 afios, y gracias a las técnicas de secuenciacion
(Next Generation Sequencing (NGS)), la disponibilidad de secuencias en ésta y otras especies

ha posibilitado el incremento en miles de este niUmero de marcadores de alta calidad (SSRs,
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SNPs). Los SSRs ademas de ser altamente reproducibles y de naturaleza codominante y
multialélica, se encuentran distribuidos por el genoma, siendo muy Utiles para estudios de
diversidad y clasificacion (Katzir et al., 1996; Danin-Poleg et al., 2001; Mliki et al., 2001;
Monforte et al., 2003). Los marcadores de tipo SNP representan el tipo mas frecuente de
variacion de ADN en el genoma (Wang et al., 1998), pues son polimorfismos que afectan a un
solo nucledtido causados por una sustitucion nucleotidica, 0 una delecién o insercién. Son
también codominantes, altamente reproducibles y predominantemente bialélicos. La
posibilidad de automatizacion en la deteccién de SNPs mediante el uso de plataformas de medio
y alto rendimiento ha supuesto una revolucion en las técnicas de genotipado, posibilitando la
caracterizacion de amplias colecciones, saturacion de mapas genéticos e impulsando la mejora
molecular. Entre estas plataformas de genotipado destacan la tecnologia Agena Bioscience
IPLEX ® Gold MassARRAY (antiguo Sequenom; Gabriel et al., 2009), la tecnologia
GoldenGate de Illumina (Fan et al., 2006), y la técnica de genotipado por secuenciacion (GBS)
(Elshire et al., 2011; Lopez de Heredia, 2016), que se describiran en un apartado posterior.

La disponibilidad actual de una gran bateria de marcadores moleculares de secuencia conocida
facilita el desarrollo y saturacion de los mapas genéticos. Un mapa genético es una
representacion ordenada de todos los polimorfismos de ADN en el genoma, basandose en el
estudio de la cosegregacion y recombinacién entre ellos. Para conocer su posicion en cada
cromosoma se estudia el ligamiento entre parejas de loci en una poblacién segregante (por
ejemplo, F, retrocruces (BC), doble haploides (DHL) o RILs (Recombinant Inbred Lines)).
Una vez se definen grupos de marcadores ligados (grupos de ligamiento), se determina su orden
mediante algoritmos que minimizan el nimero de recombinaciones necesarias. Una vez
determinado el orden, se calcula la distancia entre los marcadores a partir del porcentaje de
recombinacion, siendo la unidad de distancia genética el centiMorgan (cM). Para construir un
mapa genético de alta resolucion es importante disponer de un nimero elevado de marcadores
y un nimero también elevado de individuos obtenidos a partir de generaciones que posibiliten
la aparicién de muchos recombinantes.

El primer mapa genético en meldn fue desarrollado por Baudracco-Arnas y Pitrat (1996), a
partir de una poblacion de mapeo F2 obtenida a partir de los cultivares ‘Vedrantais’ (VED)
(grupo Cantalupensis) y P1 161375 ‘Songwhan Charmi’ (SC) (grupo Chinensis) y empleando
110 marcadores RFLPs y RAPDs. Posteriormente, Wang et al. (1997) utilizaron marcadores
tipo RAPD en una poblacion BC1, generada a partir de los materiales ‘MR-1" (linea mejorada
desarrollada en USDA) y ‘Ananas Yokneam’ (grupo Ameri). Poco después, comenzaron a
utilizarse los microsatélites para construir nuevos mapas como el de Brotman et al. (2000), a

partir de una F> del cruce de la entrada Pl 414723 (grupo Momordica) y la variedad ‘Top Mark’
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(grupo Cantalupensis), o el de Oliver et al. (2001) a partir de una F> derivada de la entrada SC
y la variedad ‘Piel de Sapo’ (PS) ‘T111’ (grupo lbericus), que posteriormente se mejord con
mas marcadores SSR (Gonzalo et al., 2005).

Con la disponibilidad de colecciones de secuencias cada vez mas numerosas, se posibilito el
desarrollo de marcadores en meldn, fundamentalmente de tipo SNP aunque también SSRs.
Gonzélez-lbeas et al. (2007) desarrollaron una coleccion de 30.000 ESTs (Expressed Sequence
Tags) (ensamblados en 16,637 unigenes) obtenidos mediante secuenciacién por Sanger,
identificando 1,052 SSRs y 356 SNPs putativos. Estas primeras colecciones de marcadores se
emplearon para saturar los primeros mapas genéticos. Asi, Fernandez-Silva et al. (2008a)
saturaron con mas SSRs el mapa previo de Gonzalo et al. (2005) mediante la técnica de bin-
mapping, y posteriormente Deleu et al. (2009) cartografiaron 200 SNPs adicionales. Muchos
de los mapas genéticos existentes hasta 2011 fueron integrados por Diaz et al. (2011),
generandose en este estudio el primer mapa consenso del melon. Este mapa contiene 1,592
marcadores moleculares (640 SSRs, 330 SNPs, 252 AFLPs, 239 RFLPs, 89 RAPDs, 15 IMASs
16 indels y 11 caracteres morfoldgicos), distribuidos en 12 grupos de ligamiento (GL),
correspondientes a los 12 cromosomas. En el marco del proyecto MELONOMICS se secuenci6
el genoma del melén, empleando una linea doble haploide (DHL92) derivada del cruzamiento
entre la variedad ‘PS-T111’ y SC, mediante el sistema 454 de Roche (Garcia-Mas et al., 2012).
Esta primera version del genoma, con un tamafio de 375 Mpb, representaba el 83,3 % del
genoma de esta especie, previamente estimado en 450 Mpb (Arumuganathan y Earle, 1991).
Esta secuencia de referencia permitid la identificacion de 2,1 millones de SNPs putativos con
una frecuencia de uno cada 176 pb, y se ancl6 a un mapa genético construido con 602 SNPs
(Garcia-Mas et al., 2012). La anotacion de este primer ensamblaje del genoma de melén (v3.5)
contenia 27,427 genes. Posteriormente, Argyris et al. (2015a) mejoraron el ensamblaje del
genoma (v3.5.1) con el 98,2 % del genoma repartido en 141 scaffolds y el 90,5 % de los
scaffolds anclados al genoma. Recientemente, Ruggieri et al. (2018) han presentado una version
del genoma maés actualizada (v3.6.1). En este nuevo ensamblaje, 375,3 Mb se reparten en 147
scaffolds, representando una mejora evidente respecto a la version anterior, y con una nueva
anotacion del genoma (v4.0) asociada, que se encuentra accesible en

http://www.melonomics.net. Diaz et al. (2015) integraron un total de 836 marcadores SSR y

SNP del mapa consenso de ICuGi en el genoma de melon, por lo que se mejoro el mapa
consenso previo de Diaz et al. (2011).

Como se ha mencionado anteriormente, en los Gltimos afios ha tenido lugar una revolucién en
el campo de la tecnologia de secuenciacion. Las llamadas tecnologias NGS surgidas en los afios

2005-2006 (Metzker, 2010) son tecnologias de alto rendimiento que permiten la secuenciacion
27


http://www.melonomics.net/

Capitulo 1: Introduccion general

de millones de muestras simultaneamente, con un minimo coste de personal y material, algo
que el método de Sanger empleado hasta el momento hacia inviable. El desarrollo paralelo de
herramientas informéticas para el ensamblaje y analisis de los millones de secuencias
generadas, ha permitido mejorar la eficiencia de la secuenciacion y la rapida identificacion de
marcadores moleculares, principalmente marcadores tipo SSR y SNP (Deschamps y Campbell,
2010). La plataforma NGS pionera fue la denominada 454 de Roche, seguida de la tecnologia
Solexa/lllumina y de Solid de Applied Biosystems, aunque actualmente la tecnologia mas
empleada es la Illumina HiSeq (Pereira et al., 2018), que ha evolucionado muy rapidamente
para ofrecer lecturas de mayor calidad a menor coste. Los llamados sistemas de secuenciacion
de tercera generacion, de secuenciacion de una molécula, también han evolucionado mucho
(PacBio RS, Nanopore) (Liao et al., 2018; Alioto et al., 2019). En los inicios de esta revolucion,
en C. melo, Blanca et al. (2011) utilizaron la tecnologia 454/Roche para la secuenciacion de
689.054 ESTs, a partir de colecciones de cDNA procedentes de diferentes tejidos de los
parentales del mapa de mel6n PS ‘T111’ y SC y dos cultivares comerciales pertenecientes a la
subsp. melo, PS ‘Pifionet’ y VED. A partir del ensamblaje de los nuevos EST, combinados con
los obtenidos anteriormente con Sanger, se obtuvieron 53,252 unigenes, de los cuales el 63 %
se anotaron funcionalmente y el 43 % tuvieron ortélogos de Arabidopsis thaliana, y se
identificaron mas de 14,000 SNPs. También se empled el sistema NGS SOLID para secuenciar
los transcriptomas de un conjunto de 67 genotipos de meldn, que previamente habian sido
seleccionados a partir de una coleccién basica, que representaba la variacion existente de toda
la especie (Blanca et al., 2012). Este estudio, proporciond los primeros datos de resecuenciacion
de transcriptomas de meldn, produciendo la mayor coleccién de SNPs (alrededor de 40,000
SNPs) de meldn disponible hasta ese momento y que representaba una muestra notable de la
diversidad de la especie. Posteriormente, Sanseverino et al. (2015) resecuenciaron tres entradas
de la subsp. melo PS ‘T111’, VED y ‘C-1012’ (perteneciente al grupo Dudaim), y cuatro
entradas de la subsp. agrestis (SC y Pl 124112 (perteneciente al grupo Momordica), ‘Ames-
24297’ previamente clasificada como C. trigonus y la entrada ‘C-386° procedente de Cabo
Verde), con el objetivo de estudiar como las inserciones de transposones, la variacion
estructural y los SNPs contribuyen en la evolucién del genoma de melon. Se identificaron méas
de 4,5 millones de SNPs y mas de 700,000 deleciones e inserciones. Recientemente, Zhao et al.
(2019), secuenciaron 1,175 entradas de melon, de las cuales 667 corresponden a la subespecie
melo, 508 a la subespecie agrestis y 9 a especies cercanas a la especie C. melo. Empleando las
plataformas Illumina HiSeq 2500 y HiSeq 3000 consiguieron una cobertura del 80,73 % del
genoma ensamblado y detectaron 5,678,165 SNPs y 957,421 inserciones y deleciones.
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Ademas de todas las herramientas gendmicas destacadas anteriormente para la generacion de
mapas geneticos y fisicos, hay que mencionar otras técnicas desarrolladas a partir de
marcadores moleculares, con el objetivo de ahondar en el estudio de la expresion génica. Una
de las herramientas mas utilizadas con este fin han sido los microarrays, actualmente menos
empleados por el abaratamiento de sistemas alternativos como RNA-seq. Gonzalez-1beas et al.
(2012) utilizaron esta técnica de microarrays para una comparativa de genes implicados en la
resistencia-susceptibilidad al virus Watermelon mosaic virus (WMV), entre una entrada
resistente (‘TGR-1551", grupo Momordica) y una entrada susceptible (C. melo. grupo Ibericus
subgrupo ‘Tendral’), a diferentes dias de inoculacion. Los resultados mostraron la expresion
diferencial entre entradas de mas de 3,000 unigenes. Otra herramienta muy empleada es la de
Tilling (Target Induced Local Lesions in Genoms) y ECOTILLING (Eco-type TILLING). Estas
técnicas permiten estudiar la funcion de los genes mutados generados por variacion natural o
artificial (mediante la mutagenizacion de semillas o polen). Uno de los estudios mas
importantes empleando esta herramienta fue el descrito por Boaulem et al. (2015), en el que a
partir de una coleccién de plantas con TILLING pudieron estudiar la determinacién sexual del
melon. Por Gltimo, una de las herramientas mas novedosas para el estudio de expresion genética
es RNA-seq. Galpaz et al. (2018), emplearon esta técnica para el estudio de QTLs y eQTLs en
una poblacion RIL generada a partir de los parentales Pl 414723 (grupo Momordica) y ‘Dulce’
(grupo Cantalupensis). Uno de los resultados mas destacados de esta investigacion fue la
deteccidn del gen CmPPR1, responsable de la intensidad de carotenos en la pulpa del melén.

Durante el desarrollo de programas de mejora, una de las herramientas mas utilizadas es la
seleccion asistida por marcadores. Esta seleccion se puede llevar a cabo mediante plataformas
de genotipado a gran y media escala o mediante genotipado a pequefia escala. Estas técnicas se

describiran a continuacién.

1.5. Métodos de genotipado de SNPs

Las colecciones de SNPs, suponen una valiosa herramienta para mejorar la eficiencia de los
programas de mejora, por ejemplo, para facilitar el disefio de cruces y acelerar la seleccién en
el desarrollo de nuevas poblaciones. Para este objetivo suele ser necesario genotipar un gran
namero de marcadores en un elevado nimero de individuos y para ello es necesario emplear
métodos de genotipado adecuados. Existen numerosas técnicas de genotipado de SNPs basadas
en digestion con enzimas de restriccion (RFLP, CAPS), otros métodos estan basados en la
deteccién de mutaciones puntuales generadas a partir de la formacion del ADN de cadena
simple (SSCP). También se emplean metodologias basadas en la PCR especifica de alelo

(Allele Specific Primers), dentro de los cuales esta el método de genotipado por fluorescencia
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KASP (Kbioscience: httpp://dna.uga.edu/docs/KASPar_snp) y el método Tagman (Applied

Biosystems: http://www.appliedbiosystems.com).

Cuando necesitamos genotipar un nimero elevado de marcadores en un nimero elevado de
individuos, otras técnicas son mas eficientes. Por ejemplo, el desarrollo de nuevas poblaciones
como lineas de introgresion requiere el genotipado de varios cientos de marcadores en varios
cientos de individuos, para llevar a cabo una seleccion eficiente en la generacion BC2, que
permita acortar el proceso de obtencién de las poblaciones definitivas. Para ello, suelen
emplearse técnicas de genotipado de media/gran escala como el genotipado GoldenGate de
Illumina o IPLEX Massarray).

Por otro lado, muchas veces, tras la aplicacion a grandes poblaciones, de las metodologias de
genotipado a media y gran escala, es necesario genotipar pocos marcadores de interés en un
numero determinado de individuos. Uno de los métodos mas empleados para el genotipado de
poblaciones de tamafio medio o pequefio con un nimero discreto de SNPs es la tecnologia HRM
0 High-Resolution Melting. Se trata de una PCR con una etapa adicional de lectura de
fluorescencia de las curvas de fusion de los amplicones generados por PCR. Para registrar la
lectura de fluorescencia se afiade una molécula intercalante que se adhiere al ADN de cadena
doble. Ademas, esta tecnologia dispone de un sistema muy sensible de deteccidn de variaciones
de fluorescencia. La lectura de fluorescencia alcanza su maxima cuando estd completamente
intercalada al ADN y comienza a disminuir conforme la doble hélice empieza a desnaturalizarse
por efecto del aumento de la temperatura, generandose curvas de fusion especificas de cada una
de las muestras genotipadas (Reed et al., 2007; Vossen et al., 2007; Barrantes, 2014). Las
temperaturas de fusion (Tm) de cada uno de los productos de PCR son especificas para cada
amplicon, de forma que las pequefas variaciones en las secuencias, como los SNPs, provocan
cambios en la cinética de fusion de las cadenas de ADN. Si entre los parentales que conforman
una poblacién se encuentran polimorfismos, como SNPs, podran distinguirse empleando este
método porque las curvas de fusion de cada uno de los parentales para cada primer polimérfico
entre ellos sera distinta. Por esta razon, para utilizar este método es necesario comparar las
muestras de estudio con los controles parentales y su hibrido. Esta tecnologia resulta adecuada
para no demasiadas muestras y marcadores, pues el genotipado de poblaciones grandes para
diversos marcadores tiene un coste alto, ademas de no permitir automatizacion y por tanto tener
la limitacion del tiempo.

Recientemente, se han desarrollado nuevos métodos de genotipado a partir secuenciacion
masiva. Estas técnicas son las mas actuales y en las que se obtiene un genotipado de un alto
nimero de marcadores mediante la secuenciacion de fragmentos del genoma. Una de las

principales técnologias es el genotipado con baja cobertura de secuenciacion (GBS) (Davey et
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al., 2011). Durante el desarrollo de la presente tesis, después de crear la coleccion de lineas de
introgresion empleando el genotipado Agena Bioscience iPLEX ® Gold MassARRAY y HRM,
se decidié llevar a cabo un genotipado con baja cobertura de secuenciacion (GBS), para asi
poder finalizar de una forma mas completa el desarrollo de las lineas de introgresion. La ventaja
principal de estos métodos de genotipado basados en secuenciacion son el bajo coste econémico
por SNP y que son aplicables tanto a especies de las que se dispone de datos de secuenciacion
del genoma de referencia como a especies cuyo genoma no estd secuenciado. Otra de las
técnicas mas novedosas es el Target genotyping. Esta técnica es una alternativa para las técnicas
de genotipado por secuenciacion de todo el genoma, enfocandose Unicamente en aquellas
regiones diana de interés, a partir de arrays y de secuenciacion. Utilizando la tecnologia Single
Primer Enrichment Technology (SPET), proporciona datos de secuencia, a partir de SNPs
especificos para cada region de interés (Scaglione et al., 2019). Esta tecnologia aporta las
ventajas de ahorrar tiempo y costes al centrarse en regiones especificas y generar un conjunto

de datos mas reducido y manejable.

1.6. Desarrollo de lineas de introgresion para el mapeo de QTLs

Muchos de los caracteres de interés agrondémico (rendimiento, caracteres de calidad del fruto,
resistencia a estreses bioticos y abidticos, etc.) muestran una vaiacion continua (cuantitativa),
con una herencia poligénica y dependen de la accion acumulativa de muchos genes y de su
interaccion con el medio ambiente (Torres et al., 2012). Las regiones del genoma que incluyen
genes asociados a un caracter cuantitativo se denominan QTLs (Quantitative Trait Loci). La
complejidad de este tipo de caracteres radica en que plantas con el mismo fenotipo pueden tener
alelos diferentes en uno o muchos de los genes o QTLs. Asimismo, plantas que muestran
diferentes fenotipos pueden ser portadoras de los mismos alelos para estos QTLS, cuando son
cultivadas en distintos ambientes. Ademas, las interacciones epistaticas de otros QTLs en la
misma planta pueden variar el efecto de un QTL (Torres et al., 2012). Para llevar a cabo un
analisis de QTLs es necesario disponer de un fenotipado exhaustivo de los caracteres de interés,
asi como un genotipado, lo mas saturado posible, de una poblacidn segregante adecuada (F,
BC, DH, RIL, IL).

Entre las poblaciones de mayor interés para la identificacion, caracterizacion y confirmacién
de la presencia de QTLs destacan las lineas de introgresion (ILs). Las ILs son un conjunto de
lineas en las que se ha introgresado, en cada una de ellas, un fragmento cromosémico del
parental donante de interés en un fondo genético comdn (parental recurrente). Las
introgresiones se solapan, cubriendo el conjunto de lineas (con fondo genético del parental

recurrente) todo el genoma donante. Dada la isogenicidad entre cada linea y la linea recurrente,
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toda la variacion que exista entre ellas se atribuye a los genes de la linea donante que se
encuentran en el fragmento introgresado. Ademas, el hecho de que las lineas sean homocigotas
permite la perpetuacion indefinida de cada una de las lineas y la obtencion de réplicas para
obtener un mejor fenotipado para el analisis de caracteres cuantitativos, teniendo en cuenta el
efecto ambiental. Para obtener las ILs, se debe retrocruzar el hibrido F1, entre los dos parentales
seleccionados, donante y recurrente, sobre el parental recurrente durante 5-6 generaciones,
hasta obtener lineas idénticas al parental recurrente excepto en el fragmento cromosémico
introgresado. Por ultimo, los individuos se autofecundan hasta conseguir la homocigosis
completa de las introgresiones.

La primera coleccion de ILs se obtuvo en tomate (Eshed y Zamir, 1994). Posteriormente,
Tanksley y Nelson (1996) utilizaron poblaciones de retrocruce avanzado para el estudio y
transferencia de QTLs también en tomate. Tras el éxito de este tipo de poblaciones para el
analisis de QTLs, se adopto este tipo de poblacién en otros cultivos: Brassica oleraceae
(Ramsay et al., 1996), arroz (Tian et al., 2006), cebada (Matus et al., 2003; Korff et al., 2004),
lechuga (Jeuken y Lindhout, 2004), trigo (Liu et al., 2006), fresa (Urrutia et al., 2015),
melocotdn (Serra et al., 2016), berenjena (Gramazio et al., 2017). En melon, la primera
coleccidn de ILs fue desarrollada por Eduardo et al. (2005), utilizando como parental donante
la entrada SC y como parental recurrente PS. Este parental fue seleccionado fundamentalmente
porque presenta resistencia a plagas y enfermedades de etiologia flngica y viral (Garzo et al.,
2002; Boissot et al., 2008). La poblacion completa de ILs consistio en 57 lineas que cubrian el
85 % del genoma SC con un tamafio promedio de 41 cM/introgresién. La disponibilidad actual
de marcadores permite acelerar enormemente este proceso, seleccionando con un set de SNPs
a partir de la generacion BC2 y empezando a fijar en la generacion BC3. De esta forma
realizando dos ciclos de cultivo al afio es posible tener la coleccion de IL fijadas en un plazo de
3-4 afos. Aungue el objetivo de su desarrollo fue derivar lineas con resistencia a las distintas
plagas y enfermedades, esta primera coleccion de ILs se ha empleado con numerosos objetivos
de mejora. Por ejemplo, Fita et al. (2008), la emplearon con el fin de estudiar caracteres
relacionados con la estructura de la raiz, como por ejemplo la biomasa de la raiz y la longitud
y arquitectura de la misma. Asi mismo, Fernandez-Trujillo et al. (2007), la utilizaron con el fin
de detectar y mapear QTLs que participan en algunos caracteres relacionados con la vida
postcosecha, como el pardeamiento del fruto, los dafios por frio, la sobremaduracion y la
pérdida de sabor durante el almacenamiento entre otros. También se emplearon para el estudio
de regiones gendmicas implicadas en la calidad y maduracién del fruto (Eduardo et al., 2007;
Obando et al., 2008a; Fernandez-Trujillo et al., 2011; Argyris et al., 2017; Rios et al., 2017).

Muchos de los QTLs detectados en melon se recogen en el mapa consenso de Diaz et al. (2011;
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2015). Este mapa incluye QTLs asociados a caracteres de interés agronémico, y ademas aporta
la ventaja a la comunidad cientifica de poder comparar la posicion de determinados QTLs en
diferentes poblaciones con distinto fondo genético.
En el comienzo de la presente tesis doctoral, solo existia una poblacion de lineas de introgresion
desarrollada en el fondo genético PS (Eduardo et al., 2005). Debido a que otro de los grupos
varietales de mayor importancia a nivel mundial es el grupo Cantalupensis, se decidio que el
fondo genético para desarrollar una nueva coleccion de ILs fuera VED. Este cultivar aporta un
fondo genético climatérico, a diferencia de la primera coleccion ya mencionada. Como parental
donante se selecciond P1 420176 (C. melo, grupo Makuwa subgrupo ‘Yuki’) (MAK). Ambos
parentales difieren en caracteres de floracion y de calidad de fruto, lo que ayuda a estudiar la
variabilidad genética de MAK, para el estudio de regiones genémicas relacionadas con aspectos
de calidad de fruto fundamentalmente.
Recientemente, Pereira (2018) han desarrollado dos poblaciones reciprocas de ILs utilizando
estos dos tipos comerciales (VED y PS) base de las anteriores ILs, con el objetivo de estudiar
con profundidad las regiones implicadas en los procesos relacionados con etileno y maduracion
fundamentalmente (VED como climatérico y PS como no climatérico). Por Gltimo, Castro et
al. (2019) han desarrollado un conjunto de ILs derivado del parental recurrente PS y el parental
donante dudaim (DUD) (grupo Dudaim), con el objetivo de poder introgresar ciertas
caracteristicas de DUD como su particular aroma en frutos PS.
Ademas de las ILs, las poblaciones RILs y DHLs (doble haploides) han sido bastante empleadas
para el estudio de caracteres cuantitativos en melon (Périn et al., 2002a; Perchepied et al., 2005,
Cuevas et al., 2008; Fukino et al., 2008; Harel-Beja et al., 2010; Galpaz et al., 2018; Pereira et
al., 2018). A diferencia de las ILs, el genoma de cada linea de la poblacién es un mosaico de
los dos parentales de partida. Son muy validas para generar mapas genéticos y mapear
caracteres de herencia simple. También son adecuadas para el analisis de QTLs, aunque su

transferencia a mejora es mas complicada que con las ILs.

1.7. Mejora de la calidad del fruto en melon

La calidad del fruto en mel6n es un parametro complejo, el cual engloba caracteres tales como
el tamafio, forma, color, textura, aroma, dulzor, contenido nutricional y vida postcosecha
(Burger et al., 2002; 2006; Monforte et al., 2004; Eduardo et al., 2007; Fernandez-Trujillo 2007;
2011; Obando et al., 2008; Obando-Ulloa et al., 2010; Paris et al., 2008;), los cuales estan
controlados por multiples genes y condicionados por factores ambientales (Fernandez-Trujillo
etal., 2011). La calidad del fruto de meldn puede verse mermada por la susceptibilidad a plagas

y enfermedades, ya que se trata de una especie altamente susceptible. Para desarrollar
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programas de mejora de la calidad del meldn es necesario que las plantas se encuentren libres
de patdgenos. Por este motivo, y hasta hace relativamente poco tiempo, la mejora del melén se
habia orientado fundamentalmente al estudio de la resistencia a enfermedades y plagas, con el
fin no sélo de mejorar o no afectar a la calidad como se ha comentado, sino también de aumentar
la produccion y estabilizarla. Las principales plagas y enfermedades que afectan al meldn son
de etiologia viral y fungica. Recientemente, Thakur et al. (2019) ha recopilado todos los genes
de resistencia a enfermedades fungicas y virales, asi como a determinados insectos, indicando
el cultivar que aporta dicha resistencia, haciendo una actualizacion del listado de genes de
melon de Dogimont (2011) en relacién a esta tematica. Las enfermedades virales mas comunes
en melén son Cucumber mosaic virus (CMV), Cucurbit aphid-borne yellows virus (CABYYV),
Papaya ring spot virus (PSRV), Watermelon mosaic virus (WMV), Zucchini yellow mosaic
virus (ZYMV) y Moroccan watermelon mosaic virus trasmitidos por afidos, Beet pseudo-
yellows virus (BPYV), Cucurbit yellow stunting disorder virus (CYSDV), Cucurbit vein
yellowing virus (CVYYV), Cucurbit chlorotic yellows virus (CCYV) y Tomato leaf curl New
Delhi virus (ToLCNDV), que se transmiten por mosca blanca, Melon necrotic spot virus
(MNSV) que se transmite por Olpidium bornovanus y Cucumber green mottle mosaic virus
(CGMNYV) que se transmite por semilla, suelos y sutratos reutilizados, agua de riego y restos
vegetales, . Por otro lado, las enfermedades flngicas mas comunes son las causadas por
Fusarium oxysporum f. sp. melonis (Fom), Monosporascus cannonballus (Pollack & Uecker,
1974) y Monosporascus eutypoides (Petrak) von Arx (Ben Salem et al., 2013), Rhizoctonia
solani (Troutman and Matejka, 1970), Rhizopycnis vagum (Farr et al., 1998), Acremonium
cucurbitacerum (Bruton et al., 2000), Pythium ultimum, Pythium aphanidermatum y Pythium
myriotylum (Amann, 1989; Gubler y Grogan, 1982), y Macrophomina phaseolina (Tassi)
Goidanich. La disponibilidad de una grandisima variabilidad genética dentro de la especie
permite realizar cribados enfocados a la busqueda de germoplasma tolerante o resistente a
determinadas enfermedades. Este germoplasma seleccionado es un recurso esencial para el
mejorador, pues permite la introgresion de dicha resistencia en genotipos de élite, manteniendo
un alto porcentaje del fondo genético recurrente, sin alterar la calidad del fenotipo comercial.
Los principales genes detectados relacionados con las enfermedades virales y flngicas son: gen
cmvl (gen de resistencia a CMV), gen Zym (gen de resistencia a ZYM), el gen Cm-elF4E
(responsable de la resistencia a MSNV) y los genes fom-1, fom-2, fom-3, fom-4 (genes
involucrados en la tolerancia a Fusarium oxysporum). De todos ellos el gen cmvl y Cm-elF4E
han sido clonados (Nieto et al., 2006; Essafi et al., 2009; Guiu-Aragonés et al., 2014; Giner et
al., 2017).

34



Capitulo 1: Introduccion general
Hay que tener en cuenta que, ademas de la susceptibilidad a plagas y enfermedades, estudios
recientes han mostrado que la interaccion entre portainjerto-injerto puede alterar la calidad del
fruto como por ejemplo, un incremento del tamafio del fruto y de la cavidad seminal del mismo
(Verzera et al., 2014; Céceres et al., 2017), modificaciones en el color de la pulpa del fruto
(Colla et al., 2006; Caceres et al., 2017), un aumento de la vitrescencia (Rouphael et al., 2010;
Jang et al., 2014), variaciones en la firmeza de la pulpa (Colla et al., 2006; Jang et al., 2014;
Zhao et al., 2011), en el contenido de solidos solubles (Caceres et al., 2017; Verzeraet al., 2014;
Liu et al., 2015), en el aroma (Verzera et al., 2014) y un descenso de la firmeza de la pulpa
postcosecha (Zhao et al., 2011).
Sin embargo, actualmente el mercado demanda una elevada calidad de los productos horticolas
y, por tanto, los programas de mejora incluyen muchos objetivos relacionados con la calidad.
A pesar del problema de incompatibilidades en los cruces con otras Cucumis spp., la ventaja
que tiene el melon es la gran variabilidad genética intraespecifica. Esta variabilidad esta a
disposicion del mejorador para poder explotarla y crear nuevas variedades que, ademas de ser
resistentes o tolerantes a determinadas enfermedades, cumplan una serie de requisitos de
calidad nutricional y organoléptica que satisfagan al consumidor. La calidad del melén depende
en gran medida del grupo varietal y de las demandas del mercado (Obando et al., 2008). Por
ejemplo, los melones del grupo Cantalupensis deben ser aromaticos, con un elevado contenido
en azlcar, mientras que los melones del grupo Ibericus, como por ejemplo el tipo PS, no son
aromaticos, pero tienen mayor contenido en azucares que los tipos Cantalupensis y mayor vida
postcosecha (Fernandez-Trujillo et al., 2011).
El empleo de lineas de introgresion, como se ha mencionado anteriormente, es ideal para poder
introducir las caracteristicas de interés en material comercial. En este sentido, el grupo de
mejora genética de cucurbitaceas del COMAYV esté desarrollando una poblacion de lineas de
introgresion entre el parental recurrente PS y el parental donante DUD, el cual tiene la
caracteristica de presentar un aroma intenso en la maduracion (Castro et al., 2019). Introducir
aroma en frutos PS que carecen de aroma, por tratarse de frutos no climatéricos, resulta
interesante para el consumidor y un reto para el mejorador, el cual dispone de la variabilidad
genética y de las herramientas para poder crear variedades que satisfagan a la sociedad actual.
Como ejemplo de mejora del melon espafiol, por antonomasia (PS), cabe mencionar una nueva
variedad que se ha lanzado al mercado recientemente: el meldn “Sorolla’, un tipo PS con pulpa
naranjay por tanto con el beneficio que aportan los B-carotenos (www.intersemillas.es).
1.7.1. Morfologia del fruto
La morfologia del meldn es un caracter complejo que abarca tanto el peso como la forma del

fruto, donde los consumidores esperan morfologias especificas dependiendo del tipo de cultivar
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(Stepansky et al., 1999; Monforte et al., 2004). La variabilidad de formas en melon es muy alta
(achatadas, redondeadas, ovaladas, elipticas y alargadas), por lo que a priori se pueden emplear
poblaciones segregantes entre variedades con distintas formas para conseguir una morfologia
determinada. El tamafio del fruto, es un caracter regulado por muchos genes y con una fuerte
influencia ambiental. Se han descrito muchos QTLs implicados en la formay peso del fruto en
distintos trabajos (Monforte et al., 2004; Eduardo et al., 2007; Zalapa et al., 2007; Harel-Beja.,
2010; Tomason et al., 2013; Ramamurthy y Walters, 2015; Pereira, 2018). Recientemente Pan
et al. (2019) establecieron 78 QTLs consenso relacionados con la morfologia del fruto a partir
de investigaciones previas. Ademas, identificaron 87 genes homologos de 8 familias génicas
relacionados con la morfologia del fruto, estas familias génicas son: CNR (cell number
regulator), CSR (cell size regulator), CYP78A (cytochrome P450), SUN, OVATE, TRM
(TONNEU1 Recruiting Motif), YABBY y WOX.

En cuanto al peso del fruto, existen numerosos trabajos que han detectado QTLs en casi todos
los cromosomas con distintos fondos genéticos (Monforte et al., 2004; Eduardo et al., 2007;
Zalapa et al., 2007; Harel-Beja eta., 2010). Muchos de estos QTLs estan reunidos en el mapa
consenso de Diaz et al., 2015. Ademas, Diaz et al. (2017) detectaron QTLs adicionales en los
cromosomas 2, 4, 6 y 8 en una poblacion F. obtenida a partir del cruzamiento entre PS y
‘Trigonus’ (C. melo grupo Agrestis, entrada Ames 24294). Recientemente, Pereira et al. (2018),
también utilizando una poblacion de RILs entre dos variedades comerciales VED y PS,
detectaron dos QTLs relacionados con el peso del fruto en los cromosomas 5y 8.

Los caracteres que afectan a la forma del fruto son la longitud y la anchura. El cociente entre
estos dos caracteres se utiliza como una estimacion de la forma del fruto. Eduardo et al. (2007),
detectaron que las introgresiones del parental silvestre SC en el cromosoma 8 aumentaban la
longitud del fruto entre un 16 y un 29 %. Por el contrario, las introgresiones en los cromosomas
4 y 8 disminuian la longitud del fruto respecto al parental recurrente PS. Del mismo modo,
Harel-Beja et al. (2010) detectaron QTLs que afectaban a la longitud y por lo tanto a la forma
del fruto en los cromosomas 2 y 8. Més recientemente, Diaz et al. (2014) detectaron cinco QTLS
para la longitud del fruto en una poblacion F2 a partir del cruce entre PS x Pl 124112 (grupo
Momordica), dos de ellos se localizaban en la misma posicion que los descritos por Harel-Beja
et al. (2010), pero en distinto fondo genético, aportando una mayor solidez. Ademas, también
se detectaron tres QTLs en los cromosomas 3, 6 y 8, los cuales se localizaban en las mismas
posiciones que los descritos por Eduardo et al. (2007) en el mismo fondo genético.
Recientemente, Pereira et al. (2018) detectaron distintos QTLs que afectaban al diametro en los

cromosomas 2y 5, y a la longitud del fruto en los cromosomas 5, 6 y 11.
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En cuanto al diametro del fruto, se han detectado diversos QTLs distribuidos en la mayoria de
los cromosomas (Zalapa et al., 2007; Paris et al., 2008; Harel-Beja et al., 2010; Diaz et al.,
2014).

Monforte et al. (2014) y Gonzalo y Monforte (2017), recapitularon todos los QTLs mas
consistentes hallados hasta la fecha y llegaron a la conclusion de que muchos de los QTLs
detectados para el peso y la forma del fruto se repiten en distintos fondos genéticos, definiendo
4 Meta-QTLs en los cromosomas 2, 3, 8 y 11 para el caracter peso del fruto y 5 Meta-QTLs en
los cromosomas 1, 2, 8, 11y 12 para el caracter forma del fruto. Puesto que este ultimo caracter
esta altamente correlacionado con la longitud y el diametro de los frutos, muchos de estos QTLs
estan colocalizados. Asimismo, los QTLs localizados en el cromosoma 2 para ambos caracteres
podrian representar efectos pleiotropicos del gen a (andromonoecia), ya que la expresion/no
expresion de este gen determina la presencia/ausencia de estambres en las flores femeninas. Por
ende, el desarrollo de estambres inhibe el crecimiento longitudinal del ovario, mostrando frutos
mas redondeados y achatados que aquellos que provienen de flores sin estambres. Se han
identificado algunos genes candidatos que podrian explicar la variacion asociada a estos QTLS.
Por ejemplo, los ortélogos de los genes de tomate SIKLUH/FW3.2 podrian ser candidatos para
explicar la variacién en el peso del fruto, mientras que los genes de la familia OVATE son los
candidatos asociados a la forma del fruto (Monforte et al., 2014; Pan et al., 2019).
Concretamente el gen CmOFP13 (MELO3C025206, ovate family proteins) de la familia
OVATE, localizado en el cromosoma 8, se ha demostrado que explica la variacion observada

en algunos cruces de melon (Wu et al., 2018; Pan et al., 2019).

1.7.2. Apariencia externa del fruto

La apariencia externa viene determinada por la combinacion del color de la corteza, la presencia
0 ausencia de suturas longitudinales o costillas y el reticulado o escriturado de la corteza. Se
han cartografiado genes mayores implicados en la apariencia externa, como, por ejemplo,
Stripped epicarp (gen st) en el cromosoma 3 (Danin-Poleg et al., 2002), ‘Manchas en la corteza’
(gen mt-2) en el cromosoma 2 y suturas (gen s-2) en el cromosoma 11 (Périn et al., 2002b).
Otro de los caracteres que interviene en la apariencia externa es el reticulado, para este caracter
se han detectado QTLs en los cromosomas 2, 11 y 12 (Harel-Beja et al., 2010). Cohen et al.
(2019) publicaron una lista de 50 genes que presentaban una expresion significativamente
alterada entre melones de corteza lisa (‘Sakata Sweet’, “White Crenshaw’ y ‘Honeydew’) y
melones con reticulado (‘Sharlyn’, ‘Hearts of Gold’ y ‘Delicius 51°).

Otro de los caracteres importantes que influencia a los consumidores es el color externo del
melon, el cual presenta una amplia gama dentro de la especie, pudiendo encontrarse colores de

corteza verdes, blancos, amarillos y anaranjados. Los pigmentos que confieren el color de la
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corteza en melon son los carotenoides (B-carotenos) y clorofilas (Burger et al., 2010), en los
melones verdes o naranjas. Los flavonoides son los responsables del color amarillo de la corteza
(Tadmor et al., 2010). En concreto, el flavonoide naringenin chalcona es el principal flavonoide
en los melones tanto de corteza amarilla como el ‘Amarillo canario’ como en otros como ‘Noy
Yizre’ del grupo Cantalupensis o como ‘Rochet” y ‘Tam Dew’ de los grupos lbericus e
Inodorus. Recientemente, estudios RNA-seq de una poblacion segregante creada a partir de un
set de 18 cultivares de meldn representantes de cinco grupos taxondmicos y de toda la
variabilidad de color de la corteza en meldn revelé que la proteina F-Box que contiene el
dominio Kelch, codificada por el gen CmKFB (MELO3C011980, Kelch domain-containing F-
Box protein) regula negativamente la acumulacion de la narigenina chalcona alterando el flujo
metabolico de los flavonoides (Tadmor et al., 2010; Feder et al., 2015). Recientemente, el gen
CmKFB ha sido clonado (Feder et al., 2015). Pereira (2018) detectaron 3 QTLs relacionados
con el amarilleamiento de la corteza en los cromsomas 5, 10 (CmKFB) y 12. Estos autores
proponen que los QTLs localizados en los cormosomas 5 y 10 podrian actuar epistaticamente

regulando la biosintesis 0 acumulacion de flavonoides.

1.7.3. Apariencia interna del fruto meldén

En cuanto a la apariencia interna del meldn, hay que tener en cuenta que se buscan cavidades
pequefias, sin espacios vacios entre los carpelos, de forma que tenga un alto contenido en pulpa.
Este caracter parece estar regulado por un gen mayor (Empty cavity, Ec), localizado en el
cromosoma 2 (Périn et al., 2002a). También se han descubierto QTLs que regulan el didmetro
de la cavidad seminal. Paris et al., (2008) detectaron QTLs en los cromosomas 1, 2, 5y 11 que
afectaban al tamafio de la cavidad. Correlacionado con el carécter anteriormente citado, la
proporcion de pulpa respecto el diametro del fruto también es otro caracter a tener en cuenta
desde el punto vista de la mejora de la calidad y de la apariencia interna del fruto. Se han
localizado QTLs en todos los cromosomas relacionados con este caracter (Diaz et al., 2015).
Otros caracteres que intervienen en la apariencia interna del melén son el grosor de la corteza,
la firmeza de la piel y de la pulpa, los cuales estan correlacionados positivamente con la vida
postcosecha y el almacenamiento. Obando et al. (2008) detectaron un QTL en el cromosoma
12 relacionado con este caracter. En cuanto a la firmeza de la pulpa, se trata de un caracter
etileno dependiente que puede determinar la calidad del fruto de melon (Pech et al., 2008). Se
ha observado un rapido descenso de la dureza de la pulpa en frutos climatéricos del grupo
Cantalupensis (Rose et al., 1998). Se han descrito regiones involucradas en este caracter en los
cromosomas 2, 3, 6, 7, 8, 10 y 12. (Moreno et al., 2008; Paris et al., 2008). Este caracter se

explicard con mas detalle en el apartado de comportamiento del fruto en la maduracion.
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Otro caracter de gran importancia dentro de la apariencia interna del meldn es el color de la
pulpa. Este caracter es independiente de la produccion de etileno (Flores et al., 2001a) y esta
controlado por dos genes mayores: green flesh (gf) (Hughes, 1948) y white flesh (wf) (Iman et
al., 1972), los cuales interactian epistaticamente (Clayberg, 1992). Ambos genes han sido
cartografiados (Monforte et al., 2004; Eduardo et al., 2007; Périn et al., 2002a; Fukino et al.,
2008; Tzuri et al., 2015, Galpaz et al., 2018). La variabilidad en la intensidad del color de la
pulpa también se encuentra en el germoplasma de mel6n, de salmoén a naranja oscuro o de verde
oscuro a verde claro. Recientemente, se ha clonado el gen gf (homdélogo del gen BoOr en
coliflor), localizado en el cromosoma 9 (MELO3C005449), responsable de la induccion de
acumulacion de B-carotenos (Burger et al., 2010; Tzuri et al., 2015). Anteriormente ya se habian
detectado QTLs en la misma posicion de gf (CmOr, MELO3C005449, protein orange-orange
chloroplastic) y otros adicionales que estaban relacionados con la intensidad del color de la
pulpa (Monforte et al., 2004; Eduardo et al., 2007; Cuevas et a., 2008; Harel-Beja et al., 2010;
Leida et al., 2015). Por otro lado, el gen wf fue localizado con anterioridad en el cromosoma 8
(Monforte et al., 2004; Cuevas et al., 2008; Harel-Beja et al., 2010; Diaz et al., 2015).
Recientemente, Galpaz et al. (2018) asocian el locus wf con CmPPR1 (MELO3C003069,
pentatricopeptide repeat-containing family protein) como principal gen responsable de la
coloracién blanca o verde. EI gen CmPPR1 codifica una familia de proteinas PPR. La familia
de proteinas PPR esta asociada con la edicion y procesamiento post-transcripcional de genes
codificados en cloroplastos y mitocondrias (Barkan y Small, 2014; Cheng et al., 2016). Zhao et
al. (2019) asocian el locus wf con otro gen candidato MELO3C003097 (Protein SLOW GREEN

1, chlroplastic), situado muy cerca de CmPPRL.

1.7.4. Comportamiento en la maduracién

El mel6n muestra una gran diversidad de comportamientos durante la maduracién, de forma
que entre los melones climatéricos y no climatéricos encontramos una amplia gradacion de
tipos intermedios (Ezura y Owino, 2008; Saladié et al., 2015; Pereira, 2018). La cruzabilidad
entre diferentes variedades o grupos de la especie, permite el desarrollo de poblaciones
segregantes para poder estudiar a fondo el comportamiento en la maduracién del fruto. Muchos
de los caracteres relacionados con la calidad del fruto en meldn estan altamente relacionados
con la produccién de etileno y la maduracion temprana, la cual podria estar controlada por
multitud de genes (Pitrat, 2017). Los melones de tipo climatérico, como los del grupo
Cantalupensis, muestran un aumento de la tasa de respiracion acompafiado por una sintesis
autocatalitica de etileno en el inicio de la maduracion (Pech et al., 2008). Se trata de un caracter
que afecta directamente a la calidad del fruto y a la conservacion postcosecha del mismo (Rose

et al., 1998; Saladié et al., 2015). Existen muchas publicaciones enfocadas al estudio genético
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del proceso de maduracion del melon. El primer estudio sobre el control genético de la
maduracion del fruto en melon se realiz6 empleando una poblacion de RILs a partir del
cruzamiento entre la variedad climatérica VED vy la variedad no climatérica SC (Périn et al.,
2002b). Se detectd que la formacion de la capa de abscision y la produccion autocatalitica de
etileno estaba controlado por dos loci independientes localizados en los cromosomas 8 'y 9 (Al-
3y Al-4, respectivamente). Tambiéen se han localizado QTLs adicionales en los cromosomas 1,
2, 3, 6 y 11 (Moreno et al., 2008; Vegas et al., 2013). Recientemente, Rios et al. (2017)
detectaron dos QTLs en los cromosomas 3 y 6 (eth3.5 y eth6.3) a partir de una coleccién de
lineas de introgresion (Eduardo et al., 2005), entre dos parentales no climatéricos (PS x SC),
donde las lineas portadoras de estas regiones, una de ellas o ambas, mostraban un
comportamiento climatérico. Estudios recientes proponen que los frutos no climatéricos
podrian ser mutantes en genes involucrados en la biosintesis y sefializacion del etileno o en
factores de transcripcion similares a los definidos en tomate CNR, NOR, RIN (Giovannoni,
2004; Saladié et al., 2015). De hecho, mediante clonaje posicional caracterizaron el QTL
ETHQV6.3 que induce el climaterio en lineas no climatéricas, revelando que el gen CmNOR
(MELO3C016540, non ripening, el ortdlogo del gen NOR de tomate) subyace a dicho QTL.
En cuanto a los genes implicados en la ruta de la formacion de etileno, hay que destacar dos
familias génicas ACS (1-aminoaciclopropano-1-acido carboxilico sintasa) y ACO (1-
aminoaciclopropano-1-acido carboxilico oxidasa). Se han detectado ocho genes de la familia
ACS en meldn (CmACS1-8), de las cuales el mas estudiado y al que se le atribuye la responsable
sintesis climatérica de etileno es el gen CmACS1 (MELO3C021182), localizado en el
cromosoma 11 (Miki et al., 1995; Yamamoto et al., 1995; Garcia-Mas et al., 2012; Saladié et
al., 2015). Respecto a la familia de genes ACO, se han detectado cinco variantes (CmACQO1-5),
de las cuales a CmACO1 (MELO3C014437), localizado en el cromosoma 5, se le atribuye una
mayor expresion diferencial durante el proceso de maduracion (Saladié et al., 2015).

Otro de los caracteres que se ven afectados por el climaterio es la firmeza de la pulpa (Rose et
al., 1998; Saladié et al., 2015), un caracter dependiente de etileno, aunque una pequefa fraccion
sea etileno independiente (Pech et al., 2008). Las enzimas involucradas en la degradacion de la
pared celular son las B-galactosidasas, xiloglucano hidrolasas, expansinas, B-Xxilosidadas y las
poligalaturonasas (Rose et al., 1998; Saladié et al., 2006 y 2015). Las B-galactosidasas son las
enzimas responsables de la degradacion de los B-galactanos. Se han identificado tres genes de
este tipo en melon, CmGall, CmGal2, CmGal3 (s-Galactosidase) (Nishiyama et al., 2007). Del
mismo modo, Nishiyama et al. (2007) detectaron dos genes xiloglucano endotransglusilasas
hidrolasas (CmXTH1, CmXTH3), que afectaban a la firmeza de la pulpa, pero cuya expresion

no eran etileno dependiente y un gen expansina (CmEXP1) que afectaba a la firmeza de la pulpa.
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Posteriormente, Leida et al. (2015) observaron que el gen CmXTH5 (MELO3C012004) estaba
localizado en la misma regién que un QTL para firmeza de la pulpa en el cromosoma 10 descrito
por Moreno et al. (2008).

Saladié et al. (2015) detectaron diferencias de expresion de genes CmXIL (f-d-xylosidases) en
el estudio transcriptomico comparativo entre los dos parentales empleados, VED y PS. En
cuanto a las poligalacturonasas, se han detectado tres genes que se expresan durante la
maduracion del fruto, CmPG1, CmPG2 y CmPG3 (polygalacturonases) (Hadfield et al., 1998).
De estos tres genes, la expresion de CmPGL1 es etileno dependiente y es la principal enzima
modificadora de la pectina en frutos ‘Vedrantais’ (Nishiyama et al., 2007; Saladié et al., 2015),
CmPG2 es etileno independiente y CmPG3 presenta una regulacion dependiente o
independiente del etileno (Saladié et al., 2015).

Otro caracter apreciado por el consumidor y relacionado con el tipo de maduracién del fruto es
el aroma. Se trata de un caracter etileno dependiente cuyo perfil puede verse modificado
dependiendo del tipo de maduracion del fruto y del tipo de cultivar. Los melones de tipo
climatérico, como por ejemplo los pertenecientes al grupo Cantalupensis, se caracterizan por
tener un fuerte aroma en la maduracion, el cual estd asociado a una mayor cantidad de ésteres
y alcoholes que los melones no climatéricos (Shalit et al., 2001; Pech et al., 2008; Esteras et al.,
2018). Este caracter, se desarrollara en profundidad en el siguiente punto debido a que uno de
los objetivos de la presente tesis es la caracterizacion de compuestos organicos volatiles en una

poblacién de ILs.

1.7.5. Aroma

El aroma es uno de los principales caracteres que determina la calidad del melén (Beaulieu y
Lea, 2006; Fallik et al., 2001; Kourkoutas et a., 2006), ademas de estar altamente relacionado
con el sabor (Obando-Ulloa et al., 2010; Lignou et al., 2014; Tang et al., 2015). Tanto el aroma
como el sabor se deben a menudo a mezclas complejas de compuestos organicos volatiles
(VOCs). El aroma es muy diferente entre frutos climatéricos y no climatéricos, habiéndose
detectado en melon alrededor de 300 compuestos volatiles (Gonda et al., 2013). Esta gran
variabilidad en los compuestos volatiles puede ser debido a la gran variabilidad genética que
hay dentro de la especie (Burger et al., 2006; Burger et al., 2010; Esteras et al., 2018). Obando-
Ulloa et al. (2008) sugieren que la diferencia en los perfiles arométicos esta relacionada con
efectos pleiotropicos de las regiones responsables del climaterio. Freilich et al. (2015),
estudiaron mediante andlisis metabolicos y transcriptomicos, la relacién entre el contenido en
azucares, color y aromas durante la maduracion del fruto a partir de una poblacion RILs entre
la variedad ‘Dulce’ y la entrada P1 414723, concluyendo que los caracteres relacionados con la

cantidad de azUcares y el color son etileno independientes, mientras que la produccién de
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compuestos volatiles es etileno dependiente. Los principales compuestos volatiles en frutos
climatéricos son los ésteres y alcoholes, mientras que para frutos no climatéricos los
responsables del aroma son un bajo contenido de estos compuestos y la presencia de aldehidos,
acidos organicos y terpenos (Shalit et al., 2001).

La mayoria de los compuestos volatiles derivan de acidos grasos, aminoacidos y terpenoides
(Gonda et al., 2016) (Figura 4). Los principales compuestos que derivan de los &cidos grasos
son los aldehidos. Las dos principales enzimas que intervienen en la formacion de aldéhidos a
partir de acidos grasos son las lipooxigenasas (LOX) y las hidroperoxido liasas (HPL) (Gonda
et al., 2016). Actualmente, se han identificado 17 lipooxigenasas en meléon (CmLOX1-17,
lipoxygenase) (Zhang et al., 2014). Por el contrario, no se conoce ninguna HPL en esta especie
(Gonda et al., 2016). Ademas de la contribucién al aroma de los aldehidos, también son un
importante precursor para la formacion de alcoholes y ésteres (Schwab et al., 2008). A partir de
los aldehidos, debido a la accion de las enzimas alcohol dehidrogenasas (ADH) se pueden
convertir los aldehidos en alcoholes. Se han identificado dos genes relacionados con la
formacion de alcoholes en melén (CmADH1, MELO3C023685: alcohol dehydrogenase
medium chain zinc-binding type y CmADH2, MELO3C014897: alcohol dehydrogenase short
chain type), ambos etileno dependientes y regulados por la maduracién del fruto (Manriquez et
al., 2006). Del mismo modo que los aldehidos, los alcoholes contribuyen al aroma de melon
(volétiles principales de los melones no climatéricos) y son el substato para la formacion de
ésteres (Gonda et al., 2016). Las enzimas que intervienen en la formacién de ésteres son las
alcohol acil transferasas (AAT), las cuales catalizan la transferencia de un grupo acilo desde un
acil-CoA a un alcohol. En la actualidad se han clonado cuatro genes acil transferasas (CmAAT1-
4, alcohol acyl transferase), todos son etileno dependientes y regulados durante la maduracion
del fruto (Yahyoui et al., 2002; EI-Sharkawy et al., 2005). Dependiendo del tipo de acil-CoA
sintetasa se pueden productir diferentes compuestos, por ejemplo, los ésteres de acetato, se
forman con acetil-CoA, mientras que los ésteres butirato y hexanoato se forman a partir de
butiril-CoA y hexanoil-CoA, respectivamente.

Ademas de la formacidn de volatiles a partir de &cidos grasos, estos también se pueden generar
a partir de aminoacidos. Las aminotransferasas (AT) son enzimas que intervienen en la
formacion de aldehidos a partir de aminoacidos, concretamente a partir de L-fenilalanina y
aminoacidos de cadena ramificada (BCAAS, branched chain amino acids) como L-valina, L-
leucina y L-isoleucina (Gonda et al., 2010; Gonda et al., 2016). A partir de la L-fenilalanina se
pueden formar volatiles fenetil, como el fenilacetaldehido, mediante las enzimas AADC
(aromatic amino acid decarboxylase), PAAS (phenylacetaldehyde synthase) y ArAT (aromatic

amino acid aminotransferase), de esta ultima enzima ha sido detectado el gen CmArAT1
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(MELO3C025613), el cual tiene una mayor expresion en frutos no climatéricos durante la
maduracion (Gonda et al., 2010; Gonda et al., 2018). Ademas de esta ruta, las enzimas PAL
(phenylalanine ammonia lyase), transforman el aminoacido L-fenilalanina en &cido (E)-
cinamico. A partir de este acido se pueden obtener tres productos (fenilpropanoides,
fenilpropenos y volatiles benzenoides) dependiendo de las enzimas que intervengan. Para la
formacion de fenilpropanoides, como el eugenol, intervienen las enzimas 4CH ((E)-cinnamic
acid 4-hidroxylase), 4CL (p-couramic acid coenzyme A (CoA) ligase) y CCR (cinamoil-CoA
reductasa). Por otro lado, para la formacion de volatiles fenilpropenos intervienen las enzimas
CNL ((E)-cinnamic acid CoA ligase) y CCR. Recientemente se ha detectado en meldn el gen
CmCNL (MELO3C025110, CoA ligase) responsable de la formacién de acido (E)-cinamico en
(E)-cinamoil CoA (Gonda et al., 2018). A partir de este sustrato ademéas de derivar en
fenilpropenos también pueden generarse fenilpropanos y volatiles benzenoides. Para la sintesis
de este ultimo estan implicadas las enzimas BAMT (benzoic acid: S-adenosyl-L-methionine
carboxyl methyltransferase enzime). Gonda et al. (2018) describieron el gen CmBAMT
(MELO3C003803, jasmonate O-methyltransferase) el cual codifica una proteina que genera
benzoato de metilo. Por otro lado, a partir de los aminoacidos de cadena ramificada también
pueden formarse aldehidos mediante las enzimas BCAT (branched-chain amino acid
aminotransferase). Gonda et al. (2010) detectaron el gen CmBCAT1 (MELO3C010776)
relacionado con la sintesis de aldehidos derivados de aminoécidos, el cual tiene una mayor
expresion en frutos no climatericos durante la maduracion. Por Gltimo, el aminoacido L-
metionina puede servir de sustrato para la formacion de C2 tioéter ester, sulfuros, tioésteres, 2-
metil butanoato esteres y propanoato esteres a partir de la enzima MGL (L-methionine-y-lyase)
y C3-tioéter esteres a partir de MetAt (methionine aminotransferase).

Los apocarotenos son compuestos volatiles derivados de carbohidratos, los cuales son
sintetizados a partir de varios terpenoides (farnesil pirofosfato y geranilgeranil pirofosfato).
Mediante la actividad enzimatica de las terpeno sintasas (TPS) se obtienen los monoterpenos y
sesquiterpenos. Portnoy et al. (2008), a partir de un estudio de biosintesis de terpenoides en
variedades climatéricas, identificaron los genes CmTpsDul (MELO3C016595; sesquiterpene
synthase) y CmTpsNY (MELO3C016588; sesquiterpene synthase). Ambos genes son
sesquiterpeno sintasas que se sobreexpresan en el exocarpo del fruto madura en las variedades
‘Dulce’ y ‘Noy Yizre’el’. Por otro lado, la enzima fitoeno sintasa (PSY) convierte el
geranilgeranil en fitoeno. Actualmente, se han estudiado tres genes fitoeno sintasa CmPSY1-3
(Saladié et al., 2015). A partir del fitoeno, mediante las enzimas Z-caroteno desaturasa (ZDS),
fitoeno desaturasa (PDS) (CmPDS) y carotenoide isomerasa (CRTISO) (CmCRTISO1)

producen licopeno (Saladié et al., 2015). Del licopeno se obtiene los o y - carotenos mediante
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las enzimas ¢ y B ciclasas. La ruptura oxidativa de los carotenoides fitoeno, licopenoy a y -
caroteno mediante la enzima dioxigenasa de ruptura de carotenoides (CCD) producird
apocarotenoides. Ibdah et al. (2006) identificaron el primer gen responsable de la formacion de
apocarotenos (CmCCD1, MELO3C023555; carotene cleavage dioxygenase), mostrando que la

expresion de este gen se incrementaba durante la maduracion del fruto.
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1.7.6. Contenido en soélidos solubles y acidos organicos

La variabilidad existente en contenido de azlcares en mel6n es muy amplia, con rangos de
grados Brix de 3 a 5 en melones no dulces y de a 10 a18 en melones dulces (Stepansky et al.
1999; Burger y Schaffer 2007; Burger et al., 2010). La mayoria de melones con alto contenido
en azUcares pertenecen a la subespecie melo, aunque también hay melones con alto contenido
en azucares de la subespecie agrestis (Burger et al., 2006). La creacion de las lineas de
introgresion que se expone en la presente tesis, se enmarca en el proyecto SAFQIM:
PIM2010PKB-00691 (Sugars and Fruit Quality in Melon, financiado por el Ministerio de
Economia y Empresa, MINECO, con fondos FEDER), en el que se propuso la generacion de
nuevo material vegetal para explotar la variacion natural de la especie en el contenido en
azucares. Por este motivo, el parental donante escogido fue ‘Ginsen makuwa’ perteneciente al
grupo Makuwa, el cual presenta dentro del subgrupo agrestis uno de los contenidos en sélidos
solubles més elevados.

La acumulacién de azucares se trata de un caracter independiente de la produccién de etileno
(Flores et al., 2001b; Obando-Ulloa et al., 2009, Pech et al., 2008). Los tres principales azicares
en la pulpa del meldn son la glucosa, fructosa y sacarosa, siendo esta Gltima la que mayor peso
aporta al dulzor del meldn (Stepansky et al., 1999). El incremento de azUcares totales durante
la maduracion del fruto se debe principalmente a la acumulacién de azlcares durante la etapa
final del desarrollo del fruto (Gur et al., 2017). Saladié et al. (2015), observaron que, tanto para
variedades climatéricas como no climatéricas, la evolucion de estos azucares es similar. Los
niveles de fructosa y glucosa no presentaban una amplia variacion durante el desarrollo y la
maduracion del fruto, mientras que los niveles de sacarosa se incrementaban cuando el fruto
comenzaba a madurar hasta alcanzar sus niveles maximos cuando el fruto estaba maduro.

Por otro lado, aunque la evolucién durante la etapa de maduracion sea similar entre variedades
climatéricas y no climatéricas, existen diferencias en la expresion de genes relacionados con el
metabolismo de azlcares dependiendo del tipo de maduracion del fruto. La acumulacion de
sacarosa esta controlada por un gen mayor recesivo sucrose (gen suc) presente en las variedades
de meldn dulce, aunque su control genético parece ser complejo, habiendo otros loci
involucrados, y este caracter es dificil de evaluar porque presenta una fuerte influencia
ambiental (Burger et al., 2002).

Las principales enzimas relacionadas con el metabolismo de la sacarosa son la sacarosa sintasa
(SS, sucrose synthase), sacarosa fosfato sintasa (SPS, sucrose phosphatesynthase), las
invertasas (INV, invertases) y las a-galatosidasas (AGAL) (Burger y Schaffer, 2007; Dai et al.,
2011). Conocer el balance entre las actividades de descomposicion de la sacarosa (INV y SS) y

la sintesis de sacarosa (SPS), determina la acumulacion neta de sacarosa (Burger y Schaffer,
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2007). Un estudio de comparacion entre una variedad climatérica (VED) y una no climatérica

(PS) muestra una expresion diferencial del gen a-galatosidasa durante el desarrollo del fruto
entre ambos frutos, mientras que el gen sacarosa fosfato sintasa no mostré esta expresion
diferencial durante el desarrollo del fruto (Saladié et al., 2015). EI mismo estudio también
detecto que la expresion del gen CmINV (soluble acid invertase, MELO3C005363) fue casi 10
veces mayor en VED que en PS, de forma que podria limitar laacumulacion de sacarosa durante
la maduracion y contribuir a un rapido descenso durante la postcosecha. Del mismo modo, el
catabolismo de la invertasa podria disminuir el dulzor del fruto y ser utilizado para la
produccién de acidos organicos, como el malato, que provoca un sabor desagradable en los
frutos (Saladié et al., 2015).

Existen numerosos estudios en los que se identifican regiones genémicas relacionadas con el
contenido en azlcares en melon. Monforte et al. (2004), localizaron QTLs en los cromosomas
1, 2,4y 8. Posteriormente, Eduardo et al. (2007) observaron 19 NILs que mostraban diferencias
significativas respecto el parental recurrente, de las cuales dos mostraron una alteracion del
contenido en soélidos solubles. Las introgresiones de estas lineas estaban situadas en los
cromosomas 1y 3. Del mismo modo, Obando-Ulloa et al. (2009) detectd una serie de QTLs en
los cromosomas 3, 5, 6, 7 y 11 que afectaban al contenido en sélidos solubles. En otros fondos
genéticos, Paris et al. (2008), detectaron QTLs en los cromosomas 1, 2, 6, 7, 8, 9 y 10 que
afectaban al contenido de solidos solubles. Por otro lado, Park et al. (2009), a partir de una
poblacion F», empleando los parentales ‘Deltex’ (grupo Ameri) x ‘TGR 1551’ (grupo
Momordica), observaron QTLs en los cromosomas 2, 3, 4, 6 y 11 relacionados con el contenido
en sélidos solubles, sacarosa, fructosa y glucosa. Gracias a la enorme variabilidad genética para
el contenido en azUcares, Leida et al. (2015) describieron la estructura genética de 175 entradas
de melon, representando la variabilidad fenotipica de la especie, y realizaron un analisis de
asociacion entre la los polimorfismos y el contenido en azlcar. Recientemente, Argyris et al.
(2017) utilizaron varias poblaciones generadas a partir de PS 'y ‘Ames 24294’ (C. melo grupo
Agrestis) para realizar un analisis de QTLs relacionados con el contenido en azucares y acidos
organicos, observando QTLSs en los cromosomas 1, 2, 3, 4, 5, 6, 7 y 12, relacionados con el
contenido en azucares, en los cromosomas 2, 3, 4, 5 y 8 relacionados con el contenido en
sacarosa, en los cromosomas 5, 6, 7, 8 y 11 relacionados con el contenido en fructosa y en los
cromosomas 4, 5, 6, 7, 8 y 11 relacionados con el contenido en glucosa. Por ultimo, Pereira
(2018) detectaron QTLs que afectaban al contenido de solidos solubles en los cromosomas 8,
9 y 10. Existe una amplia complejidad genética del control de acumulacién de azlcares,
estudios transcriptdmicos muestran la interaccion de una amplia red de 50 genes involucrados

en la acumulacion de sacarosa (Dai et al., 2011; Zhang et al., 2016). Aun asi, hay algunas
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regiones que se detectan de forma consistente, como el QTL localizado en el cromosoma 5
bastante estable entre estudios, afios y fondos genéticos (Monforte et al., 2004; Eduardo et al.,
2007; Paris et al., 2008 y Obando-Ulloa et al., 2009). Dentro de esta region se localiza el gen
MELO3C014519 (BEL1-like homeodomain protein) candidato de interés que parece estar
involucrado en el control de la acumulacion de azucares.

La acidez, junto al dulzor, es un caracter que determina la calidad del meldn. Los grupos
Flexuosus y Acidulus son los mas acidos en comparacién con los melones dulces (Gonzalo y
Monforte, 2017). La acidez esta controlada por el gen dominante So (Sour), localizado en el
cromosoma 8, de expresion etileno independiente (Kubicki, 1962; Burger et al., 2002; Harel-
Beja et al., 2010; Sherman et al., 2013), y recientemente clonado (CmPH, MELO3C025264,
auxin efflux carrier family protein) como responsable del So (Cohen et al., 2014). La acidez del
melon es atribuida en gran medida a los acidos malico y citrico. Un estudio reciente detecto
QTLs en los cromosomas 2, 8 y 11 que afectaban al contenido de acido malico y en los

cromosomas 8 y 10 que afectaban al &cido citrico (Argyris et al., 2017).

1.8. Estructura de la presente tesis doctoral

La presente tesis doctoral es una recopilacion de dos articulos publicados y un articulo en vias
de publicacion. Estos trabajos han sido realizados por el grupo de Mejora Genética de
Cucurbitaceas del COMAYV de la Universitat Politécnica de Valéncia (UPV), liderado por las
doctoras Belén Pico y Cristina Esteras. Ademas, durante el transcurso de la presente tesis se ha
requerido de la colaboracion de otros grupos, entre ellos, el grupo de Gendmica en Mejora
Vegetal del IBMCP-CSIC de la UPV, liderado por el doctor Antonio J. Monforte, el grupo de
Biologie du Fruit et Pathologie and Plateforme Meétabolome, INRA-Bourdeux (Francia),
liderado por el doctor Yves Gibon, los grupos del COMAV-UPV vy de la UJI-UPV (Unidad
Mixta de Investigacion en Mejora de la Calidad Agroalimentaria), liderados por los doctores
Jaime Cebolla y Salvador Rosell6, respectivamente, y el grupo del Instituto Universitario de
Plaguicidas y Aguas (IUPA), de Universitat Jaume I, liderado por el doctor Joaquin Beltran.
La tesis esta estructurada entres capitulos, ademas de la introduccion y la discusion general. En
todos ellos, se pretende estudiar la variabilidad intraespecifica del melon, concretamente de la
entrada Pl 420176 (perteneciente al grupo Makuwa), siempre desde el punto de vista de la
mejora de la calidad del fruto. El primer capitulo constituye un articulo publicado en la revista
BMC Plant Biology. Por un lado, aborda la descripcion de la formacion de una coleccion de 27
lineas de introgresion, a partir del cruce entre un mel6n cultivado tipo ‘Charentais’, cultivar
‘Vedrantais’ (VED) (subsp. melo, grupo Cantalupensis) y la entrada japonesa ‘Ginsen Makuwa’

P1420176 (subsp. agrestis, grupo Makuwa, sub-grupo “Yuki’). Por otro lado, aborda el analisis
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de QTLs asociados a caracteres de floracion y calidad del fruto en tres ambientes. Para realizar

el anélisis de QTLs, se han empleado los datos de fenotipado asociados a caracteres de calidad
del fruto, y estrategias de genotipado de densidad media y alta. Los resultados obtenidos
muestran las regiones genomicas implicadas en la variacion de cada uno de los caracteres de
interés agrondmico estudiados, y en algin caso seproponen genes responsables de la variacion
observada en estos caracteres. Asi mismo, como resultado de este trabajo se presentan algunas
ILs con caracteristicas de interés como material premejora para la diversificacion del mercado
de los melones tipo ‘Vedrantais’.

El segundo capitulo consiste en un articulo publicado en la revista HortScience, el cual describe
una linea de mejora derivada de esta poblacion (MAK_10-1), con maduracion tardia, ausencia
de capa de abscision y aroma externo, incremento de la firmeza de la pulpa y del contenido de
solidos solubles. Para realizar este estudio se cosecharon los frutos VED y MAK 10-1
secuencialmente a diferentes dias después de la polinizacién. Los frutos se fenotiparon del
mismo modo descrito en el primer capitulo y fueron analizados sus azUcares (sacarosa, glucosa
fructosa) y acidos (citrico, malico y glutamico). Los resultados obtenidos muestran el efecto de
la introgresion de MAK _10-1 sobre los caracteres anteriormente citados y se discute su posible
uso en el desarrollo de nuevos cultivares.

Por ultimo, el tercer capitulo consiste en el andlisis preliminar de compuestos organicos
volatiles en dos ambientes, de 25 de las lineas de introgresion citadas en el primer capitulo. Los
resultados muestran los efectos de las introgresiones del parental donante del grupo Makuwa
sobre la sintesis de 57 compuestos detectados. Este capitulo se encuentra en fase de preparacion

y se pretende publicar en la revista Food Chemistry.

49






OBJETIVOS






Objetivos
OBJETIVO GENERAL

Utilizar la diversidad genética del grupo Makuwa, Subgrupo ‘Yuki’ de Cucumis melo subsp.
agrestis (uno de los grupos de melones orientales de mayor interés por sus pardmetros de
calidad del fruto y su distancia genética a los melones occidentales), para incrementar el
conocimiento genético de la especie y para la mejora de melones del grupo Cantalupensis (C.

melo subsp. melo).

Objetivos especificos

1) Caracterizacion de una nueva coleccién de lineas de introgresion, utilizando la entrada Pl
420176 ‘Ginsen makuwa’ como parental donante y el cultivar francés ‘Vedrantais® de tipo
‘Charentais’ como parental recurrente.

2) Utilizacion de la coleccion de ILs para identificar regiones genémicas del grupo Makuwa
involucradas en la calidad del fruto.

3) Identificacidn y caracterizacion de ILs de interés agronémico, como la IL MAK_10-1, con
maduracion retrasada y larga vida post cosecha.

4) Utilizacion de la coleccion de ILs para el estudio del aroma del melén.
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CAPITULO 2: A new genomic library of melon introgression lines
in a cantaloupe genetic background for dissecting desirable

agronomical traits.

Este capitulo consiste en la descripcion de una coleccion de 27 lineas de introgresion que
representa la mayoria del genoma de la entrada Pl 420176 de C. melo subsp agrestis grupo
Makuwa (MAK), introgresada en homocigosis en el fondo genético recurrente del cv
Vedrantais un tipo Cantalupo ‘Charentais’. Las lineas se evaluaron en tres ensayos para
diferentes parametros de calidad del fruto, con el objetivo de estudiar la estabilidad y respuesta
fenotipica de las regiones gendmicas introgresadas de MAK. Este capitulo se publicé en la

revista BMC Plant Biology.

Este trabajo se llevo a cabo en el marco del Programa de Valorizacion y Recursos Conjuntos
de 1+D+i de VLC/CAMPUS financiado por el Ministerio de Educacion, Cultura y Deporte
como parte del Programa Campus de Excelencia Internacional. La generacion de ILs, asi como
el genotipado y fenotipado de las lineas, fue financiada por el proyecto Plant KBBE project
(SAFQIM: SUGARS AND FRUIT QUALITY IN MELON PIM2010PKB-00691, del
Ministerio de Ciencia e Innovacién), y por los proyectos AGL2012-40130-C02-02 y AGL2014-
53398-C2-2-R del Ministerio de Economia y Competitividad (MINECO), todos cofinanciados
con fondos FEDER.

En el marco de estos proyectos el trabajo se llevo a cabo por el grupo de Mejora genética de
Cucurbitaceas del COMAYV en colaboracion con el grupo de Gendmica en Mejora Vegetal del
IBMCP-CSIC de la UPV, liderado por Antonio J. Monforte y el grupo de Biologie du Fruit et
Pathologie and Plateforme Métabolome, INRA-Bourdeux (Francia), liderado por Yves Gibon.
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CAPITULO 2: A new genomic library of melon introgression lines
in a cantaloupe genetic background for dissecting desirable

agronomical traits.

Gorka Perpifia!, Cristina Esteras?, Yves Gibon?, Antonio J Monforte®, Belén Pic6®.

LInstituto de Conservacion y Mejora de la Agrodiversidad, Universitat Politéctnica de Valéncia
(COMAV-UPV). Camino de Vera s/n, 46022 Valencia, Spain

2 UMR1332 Biologie du Fruit et Pathologie and Plateforme Métabolome, INRA-Bordeaux and
Bordeaux University, 71 av. Edouard Bourlaux, 33140 Villenave d’Ornon, France.

3 Instituto de Biologia Molecular y Celular de Plantas (IBMCP) UPV-CSIC, Ciudad Politécnica
de la Innovacion Edificio 8E, Ingeniero Fausto Elio s/n, 46022 Valencia, Spain.

Referencia: Perpifia, G., Esteras, C., Gibon, Y., Monforte, A. J., & Picd, B. (2016). A new
genomic library of melon introgression lines in a cantaloupe genetic background for dissecting
desirable agronomical traits. BMC plant biology, 16(1), 154. https://doi.org/10.1186/s12870-
016-0842-0

2.1. Abstract

Background: Genomic libraries of introgression lines (ILs) consist of collections of
homozygous lines with a single chromosomal introgression from a donor genotype in a
common, usually elite, genetic background, representing the whole donor genome in the full
collection. Currently, the only available melon IL collection was generated using ‘Piel de Sapo’
(var. inodorus) as the recurrent background. ILs are not available in genetic backgrounds
representing other important market class cultivars, such as cantalupensis. The recent
availability of genomic tools in melon, such as SNP collections and genetic maps, facilitates

the development of such mapping populations.

Results: We have developed a new genomic library of introgression lines from the Japanese cv.
Ginsen Makuwa (var. makuwa) into the French ‘Charentais’-type cv. Vedrantais (var.
cantalupensis) genetic background. In order to speed up the breeding program, we applied
medium-throughput SNP genotyping with Sequenom MassARRAY technology in early
backcross generations and High Resolution Melting in the final steps. The phenotyping of the
backcross generations and of the final set of 27 ILs (averaging 1.3 introgressions/plant and
covering nearly 100 % of the donor genome), in three environments, allowed the detection of

stable QTLs for flowering and fruit quality traits, including some that affect fruit size in
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chromosomes 6 and 11, others that change fruit shape in chromosomes 7 and 11, others that
change flesh color in chromosomes 2, 8 and 9, and still others that increase sucrose content and
delay climacteric behavior in chromosomes 5 and 10.

Conclusions: A new melon IL collection in the ‘Charentais’ genetic background has been
developed. Genomic regions that consistently affect flowering and fruit quality traits have been
identified, which demonstrates the suitability of this collection for dissecting complex traits in
melon. Additionally, pre-breeding lines with new, commercially interesting phenotypes have
been observed, including delayed climacteric ripening associated to higher sucrose levels,
which is of great interest for ‘Charentais’ cultivar breeding.

Keywords: Melon, Introgression Line, Charentais, Fruit quality, Soluble solids concentration,
QTLs.

2.2. Background

Melon (Cucumis melo L., 2n = 2x = 24) is one of the most economically important fruit crops
worldwide, with a current total world production of over 29 million tons (FAOSTAT, 2015).
For that reason, the development of new cultivars, not only with higher yields, but also with
higher fruit quality standards and with attractive traits for consumers, is essential. Over the last
few decades, biotechnological strategies have become indispensable tools for modern and
efficient breeding in this crop.

Several transcriptome sequencing projects have been carried out in melon using Next
Generation Sequencing (NGS) technologies in a set of genotypes representing the diversity of
the species (Blanca et al., 2011; 2012). The data generated have enabled the identification of
large SNP (Single Nucleotide Polymorphism) and SSR (Single Sequence Repeats) collections
(available at the (www.melogene.upv.es)), which have facilitated the construction of consensus
saturated maps (Diaz et al., 2011; 2015). Some of these collections have been implemented in
high-throughput genotyping platforms and have been used for genetic diversity and association
studies (Esteras et al., 2013; Leida et al., 2015). Some of these markers have also been used to
anchor genetic and physical maps on the melon genome sequence (Garcia-Mas et al., 2012;
Argyris et al., 2015a). Other genomic tools available for melon research and breeding include
microarrays (Mascarell-Creus et al., 2009; Roig et al., 2013) as well as TILLING and
EcoTILLING platforms (Nieto et al., 2007; Esteras et al., 2009; Gonzalez et al., 2011). These
tools have allowed the genetic dissection of both simple and complex traits (Périn et al., 2002a;
Monforte et al; 2004; Eduardo et al., 2007; Cuevas et al., 2008; Fita et al., 2008; Harel-Beja et
al., 2010; Vegas et al., 2013; Diaz et al., 2014; Boualem et al., 2015).

60



Capitulo 2. Introgression Lines
In this context, introgression line (IL) generation is an excellent breeding strategy for
incorporating exotic natural variation into modern breeding programs. ILs are generated by
backcrossing, starting from an F1 cross between one selected donor genotype, usually exotic or
wild germplasm, and a common genetic background, usually an elite cultivar. Marker-assisted
selection (MAS) of lines with target-donor introgressions and recurrent genetic background is
performed in each generation (Zamir; 2001). The existing genomic tools and the use of
genotyping platforms highly increases the efficiency of MAS, significantly reducing the
number of backcross generations necessary to generate a collection of ILs that have single
introgressions and which represent the entire donor genome (Barrantes et al., 2014). Apart from
the introduction of new variability into crops for breeding purposes, ILs also facilitate the
detection of new QTLs. ILs have been developed in many crops, such as tomato (Eshed and
Zamir, 1994; Chetelat and Meglic, 2000; Monforte and Tanksley, 2000; Barrantes et al., 2014),
barley (Von Korf et al., 2004), lettuce (Jeuken and Lindhout, 2004) and rice (Tian et al, 2006),
among others.
Melon is the most polymorphic cucurbit species (Kikbride, 1993; Esteras et al., 2011), showing
impressive diversity in important commercial traits, such as fruit morphology, ripening
behavior and organoleptic and nutritional fruit quality. C. melo is subdivided into two
subspecies: subsp. melo and subsp. agrestis, which can be further divided into 16 botanical
groups (Pitrat, 2008): inodorus, cantalupensis, reticulatus, ameri, chandalack, adana,
flexuosus, chate, dudaim (within subsp. melo); and acidulus, conomon, makuwa, chinensis,
momordica, chito and tibish (the latter two of which have been reclassified according to
molecular studies to be within the subsp. Agrestis (Esteras et al., 2013; Leida et al., 2015)).
The most important commercial cultivars belong to the inodorus, reticulatus and cantalupensis
groups, while cultivars belonging to the subsp. agrestis are considered “exotic” for applied
breeding. The only IL collection reported in melon to date was derived from the cross of the
Spanish cultivar Piel de Sapo (subsp. melo var. inodorus) and the Korean donor accession Pl
161375 (Songwan Charmi; subsp. agrestis var. chinensis), which carries several pest- and
disease-resistant genes (Eduardo et al., 2005). This first IL population has been used for
different breeding purposes: root structure-related traits (Fita et al., 2008), fruit quality,
including fruit weight, shape and flesh color (Eduardo et al., 2007; Fernandez-Silva et al.,
2008a), sugar and organic acid content (Obando-Ulloa et al., 2009), aroma profile (Obando-
Ulloa et al., 2011), climacteric behavior (Obando et al., 2008a; Vegas et al., 2013) and
resistance to pathogens, such as Cucumber Mosaic Virus (CMV) (Essafi et al., 2009; Guiu-
Aragonés et al., 2014).
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However, until now there have been no melon ILs generated in a cantalupensis genetic
background. In the current article, we report the development of a new IL population derived
from the cross between the French cultivar Vedrantais (VED), a Charentais type, as recurrent
parent (subsp. melo var. cantalupensis) and the Japanese Ginsen makuwa (MAK) cultivar
(subsp. agrestis var. makuwa). This donor genotype was selected from the melon core collection
built in the framework of a previous project (MELRIP 2007-2010) (Esteras et al., 2009; Esteras
et al., 2013) due to its interesting quality traits, especially its higher sugar content compared to
most agrestis types (Leida et al., 2015). The IL population has been used to identify QTLs
related to fruit morphology, ripening behavior and organoleptic and nutritive quality. It also
provides pre-breeding lines with new phenotypes in a Charentais genetic background that could
be useful for the development of new cultivars.

2.3. Results and Discussion

2.3.1. Development of the IL population

The two parents used to generate the IL population were the cultivar Vedrantais (VED) (C.
melo subsp. melo var. cantalupensis, Charentais type) as recurrent parent and Ginsen makuwa
(MAK) (C. melo subsp. agrestis var. makuwa) as donor parent (Additional file 1). Fifteen BC1
plants derived from the cross VED x MAK were backcrossed to the recurrent parent, thus
producing fifteen BC2 families, each one with twenty eight plants. The 420 BC2 seedlings were
genotyped with the Sequenom array with 154 SNPs (Blanca et al., 2012; Garcia-Mas et al.,
2012; Leida et al., 2015), from nine to twenty per chromosome (Additional File 2). Seventy-
five BC2 seedlings with the highest proportion of the recurrent (VED) genome and with MAK
introgressions covering the entire donor genome were selected. These BC2 were transplanted
to the greenhouse for phenotyping and twenty-two of them were backcrossed to VED in order
to generate the BC3 population. This BC2 set averaged 6.5 introgressions/plant and 88.2 % of
the VED background genome (ranging from 76.2-96.3 %), representing twice the entire MAK
genome.

A total of 363 seedlings of the BC3 population were genotyped with the same Sequenom array.
One hundred BC3 seedlings were selected according to their genotype (following the same
criteria as in the BC2) and were transplanted to the greenhouse for phenotyping. Thirty-three
were selected and used to generate the IL population. These selected BC3 plants presented an
average of 3.4 introgressions/plant and 93.2 % of the VED background genome (range 84.1 —
98.2 %). The early selection in a large number of plants greatly facilitated the recovery of the
recurrent genetic background (an average increase of 5 %), and the reduction of the number of
introgressions per plant (to about 3) in one backcross generation.
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Twenty-four of the selected BC3 plants had three or fewer MAK introgressions/plant. These
were selfed to produce the BC3S1 generation. After BC3S1 seedling screening with appropriate
SNP markers, it was possible to obtain single homozygous MAK introgression genotypes in
most cases. Ninety-six BC3S1 plants were selected according to their genotype and transplanted
to the greenhouse for phenotyping. A second round of selfing (generation BC3S2) was
necessary in some cases to fix certain heterozygous markers and generate enough seeds for
further assays.
The remaining nine selected BC3 plants had four or more introgressions, so they were used to
produce an additional backcross generation (BC4). Thirty four BC4 plants with single or double
introgressions were then selected and selfed once or twice to produce BC4S1 and BC4S2 plants
with single or double MAK homozygous introgressions. The selection of plants with
homozygous target introgressions in all these generations (BC3S1, BC3S2, BC4, BC4S1 and
BC4S2) was carried out with the SNPs of the corresponding introgressions by High Resolution
Melting.
A first core collection of 27 ILs, mostly with a single introgression and a few with double
introgressions, all homozygous, representing most of the MAK genome (Additional File 3),
were subjected to further phenotyping in three trials, along with the VED and MAK parents and
their F1. This set represents the MAK genome quite well, and has an appropriate size for
performing accurate phenotyping with climacteric fruits. This IL collection has an average of
1.3 introgression/IL, representing 95.4 % of the VED background genome (range 89.8 — 99.1
%). A total of 37 bins were defined with an average of 2.8 bins/chromosome. The average size
of the introgressions was 30 cM. Some regions of the MAK genome in chromosomes 1, 4, 5, 7
and 8 were not represented (10 %) (Additional file 3).
2.3.2. Parent phenotypes
The two parents showed clear differences in a number of traits related to flowering time, fruit
morphology, fruit ripening behavior and traits related to organoleptic and nutritive value, such
as flesh color and sugars content. Additional File 4 depicts the mean values and standard
deviations, along with ANOVA results for means comparison of both parents, VED and MAK,
and their F1 for each studied trait in the three trials in which they were phenotyped along with
the ILs. MAK showed earlier and more female flowering than VED plants (with an average
across environments of 3.6 versus 1.6 female flowers per plant 30 days after the opening of the
1% flower, NFeF30), but no differences were observed for the male flowering pattern (8.5 versus
7.5 male flowers per plant, NMaF30). VED fruits were significantly heavier (average Fruit
weight (FW) 755.9 g) than MAK fruits (243.9 g), which yielded more elongated fruits with

higher percentages of seminal cavity (Fruit shape (FS) 1.1 versus 0.92, and seminal cavity/fruit
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diameter ratio (CW) 0.61 versus 0.45, respectively for MAK and VED). The formation of an
abscission layer at the time of ripening (AL) and the occurrence of external aroma in mature
fruits (AR) were present in VED and absent in MAK, these being indicators of the climacteric
behavior of the Charentais type. Differences in other traits, such as rind thickness (RTh, 4.2
mm versus 1.7 mm in VED and MAK, respectively) and rind netting (Net, present in VED and
absent in MAK) were also observed (Additional File 4). Regarding the traits related to flesh
quality, VED is orange-fleshed, whereas MAK is white-fleshed (Additional File 1), with
different values for the colorimeter parameters, such as higher luminosity HI, negative a* values
and lower b* values in the MAK parental (FCHI 64.7, FCa -2.2, FCb 10.6 versus FCHI 53.6,
FCa 11.1 and FCb 23.8, in MAK and VED, respectively) (Additional File 4). Both parents are
sweet melons, with similarly high soluble solids content (SSC) in the fruits (11.2° versus 11.7°
brix degrees for VED and MAK, respectively) and similar amounts of sucrose and fructose, but
with significantly lower levels of glucose in the MAK fruits (Suc 248.2, Gluc 85.9 and Fruc
87.5 versus Suc 232.7, Gluc 46.0 and Fruc 50.9 in pmol/gFW eq. Hexose) (Additional File 4).

2.3.3. Association analysis in backcross families

Table 1 shows significant associations (at p<0.005) identified by TASSEL, by both GLM and
MLM analysis, and those identified only by GLM, but which were also identified in the IL
analysis described below.

GLM identified several markers in chromosome 11 associated to FS. The SNP CMPSNP30 (66
cM) was significant in two populations, BC2 and BC3 (R?=9.3 and 12.3 %); it was also
significant in the BC3 according to MLM (R?=8.4). In all cases, MAK alleles increased FS
values, resulting in more elongated fruits. CMPSNP65 on chromosome 10 (14.4 cM) was found
to be associated with FF in both the BC2 and BC3 populations using both GLM (R?=32.7-7.9
%) and MLM (R?=11.4 and 7.3 %) analysis, with the MAK alleles resulting in firmer flesh
(Table 1). This characteristic is associated with the ripening behavior and may be related to
postharvest conservation. The same effect of MAK alleles was identified by GLM in both
populations on chromosome 7 (SNPs CMPSNP249 and CMPSNP262 at 11.3 cM and 30.5 cM).
However, this association could not be confirmed by MLM.

Flesh color was associated with several genomic regions (Table 1). The most important effects
were observed on chromosome 9, significant in populations BC3 and BC3S1, with a main effect
in the interval between markers CMPSNP1035-CMPSNP1133 (33.6-59.2 cM), with the
GLM/MLM models explaining up to 51.1/13.4 % and 40.4/20.1 % of the variation found for
the a* and b* parameters (FCa and FCb). Also found in chromosome 9 was a significant
association of CMPSNP1077 with HI, in both GLM and MLM models. VED alleles increased
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the a* and b* parameters and reduced HI, which resulted in orange-fleshed fruits. Additionally,
SNP Al_14-HO05 (located on chromosome 2 at 40.6 cM) was found to be associated to FCa by
both GLM and MLM analysis in the BC3 population (R?>=10.4 and 11.9 %, respectively), but
interestingly, this time the MAK alleles increased FCa.

Four regions that affected variation of the sugars content were detected on chromosomes 1, 5,
9 and 10 (Table 1). The region on chromosome 1 (CMPSNP731, 80.4 cM) was only detected
with GLM, with the MAK alleles decreasing flesh soluble solids content (SSC) in all backcross
generations (BC2, BC3 and BC3S1) and sucrose content (SUC) in BC3S1. Even though this
association could not be verified by MLM, it was validated later on in the IL analysis (see
below). On chromosome 9, MAK alleles of CMPSNP1133 and CMPSNP890 (positions 59.2
and 64.0 cM, respectively) were associated with a reduction in fructose content by both GLM
and MLM analysis. More interestingly, MAK alleles of CMPSNP65 (on chromosome 10,
position 14.4 cM) and of 60k41243 and Al_13-H12 (on chromosome 5, positions 73.4 and
89.4cM) were associated to an increase of SSC and glucose content in BC2 and BC3S1,
respectively, using both GLM (R?=27.1 and 11.4 %) and MLM (R?=11.5 and 12.7 %) analysis.

Table 1. Association analysis performed with TASSEL v.5, using GLM and MLM models in the BC2, BC3 and
BC3S1 populations. Only associations at p<0.005 observed in both GLM and MLM analysis or in GLM and IL
analysis (Additional file 5, Figures 2 to 6) are shown. For each trait (FS= fruit shape index, FF= flesh firmness,
FCHI, FCa and FCb= L, a* and b* Hunter coordinates of flesh color, SSC= soluble solid concentration in flesh,
SUC, GLUC and FRUC: sucrose, glucose and fructose content in flesh) with significant association, the backcross
population where it was identified, the significant marker with its chromosome and genetic position in cM, the
statistical significance of the association (p), the percentage of phenotypic variance explained by the marker (R?),
the allelic effect (negative when MAK alleles increase the trait value), and the IL that showed a significant effect
in the trait and carried the marker introgressed from MAK (identified with the Dunnet’s test in the IL analysis),

are also indicated.
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GLM MLM
Trait  population Marker Chromosome  Position (cM) p marker_Rsq allelic effect p marker_Rsq  allelic effect Parental thatvlzlzreease the trat IL
BC3 PSI_41-B07 11 27.6 0,003409612 0,08 -0,07 MAK MAK _11-2
FS BC2 CMPSNP30 1 66.0 0,004866798 0,09 -0,06 MAK MAK_ 11-2
BC3 CMPSNP30 3,45E-04 0,12 -0,09 0,00 0,08 -0,11 MAK MAK_ 11-2
BC2 CMPSNP249 7 13 9,65975E-05 0,19 -2,47 MAK MAK_ 7-2
BC3 CMPSNP249 0,001718059 010 -1,87 MAK MAK_7-2
BC2 CMPSNP262 7 205 0,001993046 0,12 -2,47 MAK MAK_ 7-2
BC3 CMPSNP262 i 1,27E-05 0,18 -2,54 MAK MAK_ 7-2
FF BC3 CMPSNP1009 7 321 1,27E-05 0,18 -2,54 MAK MAK_ 7-2
BC3 CMPSNP287 7 353 2,77TE-04 013 -2,15 MAK MAK_7-2
BC3 CMPSNP56 7 433 0,00119487 0,10 -1,69 MAK MAK_ 7-2
BC2 CMPSNP65 8,56312E-08 033 -3,09 0,004796 0,11 -2,22 MAK MAK_ 10-1
BC3 CMPSNP65 10 144 0,004653477 0,08 -1,41 0,004401 0,07 -1,28 MAK MAK_ 10-1
FCHI BC3S1 CMPSNP1077 9 19.2 0,002510183 0,09 -19,50 0,003482 0,10 -19,00 MAK MAK_9-2
BC3 Al_14-H05 2 40.6 0,001120465 010 -2,73 0,000950 0,12 -3,59 MAK MAK_2-1
BC3s1 CMPSNP320 9 20.8 1,86E-10 0,38 15,02 VED MAK_9-2
BC3 CMPSNP144 9 24 9,75E-04 0,11 2,25 VED MAK_9-2
BC3S1 CMPSNP144 2,10E-10 0,39 17,86 VED MAK_ 9-2
FCa BC3 CMPSNP1035 9 36 9,53E-05 0,15 2,31 VED MAK_9-2
BC3S1 | CMPSNP1035 2,68E-16 0,51 17,98 VED MAK_9-2
BC3 CMPSNP159 9 268 2,20E-04 013 2,20 VED MAK_9-2
BC3s1 CMPSNP159 1,35E-13 048 18,11 VED MAK_9-2
BC3S1 | CMPSNP1133 9 59.2 3,51E-12 0,44 17,64 0,003116 0,13 6,11 VED MAK_9-2
BC3S1 CMPSNP890 9 64.0 9,90E-10 0,36 17,64 VED MAK_ 9-2
BC3s1 CMPSNP320 9 20.8 2,58E-06 0,24 6,09 VED MAK_9-2
BC3S1 CMPSNP144 9 22.4 5,49E-06 023 8,06 VED MAK_9-2
FCh BC3S1 | CMPSNP1035 9 33.6 3,57E-12 0,40 811 0,000031 0,20 9,20 VED MAK_9-2
BC3s1 CMPSNP159 9 36.8 2,21E-06 0,25 6,78 VED MAK_9-2
BC3S1 CMPSNP1133 9 59.2 1,77E-06 0,25 7,86 VED MAK_ 9-2
BC3S1 CMPSNP890 9 64.0 4,56E-06 0,23 7,86 VED MAK_9-2
BC2 CMPSNP731 1 80.4 0,000782493 0,14 1,62 VED
BC3 CMPSNP731 1 80.4 0,000468736 0,12 2,07 VED
SsC BC3S1 CMPSNP731 1 80.4 0,002121734 0,10 4,11 VED
BC3 CMPSNP204 1 86.8 0,001202906 0,10 2,32 VED
BC2 CMPSNP65 10 14.4 1,65953E-06 0,27 -3,26 0,004937 0,11 -2,22 MAK MAK_ 10-1
suc BC3s1 CMPSNP731 1 80.4 0,004606327 0,11 117,72 VED MAK_1-2
BC3S1 CMPSNP204 1 86.8 0,00454631 0,11 117,19 VED MAK_ 1-2
GLuC BC3s1 60k41.243 5 734 0,004036775 012 -81,06 0,004423 0,13 -84,40 MAK MAK_5-2
BC3S1 Al_13-H12 5 89.4 0,004036775 0,12 -81,06 0,004423 0,13 -84,40 MAK MAK_5-2
FRUC BC3S1 | CMPSNP1133 9 59.2 0,000596137 0,20 37,26 0,004122 0,17 20,61 VED
BC3S1 CMPSNP890 9 64.0 0,000596137 0,20 37,26 0,004122 0,17 20,61 VED

2.3.4. QTL analysis in the IL population
The Dunnett’s test of the IL population phenotyped in the three environments allowed the

detection of a number of QTLs (Additional file 5, Fig. 1) as described in the next section.
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Figure 1. QTL locations in the map of (Garcia-Mas et al., 2012). Markers found to be associated in the backcross
populations (underlined) are indicated (for each associated region all the markers significant with both GLM and
MLM analysis and those markers significant with MLM and having the highest R2 values are shown). QTLs found
in the ILs assay with the Dunnett’s test in at least two trials are shown in brackets. In red QTLs in which MAK
alleles decrease the value of the trait and in black those in which MAK alleles increase the value of the trait. Color

bar at the left of the chromosomes show the MAK introgressions of each IL.

2.3.4.1. Flowering and maturity time

The IL population showed high variability for flowering traits (NMaF30 ranging from 1.1 to
36.1 and NFeF30 from 0 to 5.5) (Additional File 4). We found low to moderate heritabilities
for both traits (h?= 0.26 to 0.40 and 0.15 to 0.26, for male and female flowering, respectively)
and significant G x E interaction (19.6 and 18.3 %, respectively). This interaction was probably
a consequence of the high temperatures reached in the Pap14 trial, which accelerated plant
development, making more frequent pruning necessary, which in turn likely affected flowering
scoring. Also, the time from pollination to maturity was highly variable among the ILs (DMat
from 27 to 52.1 days). This trait was measured only in the two assays where hand pollination
was used (UPV15 and Paip14). Heritabilities for this trait were slightly higher (h?= 0.26 to

0.48), and G x E interaction represented 10.1 % of total variance.

Despite the high interaction effect, several ILs showed consistent significant differences with
the VED recurrent parent in at least two localities (Figure 2), thereby defining 6 QTLs
(nmaf30.5, nmaf30.7, nfef30.6, nfef30.7, dmat.1 and dmat.6) (Additional file 5, Figure 1).
MAK _5-2 produced more male flowers, whereas MAK_6-2 developed a higher number of
female flowers. Interestingly, MAK 7-1 produced more of both male and female flowers
(Figure 2). Apart from the effect on the number of female flowers, MAK_6-2 showed a ripening
cycle that was shorter than that of VED. These two traits found together in MAK_6-2 are
interesting, as they could be useful for developing cultivars with abundant and early yield. The
effect of a shorter cycle was also observed in MAK_1-2 (Figure 2).
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Figure 2. Comparison of the means of the set of ILs with the mean of the recurrent parent (VED) using the
Dunnett’s test. The means and standard errors are shown for each trial (Paiporta 2015, UPV 2015 and Paiporta
2014). Gray bars show significantly different (p<0.05) IL and VED means. Traits evaluated are: NMaF30 and
NFeF30 =Number of male/female flowers 30 days after the appearance of the first flower (Figure 2A and 2B) and
Dmat=days to maturity (Figure 2C). For Dmat, only two trials are shown (UPV 2015 and Paiporta 2014).

2.3.4.2. Fruit morphology

Traits related to fruit size and shape (fruit weight, length, diameter and shape (FW, FL, FD and
FS)), presented moderate heritability (h?= 0.38 to 0.55), and all had a low or non-significant G
X E interaction (6.2-8.1 %) (Additional file 4). FS was the trait with the lowest environmental
effects, which was consistent with the information reported in previous studies (Eduardo et al.,
2007). Another trait related to fruit morphology is percentage of fruit cavity (CW). CW had
lower heritability (h?= 0.08 to 0.29) and higher G x E effects (11.8%) (Additional file 4).

FW was positively correlated to fruit length and diameter (FL and FD) in all localities (r=0.77
to 0.93) (Additional file 6). In fact, most of the ILs that showed significant effects on FW also
showed effects in both FL and FD (Figure 3a). MAK_1-1 and MAK_6-2 significantly decreased
FW in at least two environments (from 32.5 to 46.7 %), whereas MAK_2-1 and MAK_11-1
increased FW (from 33.3 t0 58.1 %), even though MAK showed smaller fruits than VED, which
demonstrates the power of the current population to uncover hidden genetic variability. These
four ILs also presented significant effects on FL and FD, with MAK alleles having the same
direction of effect. Therefore, these changes in FW were due to variation in two dimensions at
the same time and had no effect on fruit shape. These lines defined four FW QTLs that co-
localize with those of FL and FD (fw.1-fl.1-fd.1, fw.2-fl.2-fd.2, fw.6-fl.6-fd.6. and fw.11-fl.11-
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fd.11) (Figure 1 and Additional file 5). Representative fruits of the two lines with the largest
effects on FW, MAK_6-2 and MAK_11-1, are shown in Figure 4.

FW was not correlated to Fruit shape (FS) (r=0.18 or non-significant). However, FS was
positively correlated to FL (r=0.53 to 0.59) (Additional File 6), as previously observed
(Eduardo et al., 2007; Fernandez-Silva et al., 2010). MAK_7-2 and MAK _11-2 yielded fruits
with an increase in the FS ratio, which were more elongated than VED (between 12.5 and 25
% longer), but had no significant variation in diameter (Figure 3 and Figure 5), which defined
QTLs for FL and FS in these regions (fl.7-fs.7 and fl.11-fs.11) (Figure 1 and Additional File
5).

One QTL involved in variation of CW was identified in chromosome 2, cw.2. Fruits of MAK_2-
2 had higher CW values (from 16.7 to 20.2 %) than the VED parental line (Figure 3). The effect
of this QTL is shown in Figure 6. The introgression of MAK _2-2 totally overlapped with that
of MAK_2-1 and partially with that of MAK_2-3 (Additional file 3). MAK 2-1 also had CW
values that were higher than those of VED in one environment, whereas MAK_2-3 did not
differ from the recurrent parent in this trait (Figure 3), thus suggesting that this QTL is in the
region that is common to both MAK_2-1 and MAK_2-2.

In summary, with the current IL population we have identified several QTLs involved in FW,
FS and CW. Nearly 60 and 30 QTLs have been described to date for FW and FS (Monforte et
al., 2014; Diaz et al., 2015), respectively. In the current report, QTLs fw.2 and fw.11 may
correspond to the metaQTLs FWQM2 and FWQM11 described by (Monforte et al., 2014). This
study (Monforte et al., 2014) suggested that members of the CNR/FW2.2 and SIKLUH/FW3.2
gene families are strong gene candidates for melon FW QTLs. Among the QTLs detected with
the current IL collection, the fw.6 and fw.11 chromosomal regions include the CNR melon
member CmCNR-6 and the SIKLUH melon member CmCYP78A-4, respectively. However,
further studies using sublLs with smaller introgressions are necessary to analyze the

contribution of these genes.

FS QTLs have previously been mapped in all chromosomes, except in chromosome 5, and
metaQTLs had been defined on chromosomes 1, 2, 8, 11 and 12. In the current report, fs.11
may correspond to the metaQTL FSQM11. Regarding the QTL defined on chromosome 7,
several FS QTLs had been detected previously in that genomic region, mainly in Pl 161375 (a
Korean accession closely related to makuwa cultivars, (Esteras et al., 2013)) x “Piel de Sapo”

(inodorus type) populations, suggesting that this QTL may be specific to Far-Eastern melon

71



Capitulo 2. Introgression Lines
cultivars. The candidate genes CmOFP-8 (member of the Ovate Family Proteins) and CmSUN-
16 (member of the SUN family) are located in the region of the QTL.

QTLs involved in fruit flesh content or cavity have been studied in a very small number of
works. Nevertheless, (Paris et al., 2008) found QTLs for these traits on LG I, which could be
allelic to the QTL observed in MAK_2-2.
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Fig 3C
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Figure 3. Comparison of the means of the set of ILs with the mean of the recurrent parent (VED) using the
Dunnett’s test. The means and standard errors are shown for each trial (Paiporta 2015, UPV 2015 and Paiporta
2014). Gray bars show significantly different (p<0.05) IL and VED means. Traits evaluated are: FW=Ffruit weight
in grams (Figure 3A), FL=fruit length in mm (Figure 3B), FD=fruit diameter in mm (Figure 3C), FS=fruit shape
as the ratio between fruit length and fruit diameter (Figure 3D) and CW=cavity width (as the ratio between the
width of the seminal cavity and the fruit diameter) (Figure 3E).

xI
<
=

Figure 4. Effect of MAK introgressions in chromosomes 11 and 6 affecting fruit size. Top: VED parental
(FW=614-933 g; FL=98.6-112.7 mm; FD=107.6-126.3 mm). Middle: melons of MAK_11-1 (FW= 971.2-1208.1
g; FL=117.30-133.3 mm; FD=122.5-127.4 mm). Bottom: melons of MAK_6-2 (FW= 366.9-579.2 g; FL= 75.8-

99.7 mm; FD=89.8-106.1 mm). Both lines show significant differences in FW, FL and FD with VED in two or
three trials.
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MAK_11-2

Figure 5. Effect of MAK introgressions in chromosomes 7 and 11 affecting fruit shape. Top VED parental (FS=
0.89-0.94). Bottom: melons of the line MAK_7-2 (FS= 1.08-1.14) and melons of the line MAK_11-2 (FS: 0.97-
1.08).

Figure 6. Wider cavities found in fruits of MAK_2-2 (Bottom: CW= 0.50.-0.54) compared to the recurrent VED
parental (Top: CW=0.42-0.49).

2.3.4.3. Ripening behavior

Ripening behavior is one of the most important factors involved in fruit quality in melon. We
analyzed three ripening-related traits: the presence of abscission layer, flesh firmness and
external aroma (AL, FF and AR). All three traits presented moderate heritability (h?=0.30 to
0.5) with a strong genotype effect (which accounted for 29.2 to 35.9 % of the total variation), a
low or non-significant environmental effect and moderate G x E interaction (9.1-11.5 %)
(Additional file 4).

Most ILs developed fully climacteric fruits, like VED, forming an abscission layer at the time
of maturity; two exceptions were MAK_7-2 and MAK_10-1, in which most of the fruits did
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not form an abscission layer at full maturity (Figures 7 and 8). MAK 10-1 has a single
introgression, defining the QTL al.10 (Figure 1 and Additional file 5), whereas MAK_7-2 has
a major introgression on chromosome 7, and also an additional one in the region of al.10
(Additional file 3), which could be causing the effects on the abscission layer. Therefore, the
possible presence of an al QTL on chromosome 7 needs to be confirmed by separating these

two introgressions into independent lines.

Along with the lack of fruit abscission, MAK_7-2 and MAK_10-1 showed firmer flesh (FF
increased about twofold compared to VED, 4.2 and 4.9 versus 2.0 kg/cm?) and less external
aroma at maturity (ff.10 and ar.10, Figure 7), probably as a result of the different ripening
behaviors, as these two traits have been reported to be influenced by climacteric/non-
climacteric ripening (Ayub et al., 1996; Obando et al., 2008). The same possible confounding
effects between chromosome 7 and chromosome 10 introgressions on MAK 7-2 may be
causing the increase in FF as well as the aroma decrease observed in this IL.

None of the QTLs found in this study correspond to previous QTLs associated to ripening. For
example, the major genes Al-3 and Al-4 that control fruit abscission and autocatalytic ethylene
production map in different chromosomes (8 and 9, respectively (Périn et al., 2002b).
Additional QTLs involved in ethylene production and or in fruit flesh firmness (Perin et al.,
2002b; Moreno et al., 2008; Vegas et al., 2013; Leida et al., 2015) map in different regions of
chromosomes 1, 2, 3, 6, 11 and 12. Moreno et al. (2008) reported an increased FF in ILs with
introgressions of chromosome 10, derived from the cross of PI161375 (whose climacteric
behavior is similar to that of MAK) x “Piel de Sapo” (inodorus, non-climacteric), which is most
likely allelic to the QTL detected in MAK_10-1 (ff.10). The fruit flesh of the Piel de Sapo
cultivar actually has a high FF value, so much so that increasing FF in this genetic background
would probably not be necessary or even desirable, whereas an increase of FF in cantalupensis
cultivars could be very interesting. Thus, delayed ripening and increased flesh firmness could

extend fruit shelf life, which is a major objective for cantaloupe breeding.
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Fig .7E
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Figure 7. Comparison of the means of the set of ILs with the mean of the recurrent parent (VED) using the

Dunnett’s test. The means and standard errors are shown for each trial (Paiporta 2015, UPV 2015 and Paiporta
2014). Gray bars show significantly different (p<0.05) IL and VED means. Traits evaluated are: FF=flesh firmness
in kg/cm? (Figure 7A), AL = presence or absence of abscission layer (Figure 7B), AR=presence or absence of

external aroma (Figure 7C), RTh=rind thickness in mm (Figure 7D) and Net=presence or absence of rind netting

(Figure 7E).

VED

MAK_10-1

layer.
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Figure 8. Fully mature fruits of VED with abscission layer (top) and of line MAK 10.1 (bottom) without abscission
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2.3.4.4. Rind characteristics

Rind characteristics, such as rind thickness and netting (Rth and Net) can be associated with
shelf life and resistance to storage and shipping. Despite this potential, the study of their
genetics has been scarce (Obando et al., 2008a; Harel-Beja et al., 2010). These traits have
moderate heritability (h?= 0.33-0.49) with important genotype contributions for both traits (29-
35.8 %), and moderate and low E and G x E effects, in Rth and Net, respectively (Additional
file 4).

MAK _2-3 and MAK_6-2 produced fruits with thicker and thinner rinds, respectively, than
VED (average of 6.6 mm and 2.6 mm versus 4.2 mm in VED, Figures 7 and 9) in at least 2
environments. These lines defined the rth.2 and rth.6 QTLs (Figure 1 and Additional file 5).
Rth.6 co-localized with net.6 (Figure 1, Additional file 5), which accounted for fruits of the IL
MAK _6-2 being less netted than those of VED (Figure 7 and 11). This phenotype can be seen
as either a benefit, fruits with more edible flesh, or a liability, more problems in harvesting and
storage. Two other QTLs were associated to netting reduction (net.5 and net.7) (Additional file
5), as observed in MAK_5-2 and MAK _7-2 fruits with reduced netting intensity (Figure 7).

Figure 9. Variation in rind thickness observed in the IL Population. Top: Thicker rinds of line MAK_2-3 (Rth=5.8-
7.7 mm) and Bottom: thinner rinds of line MAK_6-2 (Rth=1.3-3.5mm). Right: detail of netted and non-netted

rind.

2.3.4.5. Flesh color

Flesh color is important as a consumer preference trait, and can also be associated to carotenoid
content, which is related to the nutritional quality of the fruit. Our IL population showed
important variability for flesh color, as was expected due to the contrasting phenotypes of the

founder parents for this trait (Additional File 1 and 4). All the measured traits related to flesh
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color displayed a very strong genotype effect (29.1-75.7 %), with heritabilities from moderate
in FCHI (h?= 0.32 to 0.36) to high in the FCa and FCb (h?=0.60 to 0.83 and h? =0.43 to 0.47,
respectively). The E effects (1.5-7.9 %) and G x E interactions (3.6-9.5 %) were low and even

non-significant for the b* parameter (Additional file 4).

The main effect in flesh color was observed in MAK 2-1 and MAK_9-2, which yielded fruits
with green flesh (Figure 10), with significantly lower and higher values for the a* and HI
parameters, respectively, in the three environments (Figure 11). Fruits of MAK_9-2 also had
b* values that were significantly lower than VED. These lines define a major QTL affecting
flesh color in chromosome 9 (fchl.9-fca.9-fcb.9) (Additional file 5). The MAK_2-1 has a major
introgression on chromosome 2, and an additional one in the region of fchl.9-fca.9-fch.9 (36.8-
64 cM/CMPSNP159-CMPSNP890, Additional file 3), which could be causing the effects on
flesh color. Therefore, the occurrence of a flesh color QTL on chromosome 2 requires
confirmation by the characterization of lines with single introgression.

The other ILs were all orange-fleshed, but some variation in the orange tone was observed.
Fruits of MAK_6-1 and MAK_8-2 have a paler orange color, with higher HI values (Figures
12 and 5) (fchl.6 and fchl.8) (Figure 1, Additional file 5). The fruits of MAK_8-2 presented a
yellow color in the internal rind, which was different from the green that is usually found in
most ILs and in VED fruits (Figure 10). This trait appeared in some fruits of other lines. It was
scored as present or absent (CIR, color of the inner rind) and analyzed. Mainly MAK_8-2, but
also MAK_6-1 and MAK_12-1, yielded fruits with yellow internal rind. The MAK_8-2 line
has a single introgression (46.5-79.2 cM/CMPSNP281-CMPSNP1006), but both MAK_6-1
and MAK _12-1 have a second introgression, in addition to their main one, in common with
MAK_8-2 in chromosome 8 (Additional file 3), suggesting that the CIR effect is due to the
MAK introgression in chromosome 8 (cir.8).

Only one line presented a significant increase in the b* parameter in at least two environments
(Figure 11). MAK_2-3 have orange-fleshed fruits with increased b* values, with more
yellowish flesh (Figure 12), defining the fcb.2 QTL (Figure 1 and Additional file 5).

Carotenoid content has been studied in several previous works and has been reported to be
independent of ripening behavior (Ayub et al., 1996). In these previous studies, QTLs for
carotene content co-locate with the major flesh color genes gf (green flesh) and wf (white flesh),

located in chromosomes 8 and 9, respectively®. Classic studies indicate that these genes interact

! The genes anotation gf and wf is reverse in this paper becouse at the time of the publication there was a discussion
on which annotation was better to use. The correct annotation is described in Chapter 1.
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epistatically: wf+-/gf+- and wf+-/gfgf allelic combinations have orange flesh, wiwf/gf+- white
flesh and wfwf/gfgf green flesh (Clayberg, 1992). In our population, the effect of MAK
introgressions containing these genes also altered fruit color. Fruits of MAK_9-2 (with a single
introgression on chromosome 9 in the region of the wf) showed green flesh (Additional file 3
and Figure 10). MAK fruits are white-fleshed, so this cultivar has the gf and wf allele
combination that leads to white flesh (wfwf/gf+gf+). On the other hand, the VED cultivar has
the orange allele for wf and the green allele for gf (wf+wf+/gfgf) (Monforte et al., 2004). Thus,
MAK _9-2 would have the combination of wiwf (from MAK) and gfgf (from VED), leading to
green-fleshed fruits. We also observed the epistatic interaction between the two genes in fruits
of MAK_8-2. This line has a VED genotype in chromosome 9, wf+wf+, but contains a MAK
introgression in chromosome 8 in the region of gf, gf+gf+. This combination is, as expected,
orange-fleshed. However, the effect of the gf gene is not totally masked, as previously
suggested, by the presence of wf+ alleles, and the allelic combination found in MAK_8-2,
wi+wf+/gf+gf+, resulted in a different orange phenotype than the VED allelic combination,
wi+wf+/gfgf, with higher luminosity in the orange color, and a characteristic yellow color in
the internal part of the rind. This combined effect of the wf and gf genes should be considered
in ‘Charentais’ breeding programs to recover the orange flesh /green inner rind phenotype

characteristic of this type of melons (Figure 10).

MAK_2-3 MAK_8-2 MAK_2-1 MAK_9-2

Figure 10. Variability in flesh color in different introgressions lines. Columns Left to right: VED, MAK_2-3,
MAK_8-2, MAK_2-1 and MAK_9-2.
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Figure 11. Comparison of the means of the set of ILs with the mean of the recurrent parent (VED) using the
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Dunnett’s test. The means and standard errors are shown for each trial (Paiporta 2015, UPV 2015 and Paiporta
2014). Gray bars show significantly different (p<0.05) IL and VED means. Traits evaluated are: Hunter
coordinates, FCHI=flesh color luminosity (Figure 11A), FCa=flesh color a* parameter (Figure 11B), FCb=flesh
color b* parameter (Figure 11C) and CIR=color of the inner rind scored visually (Figures 11D).

2.3.4.6. Sugars content

Sugar content is one of the most important traits for seed companies and producers, as it is
related to the organoleptic value of the fruits. Melon germplasm can be divided into sweet and
non-sweet melons, which has been attributed to variability in a sucrose accumulator gene

(Burger et al., 2002), but a large number of QTLs have been detected in sugar accumulation
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traits, demonstrating that this trait has a very complex genetic control in melon (Diaz et al.,
2011).

Soluble solids content, SSC, measured in the three environments, presented variable, low-to-
moderate, values of heritability (h?=0.08 to 0.5), with the genotype effect being relatively
modest (16.8 % of the total variation) but higher than the environmental effect (3.3 %)
(Additional file 4)). An important G x E interaction was detected in SSC (15.9 %). The content
of specific sugars (sucrose, fructose and glucose) was measured in one environment, and also

had low heritability values (h?=0.29, 0.15, and 0.22, respectively for each sugar).

Despite the G x E interactions, fruits of the IL MAK 10-1 had significantly higher SSC values
than VED in the three environments (12.5 to 24.4 %) (Figure 6). This QTL, ssc.10, co-localizes
with suc.10, which increases the sucrose amount of MAK_10.1 fruits by 27.7 % compared to
VED. Sugar accumulation is independent of climacteric behavior; in fact, non-climacteric
cultivars are among the sweetest melons. However, some climacteric melons, such as the
Charentais VED, suffer a rapid decay of sugar content after reaching full maturity. The major
QTL on chromosome 10 co-localized with the region in which the ripening process was delayed
(al.10-ff.10- ar.10) (Figure 1), so this higher sugar content could be related to the delay in the
ripening process. Another line with significantly different sugar content than that of the
recurrent parent was MAK_5-2, which yielded fruits with significantly higher sucrose (17.9 %)
and lower glucose (-8.6 %) and fructose (-5.8 %) (suc.5, gluc.5 and fruct.5) (Figure 12 and
Additional file 5). Argyris et al. (2015b) defined a QTL in chromosome 5 that affects sugar
content in the PI 161375 x “Piel de sapo” population, but in this case, the alleles of PI 161375
reduced the sucrose content. To our knowledge, suc.10 and suc.5 are the first QTLs in which

exotic alleles have been reported to increase the level of sucrose in melon.

Two other MAK regions were found to be involved in sugar variation. MAK_1-2 had
significantly reduced sucrose content (-39.4 %) and higher levels of glucose (18.3 %) than VED
(Figure 6) (suc.l1. and gluc.1) (Additional file 5). The introgression from MAK on chromosome
1 includes a Sulfur susceptibility gene (Perchepied et al., 2004). Sulfur dust is used to control
powdery mildew in greenhouses, causing severe leaf necrosis and consequently has major
effects on fruit development. The fact that MAK carries the susceptible allele could lead to the
reduction in fruit sugar content resulting from a pleiotropic effect of Sulfur susceptibility. A
similar effect was found in MAK_11-2 with reduced sucrose (-15 %) and increased glucose
(38%) and fructose contents (22.3 %) (suc.11, fruc.11 and gluc.11), but this line is not sulfur
sensitive (Additional file 5, Figure 12).
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Variation of sugar accumulation in sweet melons is controlled by a large number of QTLs,
which have been mapped in all chromosomes, but are more frequent in chromosomes 2, 3, 5
and 8. Our results confirm the large effect of the G x E interaction reported in previous studies
(Eduardo et al., 2007), but despite this effect, we can confirm the region previously found in
chromosome 5, and suggest the existence of additional regions in chromosomes 1, 10 and 11.
The major effect found in chromosome 10, which could be related to a delay in ripening, is of
interest for maintaining an optimal sugar level during the ripening process in Charentais melons.
The fact that no clear co-localization of QTLs with genes involved in sugar metabolism has
been reported up to now (Harel-Beja et al., 2010; Leida et al., 2015) makes the identification of
candidate genes difficult.
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Figure 12. Comparison of the means of the set of ILs with the mean of the recurrent parent (VED) using the
Dunnett’s test. The means and standard errors are shown for each trial (Paiporta 2015, UPV 2015 and Paiporta
2014). Gray bars show significantly different (p<0.05) IL and VED means. Traits evaluated are: SSC=soluble
solids content in Brix degree (Figure 12A), SUC=sucrose (Figure 12B), GLUC=glucose (Figure 12C) and
FRUC=fructose (Figure 12D), all in pmol/gFW eq. Hexose. For SUC, GLUC and FRUC, the mean of Paiporta
2014 is presented.

2.3.5. Stability of QTL detection in Backcrosses and ILs

The developed IL population was, as expected, more effective at detecting QTLs than the
backcrosses. For example, none of the QTLs related to flowering and maturity time detected in
the IL populations were detected in the backcross populations (Table 1). This result could be
explained in part by the occurrence of a high G x E interaction (as observed for NMaF30,
NFeF30 and Dmat, Additional file 4). A similar situation occurred with the QTLs related to
fruit size, FW, FD and FL. However, in this case, the G x E interaction was not so important,
suggesting that the results are more likely due to the different genetic structures of the
populations. FW QTLs usually show an additive gene action (Fernandez-Silva et al., 2008b),

so the power to detect them in backcross populations is lower than in IL populations.

Conversely, the major QTL related to fruit shape, fs.11, was stable across populations (Table 1
and Additional file 5). This high stability of FS QTLs compared with FW may be explained by
the common dominant gene action observed in melon FS QTLs (Fernandez-Silva et al., 2008b),

making their detection in backcrosses easier. A similar situation was found with QTL ff.10,
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which is involved in flesh firmness variation. This trait, just like fruit shape, had a very low
environmental effect and an only moderate G x E interaction. In addition, the strong genotype
effect found for the flesh color traits, associated with almost no G x E interaction, along with
the dominance of the major genes reported to be involved in flesh color, might account for the
stability of the fchl.9, fca.9 and fcb.9 QTLs.

We were also able to find several stable QTLs for SSC and specific sugars in chromosomes 1,
5 and 10 (Figure 1, and Additional file 5). This stability may facilitate their introduction in
breeding programs.

2.4. Conclusion

This work presents the first collection of ILs in a cantaloupe genetic background. This strategy
of obtaining pre-breeding lines with characteristics of interest will encourage breeding in
Charentais melons, one of the most commercially important types. The 27 ILs, selected after
several cycles of backcrossing, selfing and marker-assisted selection, represent most of the
MAK genome, with an average of 1.3 introgressions per line. This IL collection, phenotyped
in three different environments and genotyped with a medium-throughput platform, has allowed
us to study important traits in this crop and their association to certain genomic regions. The
QTL detection performed using this IL collection has been demonstrated to be more effective
compared to other populations, such as backcrosses. In total, 47 QTLs, significant in at least
two IL assays, have been identified for traits related to fruit quality. Many have been detected
in this work for the first time, while others confirm previously reported QTLs. The results
presented herein, related to flowering and maturity time traits, fruit morphology, ripening
behavior, rind characteristics, flesh color and sugars content, will not only facilitate the
knowledge of the genetic control of these traits, but have also provided interesting lines for
breeding, such as the one with delayed climacteric ripening behavior and sweeter fruits, or the
small-fruited lines. Further genotyping with new high-throughput methods, such as GBS
(Genotyping by sequencing), and new sublL sets with smaller introgressions, will allow these
results to be confirmed, and will expand our knowledge of the candidate genes underlying these

interesting QTLSs.
List of abbreviations.

SNP: Single Nucleotide Polymorphism; IL: Introgression lines; QTL quantitative trait locus;
NGS: Next Generation Sequencing; SSR: Single Sequence Repeats; TILLING: Targeted
Induced Local Lesions In Chromosome; MAS: Marker-assisted selection; CMV: Cucumber
Mosaic Virus; VED: Vedrantais; MAK: Makuwa; BC: Backcross; NMaF30: Number of Male
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Flowers 30 days after the opening of the first female flowering on each plant; NFeF30: Number
of Female Flowers 30 days after the opening of the first female flowering on each plant; DMat:
Days to Maturity; FW: Fruit Weight; FL: Fruit Length; FD: Fruit Diameter; FS: Fruit Shape;
CW: Cavity Width; FF: Flesh Firmness; AL: Abscission Layer; AR: External Aroma; RTh:
Rind Thickness; Net: Netting; FCHI: Flesh Color Hunter Lab. L; FCa: Flesh Color Hunter Lab.
a; FCb: Flesh Color Hunter Lab. b; CIR: Color of the Inner Rind; SSC: Soluble Solid
Concentration; SUC: Sucrose; GLUC: Glucose; FRUC: Fructose; G: Genotype; E:
Environment; LG: Linkage Group; wf: White Flesh; gf: Green Flesh.

Ethics (and consent to participate).

Not applicable

Consent to publish.

Not applicable

Competing interests.

The authors declare they have no competing interests
Funding.

This work has been carried out in the framework of the Programa de Valorizacién y Recursos
Conjuntos de I+D+i de VLC/CAMPUS and has been funded by the Ministerio de Educacion,
Cultura y Deporte as part of the Programa Campus de Excelencia Internacional. IL generation,
genotyping and phenotyping was supported by SAFQIM project, AGL2012-40130-C02-02 of
the Spanish Ministry of Economy and Competitivity (MINECO). The authors also wish to
thank the MINECO project AGL2014-53398-C2-2-R, co-funded with FEDER funds.

Author’s contributions.

BP and AJM designed the study and contributed to the data analysis. GP and BP generated the
populations and conducted the phenotyping and genotyping of backcrosses and IL collection in
the different localities over the years, finally performing the data analysis and statistical
computation. CE contributed to the genotyping and data analysis and to the manuscript draft.
YG performed the chemical analysis of sugars. BP, GP and AJM drafted the manuscript. All

authors read and approved the final manuscript.

Availability of data and materials.

90



Capitulo 2. Introgression Lines
All the data supporting our findings are contained within the manuscript, in text, tables and

figures and in the supplementary files.
Acknowledgments.

The authors greatly appreciate the technical assistance of Eva Maria Martinez Pérez in the
phenotypic analysis and that of Cristina Roig in the genotypic analysis. Authors thank M. Pitrat
and U.S. Department of Agriculture, National Plant Germplasm System for providing part of
the genotypes included in the core collection (established on the framework of a previous
project MELRIP 2007-2010 and selfed, multiplied, characterized and conserved at COMAV-

UPV) from which the accessions used in this study were selected.

2.5. Methods

2.5.1. Plant material

The two parents used to generate the IL population were the French cultivar Vedrantais (VED)
(C. melo subsp. melo var. cantalupensis, Charentais type) as recurrent parent and the Japanese
accession Ginsen makuwa (MAK) (C. melo subsp. agrestis var. makuwa) as donor parent. VED
and MAK were selected from a core germplasm collection established on the framework of a
previous project MELRIP 2007-2010 (Esteras et al., 2013). Accessions of these core collection
were multiplied and conserved in the genebank at COMAV-UPV. The MAK parent derived
from accession P1 420176 (kindly provided by USDA, NPGS) after several selfing cycles. Both
VED and MAK were morphologically characterized previously, along with a larger collection
of melons, to confirm their classification in the corresponding horticultural group (Leida et al.,
2015).

VED represents one of the most important market classes of cantaloupe melons. It produces
medium-size, oval-to-round, sutured and orange-fleshed fruits, with a typical climacteric
ripening behavior (with an autocatalytic production of ethylene during ripening), that are
aromatic and have a medium sugar content. MAK fruits are small and oval. The flesh is white,
sweet with little aroma, and shows a certain level of climacteric ripening behavior (Additional
file 1). Makuwa cultivars are the only melon landraces belonging to subspecies agrestis that
have a flesh sugar content similar to or even higher than that of sweet melons from subsp.melo
(Kirkbride, 1993; Leida et al., 2015).

2.5.2. Breeding Scheme

The F1 generation derived from the cross between VED and MAK was backcrossed with the
recurrent VED parent to generate the BC1 population. Fifteen BC1 plants were then
backcrossed with the recurrent parent thus producing fifteen BC2 families. A total of 420 BC2
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plants (28 per BC2 family) were genotyped at the seedling stage using a Sequenom iPLEX ®
Gold MassARRAY with a set of 154 SNPs evenly distributed throughout the melon genome
(see details below). A subset of the 420 genotyped BC2 seedlings was selected according to
their genotype: those having the highest proportion of the recurrent (VED) genome, and which
contained MAK introgressions that, together, covered the entire donor (MAK) genome at least
twice. The selected BC2 plants were grown in the greenhouse and backcrossed to construct the
BC3 population.

A total of 363 BC3 plants were genotyped with the same set of SNPs, at the seedling stage, and
were selected according to their genotype to produce the next generations. One set of selected
BC3 plants, which had three or fewer MAK introgressions, was grown at the greenhouse and
selfed. The BC3S1 offsprings were genotyped with the SNPs in the corresponding target
introgressions by High Resolution Melting (HRM) (VVossen et al., 2009) in order to finally select
plants with single homozygous introgressions. The HRM genotype of the selected BC3S1
plants was validated with the Sequenom array. The number of BC3S1 plants that were
necessary to screen in each progeny to obtain single introgression lines (p=0.95) was calculated
from the binomial distribution of the allele segregation as previously described (Barrantes et
al., 2014). Another set of selected BC3 plants, with four or more MAK introgressions, was also
used to generate plants with single introgressions, but in two steps, as the number of progenies
that needed to be screened by direct selfing to separate the introgressions was too high in this
case. Then, these BC3 were first backcrossed and the resulting BC4 plants with single or double
introgressions, identified by the HRM analysis, were then selfed to generate the BC4S1.

In some cases, the BC3S1 and BC4S1 that were ultimately selected were selfed again to remove
a few remaining heterozygous markers and to produce seeds for the characterization assays. A
first set of 27 ILs (including BC3S1, BC4S1, BC3S2 and BC4S2 plants) with single or double
homozygous introgressions was characterized in the present paper. The genotype of these lines
was validated again using the Sequenom array. This is a medium-sized IL population, 2 to 3
lines per chromosome, but it covers most of the MAK genome, having mostly single
introgressions, and represents a set good enough for evaluating the breeding potential of the

current population.

2.5.3. Markers and genotyping methods
Genomic DNA was extracted from young leaves following the (Doyle and Doyle, 1990)
method. The extracted DNA was dissolved in Milli-Q water, and the final concentration was

adjusted to 10 ng/pl for the Sequenom and 30 ng/ul for the HRM genotyping.
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SNPs were selected from those previously mapped in the melon genetic map used to anchor the
first version of the melon genome (Garcia-Mas et al., 2012). This map was constructed using a
mapping population derived from the cross C. melo subsp melo var inodorus Piel de sapo and
C. melo subsp agrestis var conomon Songwhan Charmi. The available map included 580 SNPs
located in 249 different genetic positions (20.8 per chromosome, with an average genetic
distance between markers of 4.1 cM, from 0.8 to 20.1 cM). A set of 144 of these mapped SNPs
was selected according to their genetic positions, and 135 met the multiplexing requirements of
Agena's Assay Designer used for the Sequenom iPLEX ® Gold MassARRAY and could be
implemented in the genotyping assay (representing 128 genetic positions, with an average
distance of 8.2 cM, from 1.6 to 22.4 cM). Three of these markers could not be called accurately
in the Sequenom assay, and thirteen failed to show the expected polymorphism between the 1L
parents (VED and MAK) (Additional file 2). An additional set of 35 SNPs was also added to
the Sequenom array. These were selected from an SNP collection that had been validated by
Sequenom in the study by (Leida et al., 2015) and had been generated in a previous
resequencing study, using VED and MAK among other melon genotypes (Blanca et al., 2011)
(Additional file 2). Most were located in candidate genes involved in sugar and ethylene
metabolism, and some were found to be associated with these traits in (Ledia et al., 2015). All
worked with the Sequenom assay and were polymorphic between VED and MAK. The final
Sequenom array, with a total of 154 working and polymorphic SNPs, was used to genotype the
full BC2 and BC3 populations, as well as the selected BC3S1 and the set of ILs selected for
phenotyping. The Sequenom genotyping was done at the Epigenetics and Genotyping
laboratory located at the Central Research Unit of the Faculty of Medicine (UCIM) belonging
to the University of Valencia (Spain).
HRM genotyping with different subsets of these markers was also used to accelerate the
selection and fixation of target introgressions during the construction of the IL population in
several specific BC4, BC3S1, BC4S1, BC3S2 and BC4S2 offsprings. The PRIMERS software
program (Untergasser et al., 2012) was used to design the oligonucleotides for the HRM
analysis. A total of 97 SNPs, out of the 154 employed in the full Sequenom platform, were
adapted for HRM analysis.

2.5.4. Agronomic evaluation and characters measured

The intermediate backcross populations generated during the development of the IL population,
BC2, BC3 and BC3S1, were fully genotyped at the seedling stage as described previously.
Some of these genotyped plants were selected on the basis of their genotype (those with the
highest proportion of VED genome and which contained MAK introgressions that, together,

represented the entire MAK genome) and were transplanted to the greenhouse for phenotyping
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and for the generation of the next generation. A total of seventy-five BC2, one hundred BC3
and ninety-six BC3S1 plants were phenotyped in 2011, 2012 and 2013, respectively, during
the spring-summer growing cycle at the greenhouse facilities of the Polytechnic University of
Valencia (Valencia, Spain).

Additionally, twenty-seven lines of the final IL collection were evaluated in three trials, all
conducted under greenhouse conditions. Two were conducted in spring-summer of 2014 and
2015 in the facilities of the Fundacion Cajamar in Paiporta (Valencia, Spain) (Paipl4 and
Paip15), and the third at the Polytechnic University of Valencia during the spring-summer of
2015 (UPV15). Each assay included six to eight plants of each of the 27 ILs that were grown
in a fully randomized design along with five to ten plants of each parental line (VED and MAK).
Flowers were hand-pollinated in Paip14 and UPV15, and insect pollination was used in Paip15
to produce two fruits per plant.

The UPV’s greenhouse conditions used for all the backcross and for the UPV15 IL phenotyping
assays were as follows: growing cycle from March to July in a glass greenhouse with automatic
control of temperature with cooler and automatic window aperture (with a temperature range
of 8 to 15°C and of 25 to 32°C, minimum and maximum during the whole growing cycle).
Plants were grown in 15-L pots with a substrate of 100 % coconut fiber.

The greenhouse conditions of the Fundacion Cajamar, used for the Paipl4 and Paipl5 IL
phenotyping assays were as follows: growing cycle from March to July in a glass greenhouse
with automatic control of temperature with cooler and automatic window aperture (with a
temperature range of 10 to 25/10 to 20 and of 25 to 37/18 to 35, minimum and maximum during
the whole growing cycle for Paip2014/2015, respectively). Plants were grown in substrate bags
of 29 kg (70 % coconut fiber and 30 % coconut chips). In both cases, nutrients were provided
through the irrigation system and pruning was done manually when necessary to regulate
vegetative growth and flowering.

Each plant was phenotyped for traits related to flowering, days to maturity and fruit quality.
Regarding flowering, the number of male and female flowers 30 days after the opening of the
first female flower on each plant was counted (NMaF30and NFeF30). Also, the days to maturity
(DMat), which is the number of days from the date of hand-pollination to the harvest, were
counted for each fruit. Two fruits per plant were set and characterized at full maturity. The
following traits were measured for each fruit: fruit weight (FW in grams, with digital scale),
fruit length and diameter (FL, FD in mm, with graduated rule), fruit shape index (FS, as the
ratio of fruit length to fruit diameter), cavity width (CW, as the ratio of the width of the seminal
cavity to the fruit diameter), flesh and rind thickness (Fth, Rth in mm, with electronic digital

caliper, I.C.T, S.L., La Rioja, Espafia), rind and flesh firmness (RF, FF, measured as kg/cm?
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with a fruit pressure tester, FT 327, with a plunger diameter of 8 mm, Alfonsine, Italy), the
formation of an abscission layer, the external aroma of the whole fruit and the netting
occurrence (AL, AR, NET, scored visually as 0, absent and 1, present), flesh color measured
with a CR-400 colorimeter, Konica Minolta, Inc., Tokyo, Japan (coordinates Hunter Lab. L*
express luminosity (L=0 black and L=1 white), a* expresses the color direction between red
(positive) and green (negative) and b* expresses the color direction between yellow (positive)
and blue (negative)) (FCHI, FCa, FCb), color of the inner rind, CIR (scored visually as 0, green
and 1, yellow) and soluble solids concentration (SSC) (measured as °Brix from drops of juice
with a hand-held “Pocket” refractometer (PAL-a), Atago CO., LTD, Tokyo, Japan). Flesh
firmness, color and total soluble solids were measured at two points in the equatorial region of
the mesocarp.In addition to to SSC, sucrose, glucose and fructose (SUC, GLUC and FRUC)
were quantified (umol/gFW eq. Hexose) in fruits of the BC3, BC3S1 and Paip14 assays, where
flesh samples were taken from the same regions in the equatorial slice of the fruit used for
firmness, flesh color, Brix and pH measurements. Flesh tissue was shock frozen in liquid
nitrogen and ground to homogeneity. Aliquots of about 20 mg were weighted and sent to INRA
Bordeaux on dry ice for analysis. Metabolites were extracted by ethanolic fractionation as in
Hendriks et al. (2003). Glucose, fructose and sucrose were determined enzymatically in the
ethanolic supernatant as in (Jelitto et al., 1992). Assays were performed in 96-well polystyrene
microplates using Starlet pipetting robots (Hamilton, Villebon-sur-Yvette, France), and

absorbance was read at 340 nm in MP96 microplate readers (SAFAS, Monaco).

2.5.5. Association analysis in backcross families

The phenotypic and genotypic data of the backcross populations (BC2, BC3 and BC3S1) were
used to detect significant associations between markers and phenotypic values. The association
analysis was performed using TASSEL v. 5 (Trait Analysis by aSSociation, Evolution and
Linkage) (Bradbury et al., 2007) for both approaches: a general linear model (GLM) and a
mixed linear model (MLM) analysis using a kinship matrix as cofactor to avoid spurious
associations due to relatedness and population structure. Associations were considered
statistically significant at p <0.005. We considered as associations those that were significant
with both the GLM and MLM approaches, or those that were significant with the GLM and
which were later validated in the IL analysis. Genotype effects and percent of phenotypic
variance explained by each marker were also calculated.

2.5.6. QTL analysis in introgression lines

IL data in the three environments were analyzed using an analysis of variance (ANOVA) that
was performed in order to examine the effects of genotype, environment and genotype-x-
environment interaction. Estimation of heritability (h>=VarG/(VarG+VarE) was performed for
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each trait and environment by calculating the variance components from the mean squares (MS)
within and between the ILs with a hierarchical ANOVA (MSbetween= VarE + n VarG and
MSwithin=VarE, where VarG = genotypic variance, VarE = environmental variance, and
n=number of plants per IL).

Furthermore, the mean of every IL in each environment was compared to the control VED mean
with the Dunnett’s test at p<0.05. QTLs for each trait in the MAK introgression were considered
to exist in those lines that had means that were significantly different from VED in at least two
localities.
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Additional files

Additional file 1. Fruits of the two parents used to generate the IL population and the
corresponding F1. From left to right: the cultivar Vedrantais (VED) (C. melo subsp. melo var.
cantalupensis, Charentais type) used as recurrent parent, Ginsen makuwa (MAK) (C. melo
subsp. agrestis var. makuwa) used as donor parent, and their F1.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12870-016-0842-
0/MediaObjects/12870 2016 842 MOESM1 ESM.pptx

Additional file 2. SNPs used for the construction of the IL population. Background SNPs

Sequenom-HRM: These were selected from those previously mapped in the melon genetic map
used to anchor the first version of the melon genome (Garcia-Mas et al., 2012). The map
position is indicated according to the map used to anchor the genome (Garcia-Mas et al., 2012)
as well as a new version of the genetic map (Argyris et al., 2015a). The physical position in the

last version of the melon genome (v3.5.1) available at www.melonomics.net is indicated. The

SNP and flanking sequence is included for all the markers used in the Sequenom assay, and the
primers for those that were adapted to the HRM genotyping procedure are also provided.
Markers that could not be accurately called in the Sequenom assay and that failed to show the
expected polymorphism between the IL parents (VED and MAK) are marked as failed markers
(f). SNPs in candidates: Additional set of SNPs located in candidate genes reported to be
involved in sugar and ethylene metabolism. These markers were validated in Leida et al. (2015)
and had been generated in a previous resequencing study, using VED and MAK among other
melon genotypes (Blanca et al., 2012). The physical position in the last version of the melon
genome (v3.5.1) available at www.melonomics.net is indicated. The SNP and flanking
sequence is included for all the markers used in the Sequenom assay.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12870-016-0842-
0/MediaObjects/12870 2016 842 MOESM2_ ESM.xIsx

Additional file 3. Graphical genotype of the 27 ILs selected in this study for agronomic

characterization in three trials. Rows from top to bottom: marker names, melon chromosome,
genetic position according to Garcia-Mas et al. (2009) for the background markers (the SNPs
located in candidate genes are not mapped and are located according to their physical position
indicated in Additional File 2), and the SNP allele (VED/MAK). Green boxes indicate MAK

homozygous introgressions, and blue lines VED genetic background.

https://static-content.springer.com/esm/art%3A10.1186%2Fs12870-016-0842-
0/MediaObjects/12870 2016 842 MOESM3 ESM.xlIsx
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Additional file 4. Mean, standard deviation (SD) and range values of the number of male and
female flowers 30 days after the opening of the first flower (NMaF30 and NFe30), days to
maturity (DMat), fruit weight (FW), fruit length (FL), fruit diameter (FD), fruit shape (FS),
cavity width (CW), flesh firmness (FF), presence of abscission layer (AL), aroma (AR), rind
thickness (RTh), netting (Net), flesh color parameters (FCHL, FCa and FCb), color of the inner
rind (CIR), soluble solids content (SSC), and sucrose, glucose and fructose content (SUC,
GLUC and FRUC) of both parents, VED and MAK, their F1 and the IL population assayed in
three experiments. In the VED and MAK data, asterisks in rows indicate significant mean
differences between trials (p<0.05), and in the columns between parents; ns (not significant
differences), na (not available). Estimation of heritability (h*=VarG/(VarG+VarE) was
performed for each trait and environment by calculating the variance components from the
mean squares (MS) within and between ILs with an ANOVA (MSbetween= VarE + n VarG
and MSwithin=VarE, where VarG = genotypic variance, VarE = environmental variance, and
n=number of plants per IL). Data of the ILs in the three environments were analyzed using a
two-factor ANOVA that was performed to examine the effect of genotype, environment and
genotype-x-environment interaction. The percentage of variance explained by each effect
(genotype, environment and the interaction) is indicated (*p<0.05, **p<0.001 and ns (no

significant differences)).

https://static-content.springer.com/esm/art%3A10.1186%2Fs12870-016-0842-
0/MediaObjects/12870 2016 842 MOESM4 ESM.docx

Additional File 5. List of all QTLs detected with the Dunnet’s test in at least two of the three
trials performed with the selected IL collection. Abbreviated trait name as in Additional file 4,
QTL name, chromosome, QTL position (cM) and flanking markers, according to the phenotype
of overlapping lines, number of trials in which the QTL was detected, MAK effect relative to
the VED parental (%) with positive/negative effects indicating that MAK alleles

increase/decrease the value of the trait, IL introgression position (cM) and flanking markers.

https://static-content.springer.com/esm/art%3A10.1186%2Fs12870-016-0842-
0/MediaObjects/12870 2016 842 MOESM5 ESM.xIsx

Additional file 6. Correlation coefficient (p < 0.05) of the traits used for phenotyping the ILs
in the three trials: Paip15, UPV15 and Paipl4. Dark grey represents positive correlations and
light gray represents negative correlations. Abbreviated trait name as in Additional file 4.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12870-016-0842-
0/MediaObjects/12870 2016 842 MOESM6_ ESM.xIsx
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melon.

De todas las ILs descritas en el capitulo anterior, se seleccioné la linea MAK_10-1 por tener
muy buenas caracteristicas para el desarrollo de nuevas variedades. El fenotipo ya se habia
confirmado con anterioridad en tres ambientes, pero se afiadio un ambiente extra con el objetivo
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3.1. Abstract

‘MAK-10’ is a new breeding line derived from a collection of introgression lines developed
from the cross between the Japanese cultivar ‘Ginsen makuwa’ PI 420176 (Cucumis melo
Group Makuwa) and the French cantaloupe variety ‘Vedrantais’ (Cucumis melo Group
Cantalupensis, Charentais type). ‘MAK-10" and ‘Vedrantais’ do not differ in traits related to
flowering and fruit morphology. However, ‘MAK-10’ fruits present a delayed ripening process,
lacking abscission layer and external aroma. These changes in ripening provide fruits with
delayed flesh softening and higher sugar content, both while attached to the plant and after
harvesting. These characteristics make ‘MAK-10" useful to extend the harvesting period and
the shelf life of Charentais melons.

Melon (Cucumis melo L.) is a highly polymorphic cucurbit (Esteras et al., 2012; Pitrat 2017).
Intra-specific variation in many fruit traits has been described, including variation in the
ripening behavior, with a continuous spectrum from climacteric to non-climacteric varieties
(Ezura and Owino, 2008; Saladié et al., 2015). Climacteric melons, such as those of the

Cantalupensis group, exhibit a sudden rise in respiration accompanied by an autocatalytic
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ethylene synthesis at the onset of the ripening (Pech et al., 2008), absent in non-climacteric
fruits.

Ripening behavior greatly affects fruit quality at harvest and during post-harvest conservation
(Rose et al., 1998; Saladié et al., 2015). Some of the processes that occur during the climacteric
ripening, such as the formation of the abscission layer and the synthesis of aroma volatiles, are
ethylene dependent, whereas the sugar accumulation is ethylene-independent, and both
ethylene-dependent and independent flesh softening have been described (Pech et al., 2008).
There are many reports focused on the genetics of the melon fruit ripening process. The
abscission layer formation has been reported to be controlled by two duplicated independent
loci (Al-3 and Al-4) located in chromosomes 8 and 9 (Périn et al., 2002b). Additional QTLs
involved in the ripening process have been found in chromosomes 1, 2, 3, 6 and 11 (Moreno et
al., 2008; Vegas et al., 2013). Several genes acting in different steps of the ripening process
have been cloned, such as those involved in the ethylene biosynthesis pathway (CmACS (1-
aminocyclopropane-1-carboxylate synthase) and the CmACO (1-aminocyclopropane-1-
carboxylate oxidase) genes), and orthologs of the main transcription factors involved in
ethylene signaling (NAC transcription factor family and the HD-zip family) (Giovannoni, 2007;
Lin et al., 2008; Saladié et al., 2015). Also genes associated to sugar accumulation and fruit
softening have been identified that are differentially expressed between climacteric and non-
climacteric melons (Dai et al., 2011; Leida et al., 2015; Saladié et al., 2015; Zhang et al., 2016).
Many studies have been performed using cultivars with contrasting phenotypes for the ripening
process, non-climacteric (Inodorus group) and fully climacteric (Cantalupensis group) melons.
Additionally, the variability found in this trait in Asian melons (belonging to the Conomon or
Makuwa groups) that have an intermediate ripening behaviour (Guo et al., 2017) is also being
explored (Moreno et al., 2008; Zhang et al., 2015).

Cantaloupe varieties are one of the melon market classes with highest economic value. Two of
the main objectives of cantaloupe breeding are to extend the harvesting period and the post-
harvest life maintaining fruit quality. Thus, the knowledge of the genetic basis of ripening
behavior is essential for cantaloupe breeding programs. The modification of the ripening
process in cantaloupe melons has been accomplished through silencing the CmACOL1 gene
(Ayub et al., 1996; Pech et al., 2008) and through the induction of mutations in this gene that
provide an enhanced shelf life phenotype (Dahmani-Mardas et al., 2010).

In this report, we describe the ripening pre and post-harvest behavior of a melon breeding line
(‘MAK-10’) obtained from a collection of introgression lines (ILs) developed from the cross
between a Japanese cultivar of the Makuwa group and the French cantaloupe variety

‘Vedrantais® (Perpifia et al., 2016). ‘Vedrantais’ represents one of the most important market
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classes of the Charentais type. It produces medium-size, global to flattened, sutured and orange-
fleshed fruits, with a full climacteric ripening behavior, aromatic and with medium sugar
content. ‘Ginsen makuwa’ plants have an early female flowering and their fruits are small and
oval with a thin and smooth rind, and sweet white flesh with little aroma. They have a
climacteric behavior intermediate between full climacteric an non climacteric melons (Leida et
al., 2015; Saladié et al., 2015). Makuwa melons do not form a clear abscission layer, while
‘Vedrantais’ melons drop off the plant when reach a commercially ripe stage. The IL ‘MAK-
10’ has an introgression in the chromosome 10 of the ‘Ginsen makuwa’ genome into the
‘Vedrantais’ genetic background (Perpina et al., 2016). This introgression does not alter plant
and fruit traits other than the ripening process. ‘MAK-10’ fruits are morphological and
organoleptically similar to ‘Vedrantais’ fruits, but lack abscission layer and external aroma at
full maturity. They maintain a higher flesh firmness and sugar content at maturity before and
after harvesting. Therefore, ‘MAK-10" may be an interesting source of genetic variability to

develop new ‘Vedrantais’ cultivars with an improved post-harvest life.

3.2. Origin

The melon breeding line ‘MAK-10" was obtained from an introgression line collection by
introgressing the genome of ‘Ginsen makuwa’ P1 420176 (MAK) into the genetic background
of the climacteric French ‘Vedrantais’ cultivar (VED) (Perpifia et al., 2016). The whole IL
collection was phenotyped in two locations: the greenhouse facilities of the Universitat
Politecnica de Valéncia and of the Fundacion Cajamar in Paiporta (Latitude 39° 25° 2.208" N,
Longitude 0° 25 3, 01°” W and Altitude 17 m) (both in Valencia, Spain) in three independent
assays in which ‘MAK-10" fruits showed an altered ripening phenotype, without abscission
layer, low external aroma, and higher flesh firmness, soluble solids and sucrose content than
VED fruits at commercial maturity. This line was selected from the BC3S1 generation after
marker assisted selection (MAS) using the Sequenom MassARRAY genotyping technology
with SNPs evenly distributed through the genome. ‘MAK-10" has a major MAK homozygous
introgression of 1.05 Mb located in chromosome 10 (between markers CMPSNP172 and
CMPSNPG65, Perpifia et al., 2016) into the VED background, not shared with any other IL of

the collection.

‘MAK-10" BC3S1 plants were selfed to produce BC3S2 seeds. These seeds were used to
perform a new characterization assay, aimed to confirm the effect of the introgression. Thirty
plants of each VED and ‘MAK-10" were cultivated in the greenhouse facilities of the Fundacion
Cajamar in Paiporta, in the spring-summer season 2016 (from March to July). Plants were

grown in substrate bags (70 % coconut fiber and 30 % coconut chips) and nutrients were
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provided through the irrigation system. Each plant was phenotyped for traits related to
flowering (number of male and female flowers 15 and 30 days after the opening of the first
female flower, coded NMaF15, NFeF15, NMaF30 and NFeF30). The plants were self-
pollinated and the fruits were sequentially harvested at different days after pollination (DAP),
from 30 to 34, from 35 to 39, from 40 to 44, from 45 to 49, from 50 to 55 and >55 DAP.
Additionally, fruits of the two genotypes collected at 40-44 and at 50-55 DAP were stored in a
chamber at room temperature and phenotyped at 5 and 10 days after harvesting (DAH), with
the aim to study the post-harvest behavior. All the fruits were phenotyped for the following
traits with the methodology described by Perpifia et al. (2016): fruit weight (FW), fruit length
and diameter (FL and FD), cavity width (CW), flesh and rind thickness (Fth and Rth), flesh
firmness (FF), presence of abscission layer, and netting occurrence (AL and NET), flesh color
(FCHI, FCa, FCb) and soluble solids content (SSC). An olfactory sensory evaluation of the
external aroma of the whole fruit was also performed, to determine if fruits have external aroma

similar to that of VED of were non-aromatic as MAK (AR).

A cross section of 5 cm was obtained from the equatorial plane of each fruit. This sample was
used for the quantification of sugars (sucrose, glucose and fructose) and organic acids (citric,
malic and glutamic) via capillary electrophoresis with the methodology described by Cebolla-
Cornejo et al., (2012) with an Agilent 7100 system (Agilent Technologies, Waldbronn,
Germany). Results were expressed in grams per kilogram of fresh weight. Sucrose equivalents
were calculated multiplying sucrose, glucose and fructose contents by their relative sweetening

power, 1, 0.74 and 1.73 respectively, and adding them up (Koehler and Kays, 1991).

3.3. Description

3.3.1. ‘MAK-10’ and VED do not differ in flowering time and fruit morphology

‘MAK-10’ and VED did not show differences in a number of traits related to flowering time
and fruit morphology. Both lines flowered the same week after transplanting and had similar
number of male (NMaF15 and NMaF30 were 3.90 + 0.57 and 6.95 + 0.55 versus 4.11 + 0.25
and 7.10 + 0.39 flowers, for ‘MAK-10" and VED respectively) and female (NFeF15 and
NFeF30 were 2.66 + 0.24 and 1.66 + 0.34 versus 2.21 + 0.16 and 2.05 + 0.18) flowers per plant,

at 15 and 30 days after the opening of the first female flower.

‘MAK-10" and VED fruits also did not differ in size and morphology during the ripening
process, showing similar fruit weight, length, diameter, cavity width, flesh and rind thickness,
and rind netting at most DAP (Table 1). Therefore, despite the early flowering, the small fruit
size, the oval shape, and the thin and smooth rind of the MAK fruits (Perpifia et al., 2016), the
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MAK introgression from chromosome 10 into the VED background of line ‘MAK-10" did not
alter these traits.

Table 1. Mean and standard error of fruit weight (FW), fruit length (FL), fruit diameter (FD), cavity width (CW),
rind thickness (Rth), flesh thickness (Fth), flesh firmness (FF), presence/abscene of abscission layer (AL), aroma
(AR) and netting (NET), soluble solids content (SSC) and flesh color (parameters FCHI, FCa, FCb) in ‘Vedrantais’
(VED) and ‘MAK-10’ fruits? collected at 30-34, 35-39, 40-44, 45-49, 50-55 and >55 days after pollination (DAP).

FW (gr) FL (mm) FD (mm) CW (%) Fth (mm) Rth (mm) FF (Kg/cm2)

DAP  Genotype
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
‘MAK-10> 584.00 47.04 957 032 1068 0.22 49.72 177 2162 114 425 071 440 0.65
3034 VED 616.37 5287 980 032 1059 0.28 4870 181 21.14 095 544 037 6.60 0.71
‘MAK-10> 460.33 25.78 893 0.23 9.80 0.23 49.38 246 20.05 240 342* 0.12 340* 0.21
3539 VED 580.00 103.24 9.46 040 1052 0.67 5047 416 2298 314 470* 018 552* 0.24
‘MAK-10> 577.60 39.32 936 022 1052 0.27 5230 137 2151 043 414 048 442 052
40-44 VED 534.11 32.25 948 0.17 10.17 0.22 49.16 085 2161 113 377 021 357 021
‘MAK-10> 476.25 2757 870 0.17 10.10 0.17 50.64 272 1965 1.08 420 042 427* 0.33
49 VED 498.00 3299 9.04 025 9.99 021 4818 1.18 20.61 0.80 368 042 236* 0.33
‘MAK-10> 667.43 71.20 9.70 042 10.84 040 51.43* 242 2397 128 345 037 328* 0.36
2055 VED 49820 2440 856 026 9.62 031 4329* 126 2235 254 403 033 138* 0.32
‘MAK-10> 492.00 106.00 875 0.15 104 0.60 4588 275 263 136 340 010 500 0.10
>55 VED - - - - - - - - - - - - - -
ALY ARY NETY FCHI FCa FCb SSC (°Brix)

DAP Genotype
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
‘MAK-10>  0.00 0.00 0.00 0.00 100 0.00 6415 297 -495* 0.76 19.58* 0.34 560 0.27
30-34 VED 0.00 0.00 0.00 0.00 075 016 5559 282 442* 140 21.70* 048 658 0.35
‘MAK-10>  0.00 0.00 0.00 0.00 100 0.00 5958 360 471 431 2112 112 703 113
399 VED 0.00 0.00 0.00 0.00 080 020 6619 336 6.17 165 2372 051 740 0.97
‘MAK-10>  0.00 0.00 0.00 0.00 100 0.00 6391* 098 647 196 2380 105 964 1.14
40-44 VED 0.28 0.11 033 011 0.83 0.09 53.69* 155 6.97 144 2243 055 11.21 0.62
4549 ‘MAK-10> 0.00* 000 0.00* 000 100 0.00 5465 175 825 132 2319 065 13.65 0.64
VED 1.00* 000 100* 000 100 0.00 5656 281 990 053 24.08 103 13.08 0.91
50.55 ‘MAK-10> 0.00* 000 0.00* 000 1.00 0.00 5453 0.72 1092* 046 2325 0.49 15.68* 0.32
VED 1.00* 000 1.00* 0.00 1.00 0.00 4948 362 6.84* 0.63 2004 163 12.76* 0.64
o565 ‘MAK-10°  0.00 0.00 0,00 0.00 100 0.00 5438 1.08 12.60 130 2448 0.00 1590 0.30
VED - - - - - - - - - - - - - -

2 Six fruits of each days after pollination (DAP) and genotype were phenotyped except for VED at >55 DAP
(rotten fruits were not analyzed).

YAL, AR and NET are abscission layer (1: present as in VED, 0:absent as in MAK), external aroma of the whole
fruits (1: present as in VED, 0: absent as in MAK), netting (1: presence, 0, absence). All the other traits were
evaluated as described in Perpifia et al. (2016).* are significantly different according to the Least Significant
Difference test (LSD) (P < 0.05) between ‘MAK-10" and ‘Vedrantais’ (VED).
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3.3.2. ‘MAK-10’ differ from VED in the ripening process

One of the traits associated to the ripening process is flesh firmness. VED fruits presented a
typical profile of flesh firmness evolution (Rose et al., 1998) with a continuous decrease of
firmness (FF ranging from 6.60 + 0.71 to 1.38 + 0.32 kg/cm? at 30-34 and 50-55 DAP,
respectively) (Figure 1). However, the firmness of ‘MAK-10" fruits remained constant during

the ripening process (FF of 4.40 + 0.65 and 3.28 + 0.36 kg/cm? at 30-34 and 50-55 DAP).

VED fruits started to form the abscission layer (AL) at 40-44 DAP and at 50-55 DAP most of
the VED fruits had dropped from the plant and we could not harvest fruits after 55 DAP. ‘MAK-
10’ fruits did not form AL during the whole ripening process (Table 1), and even after 55 DAP

the fruits remained attached to the plant.

The formation of the abscission layer is an external signal of maturity of climacteric fruits and
is associated to the occurrence of external aroma. VED fruits reached full maturity from 40 to
49 DAP, exhibiting at this time appropriated flesh firmness and soluble solids content,
according to commercial standards (FF from 3.57 + 0.21 to 2.36 + 0.33 kg/cm? and SSC from
11.21 +0.62 to 13.08 + 0.91 °Brix, at 40-44 and 45-49 DAP respectively). VED fruits collected
later, at 50-55 DAP were over ripen, with very soft flesh (FF 1.38 + 0.32 kg/cm?). ‘MAK-10’
fruits collected at the VED ripening time (from 40 to 49 DAP) also met commercial
requirements, although with a slight delay in the accumulation of SSC (FF from 4.42 + 0.52 to
4.27 + 0.33 kg/cm? and SSC from 9.64 + 1.14 to 13.65 + 0.64 °Brix, at 40-44 and 45-49 DAP
respectively). At this time ‘MAK-10" fruits were netted with rinds turning to yellow, external
signals of maturity also found in VED fruits. The fruits of ‘MAK-10" collected after 50 DAP
were not over ripen, and still met commercial requirements for FF and SSC, even having SSC
values higher than those of the VED fruits (SSC 12.76 + 0.64 °Brix versus 15.68 + 0.32 °BriX,
for VED and ‘MAK-10’ respectively).

Differences in flesh properties were further studied by analyzing sugar and acid profiles in both
lines during the ripening process. Both, showed the typical profile of sugar evolution (Burger
et al., 2006; Zhang et al., 2016), with the hexoses content, fructose and glucose, being almost
constant during the ripening process and sucrose accumulation bursting during the last phase
of ripening (Figure 2). The differences between ‘MAK-10" and VED resided in the higher sugar
content of the introgression line, starting at 45-49 DAP and at 50 to 55 DAP for hexoses and
sucrose levels respectively. Consequently, sucrose equivalents, a variable directly linked with
sweetness perception was considerably higher in ‘MAK-10’ by the end of the ripening process.
Apart from the higher sugar content observed in ‘MAK-10’, this line exhibited a delay in the

profile of sugar accumulation (Figure 2). For example, VED tended to decrease hexoses content
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from 40-44 DAP, whereas this decrease started later (from 45-49 DAP) in ‘MAK-10’. Similarly

the sucrose burst was delayed in ‘MAK-10" (occurring from 35-39 to 45-49 in VED and from
45-49 to 50-55 in ‘MAK-10°).

The different performance in sugar accumulation did not apply to organic acid accumulation,
as little differences could be found in the evolution of citric, malic and glutamic acids between
‘MAK-10’ and VED (Figure 3). In both lines citric acid content more than doubled that of malic

acid, while glutamic acid accumulated mainly at the end of the ripening process.

The delayed ripening of ‘MAK-10’ could also be observed as a delay of flesh color change
(Table 1). Fruits harvested at the immature state (30-34 DAP) still had green to yellow flesh
color, whereas VED fruits were already light orange (FCa: -4.95 = 0.76 and 4.4 + 1.4; FCh:
19.58 £ 0.34 and 21.7 £ 0.48, for MAK-10 and VED, respectively) (Figure 4). Despite this
delay in color change, ‘MAK-10’ fruits did not differ from VED fruits at maturity (40 to 49
DAP) and even retained better flesh color when collected later at 50-55 DAP (FCa: 10.92 +
0.46 versus 6.84 + 0.78, for ‘MAK-10" and VED respectively).

Flesh firmness

T
§-‘V
2 ‘ﬁ-{

30-34 DAP 35-39 DAP 40-44 DAP 45-49 DAP 50-54 DAP >55 DAP

'MAK-10' == e= VVED

Figure 1. Flesh firmness (kg/cm?) changes in fruits harvested at different days after pollination (DAP).
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Figure 2. Sugar components (gr/Kg of fresh weight) at different days after pollination (DAP). Left: sugar components in ‘Vedrantais’ (VED) fruits. Right: sugar components in ‘MAK-
10’ fruits. Bottom: Analysis of variance (ANOVA) P-values for the genotype effect for fructose (FR), glucose (GL), sucrose (SC) and sucrose equivalents at different DAP. ns= not
significant difference.
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Figure 3. Principal organic acid components (gr/Kg of fresh weight) at different days after pollination (DAP). Left: organic acid components in ‘Vedrantais’ (VED) fruits. Right:
organic acid components in ‘MAK-10" fruits. Botom: Analysis of variance (ANOVA) P-values for the genotype effect for citric acid (CT), malic acid (ML) and glutamic acid at

different days after pollination (DAP). ns= not significant difference.
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Figure 4. Changes of ‘Vedrantais’ (VED) and ‘MAK-10’ fruits at different days after pollination (DAP) (30-34,
35-39, 40-40, 45-49, 50-55, and >55) and different days after harvest (DAH) (5 and 10 d of storage at room

temperature).

3.3.3. ‘MAK-10’ and VED differ in the post-harvest behavior.

Despite the FF of ‘MAK-10’ fruits being constant while the fruits remained attached to the plant
(Figure 1), during storage it decreased slowly (Table 2), as it has been previously reported for
Makuwa melons (Zhang et al., 2015). Nevertheless, ‘MAK-10’ fruits harvested at 40-44 DAP
maintained a significantly higher FF than VED at 10 DAH (2.05 + 0.05 versus 1.10 £ 0.12
kg/cm?). Similarly, ‘MAK-10’ fruits harvested at 50-55 DAP were firmer than VED fruits at 5
DAH (1.45 + 0.05 versus 0.90 + 0.10 kg/cm?). In this case, VED fruits could not be analyzed

at 10 DAH because they were already rotten.

A decrease of SSC was observed during room storage (Table 2), more rapid in VED fruits
collected at 40-44 DAP (13.3 £ 0.8 and 9.8 = 0.9 °Brix, at 5 and 10 DAH respectively) than in
‘MAK-10’ fruits (14.00 + 0.96 and 13.15 £ 0.15 °Brix, respectively). ‘MAK-10’ fruits collected
at 50-55 DAP also had a stable Brix degree after 5 and 10 DAH (14.60 = 0.20 and 14.90 + 0.70
°Brix, respectively). These results do not disagree with those of Zhang et al. (2015), who
described an initial increase of SSC in post-harvest Makuwa fruits, reaching a maximum after

seven days of storage followed by a slow decrease.

VED and ‘MAK-10’ fruits differed in the post-harvest evolution of hexoses content (Table 3),

which presented a more accentuated decrease in VED than in ‘MAK-10’ fruits. This decrease,
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which specially affected glucose content, was consistent with the anticipation of hexoses
decrease during the ripening process observed in VED fruits attached to plants. These
differences were more marked in fruits harvested at 40-44 DAP (a harvesting time closer to
commercial maturity of VED melons). Sucrose content increased during storage in both
genotypes in fruits harvested at 40-44 DAP, more in VED than in ‘MAK-10’, consistently with
the delay in sucrose burst previously observed in ‘MAK-10’ fruits at harvest (Figure 2). In fruits
harvested at 50-55 DAP a similar slight decrease in sucrose content was observed for both
genotypes during post-harvest. Despite this reduction, the sucrose content in ‘MAK-10" during
post-harvest was nearly twice that of the VED fruits (65.1 to 73.4 versus 29.3 to 34.2 gr/kg in
‘MAK-10" and VED fruits stored 5 and 10 DAH respectively).

These changes in sugar content resulted in a higher loss of sucrose equivalents in VED than in
‘MAK-10’, which was more pronounced in fruits harvested at 40-44 DAP (Table 3).
Consequently, fruits of ‘“MAK-10" showed higher sucrose equivalents levels, which remained
more stable during post-harvest storage, and they had a higher potential in terms of sweetness
perception. Previous studies with Makuwa melons have also reported reductions in hexoses and

increase in sucrose contents during the post-harvest storage (Liu et al., 2012).

Regarding the acid profile, citric acid slightly decreased in a similar way in both lines; whereas
a different evolution was observed in glutamic and malic acid, mainly in fruits harvested at 40-
44 DAP. Both acids increased in VED fruits during storage, but decreased or remained stable
in ‘MAK-10’ fruits.

Table 2. Mean and standard error of flesh firmness (FF) and soluble solids content (SSC) in fruits? collected at
40-44 days after pollination (DAP) and at 50-55 DAP conserved at room temperature 5/10 days after harvesting
(DAH).
FF (kg/cm2) SSC (°Brix)
VED ‘MAK-10’ VED ‘MAK-10’
Mean SE Mean SE Mean SE Mean SE
1044 DAP+5DAH 0.60a 010 250a 1.00 13.30a 0.80 14.00a 0.96
40-44 DAP+10DAH  1.10a 012 205b 0.05 9.80b 0.90 13.15b 0.15
50-55 DAP+5DAH ~ 0.90a 0.10 1.45b 0.05 12.65a 0.55 14.60a 0.20
50-55 DAP+10DAH - - 1.00 0.00 - - 1490 0.70

2Six fruits of each day after pollination (DAP), day after harvesting (DAH) and genotype were phenotyped except
for ‘Vedrantais’ (VED) fruits at 50-55 DAP+10DAH (rotten fruits were not analyzed). Mean values in a column
(for each harvesting date) followed by the same letter are not significantly different according to the Least
Significant Difference test (LSD) (P < 0.05) between ‘MAK-10" and ‘Vedrantais’ (VED).
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Table 3. Relative percentage of gain and loss of sugar compounds (fructose, glucose, sucrose and sucrose
equivalents) and acid compounds (citric, malic and glutamic) of ‘MAK-10" and ‘Vedrantais’ (VED) fruits?
harvested at different days after pollination (DAP) (40-44 and 50-55) and different days after pollination (DAH)
(5 and 10) in comparison with fruits harvested at the same day after pollination (DAP) without storage.

%

DAP + DAH Genotype Fruct % Glucose % Sucrose % Sucrose eq % Citric % Malic % Glutamic
ructose
‘MAK-10” 0.00 -25.92 85.42 -6.97 -15.21 -25.00 0.00
40-44+5
VED -1.60 -47.00 193.42 -13.66 -26.19 83.33 750.00
‘MAK-10” 15.23 11.85 -8.09 14.22 -17.39 -33.33 -100.00
40-44+10
VED -53.20 -58.06 91.22 -54.50 -4.76 50.00 300.00
50-55+5 ‘MAK-10” -42.08 -36.17 -14.90 -40.65 -19.60 -23.52 40.00
-55+
VED -39.44 -69.12 -14.57 -47.11 -11.11 -33.33 50.00
‘MAK-10’ -31.32 -62.19 -4.05 -38.88 23.52 -11.76 20.00
50-55+10
VED -35.51 -81.20 11.37 -47.34 2,77 -40.00 -100.00

zSugars and organic acid compounds were quantified with the methodology described by Cebolla-Cornejo et al.

(2012). Six fruits were analyzed for each genotype and DAP+DAH.

3.4. Conclusions

Our results indicate that the introgression from ‘Ginsen makuwa’ carried by ‘MAK-10’ clearly
affects the ripening process, delaying flesh softening, flesh color change, and sugar
accumulation, and preventing the formation of the abscission layer and external volatiles
emission in whole fruits. However, apart from the lack of abscission layer and external aroma,
the characteristics of the ‘MAK-10’ fruits at VED commercial maturity (40 to 49 DAP) are
similar to that of the VED fruits. The ‘MAK-10’ line has the additional advantage that the fruits
maintain commercial value for longer attached to the plant and have higher sugar content. This
property could be useful to extend the harvesting period when using ‘MAK-10’. ‘MAK-10’
fruits also retain flesh firmness, sweetness and have less variation of the organic acid profile
for longer during room storage, which could be useful to extend the shelf life of Charentais
melons. Despite the lack of external aroma, that could be a limitation for its use in specific
markets, the flesh of ‘MAK-10’ fruits is aromatic, we did not find apparent differences in their
internal aroma with VED fruits during fruit characterization. A quantitative analysis of flesh

volatiles is being conducted to characterize the aromatic profile of this breeding line.

The Makuwa introgression of ‘MAK-10 is located at chromosome 10. Therefore, the two
genes, AL-3 and Al-4, reported to prevent the formation of abscission layer by Périn et al.
(2002b) are not involved in this phenotype. This region contains two genes (MELO3C012390,
annotated as NAC/NAM transcription factor, and MELO3C012332, annotated as a HD-Zip

homeobox transcription factor) related with the ethylene transcriptional regulation (Rios et al.,
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2017; Saladie et al., 2015). These genes are good candidates to be involved in the observed

ripening delay.

This ripening delay may also account for the observed differences in sugar content between
VED and ‘MAK-10’. Differences in sugar content in melon fruits can be due to differences in
sugar accumulation and/or in sugar metabolism. In general, the increase in sucrose level is
associated with a gradual decline in invertase activity and an increase in sucrose phosphate
synthase activity, although contributions of additional enzymes have also been proposed.
Several studies indicate that gene expression is reprogramed during the onset of ripening.
According to Saladié et al. (2015), there exist differences between climacteric and non-
climacteric varieties in the expression of genes related to sugar metabolism, suggesting that
they may be potential determinants of sucrose content and post-harvest stability of sucrose
levels in fruit. After the autocatalytic ethylene synthesis, the sucrose levels are stable in the
flesh of VED melons (from 45 to 49 days on), whereas sucrose levels continue rising in‘MAK-
10°. Fruits of both genotypes were collected from plants at 50-55 days (all still attached to the
plant). However, whereas VED fruits had already started the climacteric ripening process, that
can stabilize sucrose content, ‘MAK-10’ fruits lacked the autocatalytic ethylene synthesis and
continued accumulating sucrose. Also the presence in the introgression of MAK alleles of genes
involved in sugar metabolism can contribute to this differential sucrose accumulation
behaviour. In the introgressed genomic region also maps MELO3C012320, a Sucrose-P
phosphatase 2 (CmSPP2) involved in sugar metabolism (Leida et al., 2015). This gene is a good
candidate for future studies on this phenotype. Despite Makuwa melons are not so sweet as
VED melons, MAK genes can have a different behaviour when introgressed in a different
genetic background. There are many examples of this type of masked variation when using

introgression lines (Perpifia et al., 2016).

In conclusion, ‘MAK-10’ provides fruits with an increase of sugar and flesh firmness that could
be distributed in markets where typical Cantaloupe melons where not established. In addition,

the increase of post-harvest life could allow marketing on a larger scale.
Availability

Small samples of ‘MAK-10’ seeds are available for research purposes, may be obtained by
written request to the author (mpicosi@btc.upv.es).
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En la mejora de la calidad del fruto, ademas de tener en cuenta aspectos como la morfologia, el
contenido de azUcares y acidos, y aspectos de calidad interna del fruto, también se ha de tener
en cuenta otros aspectos que afectan a la calidad organoléptica, como el contenido de
compuestos aromaticos volatiles. Por ello, se decidid analizar el perfil aromético de las ILs en
dos ambientes, con el objetivo de estudiar de forma preliminar, las regiones gendémicas y en
algun caso mas en concreto los genes, involucrados en el metabolismo de compuestos
aromaticos. El trabajo realizado que se describe a continuacion, se esta preparando para enviarlo

a la revista Food Chemistry.
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4.1. Abstract

Volatile organic compounds (VOCs) have an important role in melon flavour, one of the most
important traits influencing consumer’s preferences. The volatile profile of 25 introgression
lines (ILs), developed from the Japanese cultivar ‘Ginsen makuwa’ (MAK) and the ‘Charentais’
cultivar ‘Vedrantais’ (VED), as donor and recurrent parent, respectively, was characterized in
two environments. A total of 57 VOCs were identified using purge and trap extraction followed

by chromatography-mass spectrometry. In addition, the IL population was genotyped with
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2.146 SNP distributed throughout the melon genome to tag Makuwa introgressions. The
aromatic profiles of both parents (VED and MAK) and the hybrid revealed the genetic
dominance of the MAK alleles against the VED alleles. MAK fruit displayed a significant
decrease of most VOCs, mainly alkyl esters and apocarotenoid, compared to VED fruit, but had
higher amounts of some specific aldehydes, esters, and phenolic compounds, such as eugenol.
MAK introgressions affected the production of VOCs in ILs. Although the environmental effect
was remarkable, the trend of certain ILs was similar in both environments. Interesting ILs were
detected with specific VOCs affected by specific MAK introgressions and also some ILs
showed changes in VOCs profiles due to pleiotropic effects of changes in color flesh and the
ripening process. Joint analysis of VOCs profile and ILs GBS genotypes allowed the
identification of candidate genes for volatile production, such as MELO3C024886 (4-
coumarate:CoA ligase) involved in the eugenol pathway, CmCRTISO1 (MELO3C009571,
carotenoid isomerase) related with the accumulation of carotenoids, precursors of the volatiles
apocarotenoids, MELO3C006703 and MELO3C006545 (acyl-CoA ligases genes) involved in
esters profile, and MELO3C030975 (aminotransferase) related with the aldehydes production.
This study show how the use of genetic resources, such as those of the makuwa group, for

breeding commercial melon can have an impact on the aromatic profiles.

Keywords: Cucumis melo L., introgression line, quality, genomics, metabolomics

4.2. Introduction

Melon (Cucumis melo L.) fruit quality is a complex trait which depends on many aspects such
as fruit size, shape, color, texture, flavour and nutritional content. Flavour is one of the fruit
traits that mostly determines the consumer perception of quality. It highly depends on the
sweetness and acidity of the fruit flesh and on the fruit aroma profile. Aroma profile is
characterized by a specific qualitative and quantitative pattern of volatile organic compounds
(VOC:s), especially abundant are esters, but also aldehydes, alcohols and terpenes, among others
(Kourkoutas et al., 2006). Most of the VVOCs affecting flavour increase at maturity and decrease
when fruits are over-ripen (Beaulieu and Grimm, 2001). The final profile is the result of a
combination of genotype and environmental effects (Bernillon et al., 2013). In adittion, the
specific ability to accumulate precursors and/or to form and release conjugates during ripening
are also important factors influencing the final profile (Rambla et al., 2017).

Melon is a highly polymorphic species (Pitrat, 2017), traditionally splitted into two subspecies
subsp. melo and subsp. agrestis, and 19 groups. Accordingly, melon volatile profile is complex
and more than 300 different compounds have been reported within the species, and more than

100 in a single cultivar (Gonda et al., 2016; Esteras et al., 2018).
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Huge differences in the aroma profile between climacteric, more aromatic, and non-climacteric
melons have been reported in several studies (Burger et al., 2006; Esteras et al., 2018). In
climacteric melons, such as ‘Vedrantais’ (C. melo subsp. melo group Cantalupensis, subgroup
‘Charentais’), esters, low-odor threshold compounds with fruity, sweet, melon-like, and floral
aroma notes, are the main group of VOCs followed by alcohols and aldehydes, that also
influence their unique aroma (Beaulieu and Grimm, 2001; Aubert and Bourger, 2004; Esteras
etal., 2018). Non-climacteric melons, such as ‘Piel de Sapo’ melons (C. melo subsp. melo group
Ibericus, sub-group ‘Piel de Sapo’), however, present lower levels of esters and higher amounts
of aldehydes and alcohols, displaying green, fresh, and cucumber-like aroma notes (Obando-
Ulloa et al., 2010). A deep study of melon aroma using a large germplasm collection (Esteras
et al., 2018) revealed more variability than expected within each melon group. In fact, four
VOC profiles were reported within the Cantalupensis group, being the orange-fleshed
‘Vedrantais’ melons in the group with the highest levels of ethyl esters.

The group of Makuwa melons (C. melo subsp. agrestis group Makuwa) has an oriental origin
and is extensively cultivated in the Far-East. These melons, which have dehiscent peduncles,
have often been considered climacteric, but detailed characterization indicates an intermediate
ripening behaviour between climacteric and non-climacteric melons (Leida et al., 2015). In fact,
fruits drop from ‘Vedrantais’ plants when the fruit reaches the commercial ripening stage, while
Makuwa fruits remain longer attached to the plant, even in more advanced stages of ripening.
Makuwa melons have a thin and edible rind, white, sweet and crispy, juicy flesh, with an
aromatic profile unique among the melons of the subsp. agrestis. According to their VOC
profile, Makuwa melons clustered together with Near-East aromatic Dudaim melons (C. melo
subsp. melo group Dudaim), close to aromatic cantaloupes (Esteras et al., 2018). This group of
melons displays one of the highest total ester content among agrestis melons, being straight-
chain esters (such as ethyl, butyl or hexyl acetate) especially important (Tang et al., 2015).
Previous analysis report that Makuwa melons have approximately one third of the ester amount
in ‘Vedrantais’ melons, with Makuwa having lower amounts of certain esters. The volatile
profile of Makuwa fruit also varies during ripening (Li et al., 2016).

The genetic control of aroma production in melons has been studied in segregating populations
derived from crosses between cultivars with contrasting VOC composition. Available
genomic/transcriptomic tools have allowed the study of the genes involved in the aroma
production (Freilich etal., 2015; Gonda et al., 2016; Gonda et al 2018; Tuan et al., 2019). Melon
volatiles are mainly derived from fatty acids, aminoacids, and carotenoids. It is known that
aldehydes, that contribute fresh and green notes to melon aroma, are produced from fatty acids

via the action of lipoxygenases (LOX) and hydroperoxide lyases (HPL). Specifically, in the
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case of Makuwa melons it has been demonstrated that LOX enzymes play a central role in
aroma production, promoting the accumulation of aldehydes and their derived esters (Tang et
al., 2015). Aldehydes are also derived from aminoacids, such as L-phenylalanine, L-methionine
and branched-chain aminoacids (L-leucine, L-isoleucine and L-valine), via aromatic and
branched chain aminoacid aminotransferases that generate the respective a-keto-acids (ArAT
and BCAT), such as the encoded by genes CmArAT1 and CmBCAT1 characterized in melon
(Gonda et al., 2016). Both fatty-acid and aminoacid-derived aldehydes contribute to fruit
aroma, but are also precursors of alcohols and esters, the most important contributors to melon
odor. Alcohols, the main constituents of non-climacteric melons aroma, are derived from
aldehydes via alcohol dehydrogenases (ADH) such as the encoded by CmADH1 and CmADH2
(Manriquez et al., 2006), the two better charaterized genes in melon (Chen et al., 2016).
Alcohols also serve as esters precursors through the esterification of an alcohol and acyl-
coenzyme A (acyl-CoA) substrates by alcohol acyl-transferases (AAT). The acyl-CoA
substrates are generated by acyl-CoA synthetases, also called acyl-CoA ligases, from fatty acids
with varying chain lengths, short (acetic, propionic, butyric), medium (hexanoic, heptanoic,
octanoid acids) and long-chain, that are used to form different esters. For example, the widely
distributed acetate esters are formed with acetyl-CoA, while butyrate or hexanoate esters are
derived from butyryl-CoA and hexanoyl-CoA, respectively. Different AAT enzymes use
different substrates (alcohols/acyl-CoA) (Gonda et al., 2016). Several CmAAT have been
functionally characterized (El-Sharkway et al., 2005) that differ in their substrate specificity.
For example, CmAATL is the most active producing a wide range of short and long-chain acyl
esters and it has strong preference for the formation of E-2-hexenyl acetate and hexyl
hexanoate, CmAAT2 was thought to be inactive, but now is associated to the synthesis of several
ethyl, thio and thioethyl esters, CmAAT3 has a strong preference to produce benzyl acetate, and
CmAAT4 forms mainly cinnamyl acetate.

Some specific routes of volatile formation have been further studied, such as the biosynthesis of
L-phenylalanine-derived volatiles, the most important compounds in melon aroma. These are
produced by different biosynthetic routes. L-phenylalanine can be converted into
phenylpyruvate by an aromatic aminoacid aminotransferase (CmArAT1) that later results into
phenylacetaldehyde and phenethyl alcohol and its esters (Gonda et al., 2010). L-phenylalanine
can also follow the phenylpropanoid pathway that involves the action of L-phenylalanine
ammonia-lyase (PAL), generating (E)-cinnamic acid, a key intermediate. The gene CmCNL has
been characterized which encodes for (E)-cinnamic acid:CoA ligase, that ligates (E)-cinnamic
acid and CoA to form cinnamoyl-CoA, which is processed by cinnamoyl CoA reductase (CCR)

to produce (E)-cinnamaldehyde (Gonda et al., 2018).
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Oher VOCs, such as the phenylpropene eugenol, are also synthesized from L-phenylalanine via
the phenylpropanoid pathway using (E)-cinnamic acid, followed by the action of (E)-cinnamic
acid 4-hydroxylase (C4H) and p-coumaric acid CoA ligase (4CL) (Liu et al., 2018). Within the
same route the melon gene CmBAMT, encoding a benzoic acid:S-adenosyl-L-methionine
carboxyl methyltransferase, having a role in the accumulation of methyl benzoate from benzoic
acid has been characterized.
The aminoacid L-methionine is also catabolized to produce sulfur volatiles via two different
routes, one involving the conversion into the aldehyde 3-(methylthio) propanal by the L-
methionine aminotransferase (MetAT), and the second involving the L-methionine-y—lyase,
encoded by the gene CmMGL to generate methanethiol, further incorporated into sulphides and
thioesters (Gonda et al., 2013; Gonda et al., 2016).
Other pathways to produce melon volatiles include the production of apocarotenoids via the
oxidative cleavage of larger terpenoids, such as carotenoids, through the activity of carotenoid
cleavage dioxygenases (CCD), such as the characterized CmCCDL1 (Ibdah et al., 2006; Vogel
et al., 2008), and the production of mono and sesqui-terpenes from geranyl diphosphate (GPP)
or farnesyl diphosphate (FPP) via terpene synthases (TPS) (Gonda et al., 2016).
The expression of many of the genes involved in the volatiles biosynthesis is regulated by
ethylene changes, resulting in different volatile profiles in melons with different ripening
patterns (Saladié et al., 2015).
Makuwa melons have gained attention as a possible source of interesting traits in melon
breeding programs. Many disease resistances have been identified in this group (resistance to
viruses, to Fusarium wilt and to Aphis gossypii) (Pitrat, 2017; Giner et al., 2017; Pascual et al.,
2019) but they are also being used in breeding programs focused on melon quality. An
introgression line (IL) collection has been recently developed by introgressing single fragments
of the Makuwa genome (using the Japanese cultivar ‘Ginsen makuwa’ as donor parent) into the
French cultivar ‘Vedrantais’ genetic background (Perpifid et al., 2016). Some of these lines
show features interesting for the diversification of the cantaloupe melons, such as variability in
fruit traits (weight, fruit shape and flesh color), early maturing and delayed ripening, increased
accumulation of metabolites (sugars and organic acids), etc. (Perpifia et al., 2016, 2017), but it
remains unknown how the Makuwa introgressions can influence the VOC profile of aromatic

‘Charentais’ melons.

In the present study, we analysed the VOC profile of this IL collection and used a genotyping
by sequencing (GBS) strategy to characterize the genomic introgressions of each IL. These
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aromatic and molecular profiles will be valuable to improve our knowledge of the genetic

control of aroma development in melon.

4.3. Material and Methods

4.3.1. Plant material

The two melon cultivars, the Japanese accession ‘Ginsen makuwa’, PI 420176, (MAK) (C.
melo subsp. agrestis group Makuwa, sub-group “Yuki’), donor parent, and the cultivar
‘Vedrantais’ (VED) (C. melo subsp. melo group Cantalupensis, subgroup ‘Charentais’),
recurrent parent, were previously selected considering their contrasting phenotype regarding
many traits, including a different fruit flesh VOC profile (Leida et al., 2015; Esteras et al.,
2018). A set of twenty-five introgression lines (ILs) were developed by introgressing the
genome of MAK in to the VED genetic background. MAK introgressions were defined with a
set of 154 SNPs. The ILs showed an average of 1.3 introgressions/IL and covered nearly 100%

of the donor genome (Perpifia et al. 2016).

4.3.2. ILs Genotyping

In order to obtain a more accurate genomic characterization of Makuwa introgressions
represented in the 25 IL set, this collection was further genotyped using the Genotyping-by-
sequencing (GBS) strategy. DNA was extracted from three plants/IL with DNeasy Plant Mini
Kit (Qiagen). GBS libraries were prepared using ApeKI and were subsequently sequenced
using the HiSeq 2000 IHlumina platform (Illumina Inc, San Diego, CA, USA) in the LGC
Genomics GmbH (Germany) following the procedure reported by Elshire et al. (2011). Quality-
filtered reads were mapped to the melon genome (assembly v.3.6.1;
https://www.melonomics.net) using the GEM toolkit (version 3) (Marco-Sola et al., 2012).

Alignment files containing only properly paired, uniquely mapping reads were processed using

Picard (http://broadinstitute.github.io/picard/) to add read groups. The Genome Analysis Tool

Kit (GATK) (McKenna et al., 2010) was used for local realignment. Variant calling was done
using UnifiedGenotyper from GATK. Variants were filtered, the positions for which ones at
least 1 sample had 10 reads were kept. Subsequently, the vcf file obtained was further filtered
for minor allele frecuency (MAF)>0.01 and to avoid indels and excessive missing data (>10 %

missing data SNPs discarded).

4.3.3. Experimental design.

The same three plants per IL sampled for the GBS were grown under greenhouse conditions
during the spring-summer season of 2015 in the Universitat Politectnica de Valencia (UPV), in
Valencia (39°29'00.4’N 0°20'28.0°W). Plants were transplanted the last week of March and
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fruits harvested during the second half of August. A replicate of this assay was conducted at the
greenhouse facilities of the Fundacion Cajamar in Paiporta (PAIP), in Valencia (39°25'05.8’N
0°25'03.4’W). Plants were transplanted at the beginning of March and fruits were harvested
during the first half of July. In both locations, the three plants per IL were randomly distributed.
Crop management and fruit harvesting at commercial maturity were performed as described by
Perpifia et al. (2016). Six plants of the recurrent parental (VED), the donor parent (MAK), and
their corresponding F1 were also grown in PAIP as a reference.

4.3.4. Sample preparation and analysis conditions

One fruit was harvested per plant, in both assays, PAIP and UPV, when the abscission layer
appeared (commercial maturity for VED melons). In the case of lines MAK_7-2 and MAK_10-
1, that did not develop abscission layer (Perpifid et al., 2017), fruits were collected at 45-50
days after pollination and checked for quality (appropriate flesh color, Brix degree, texture, and
flavour). A cross-section of 10 cm was obtained from the equatorial plane of each fruit. Pericarp
and approximately 2 mm of flesh, and seeds were discarded. The remaining flesh was
homogenized (KRUPS KB720, Groupe Seb Iberica, Barcelona, Spain) and kept frozen at -80°C
until the analysis of volatile compounds. Three fruits per IL were sampled in each location,
parentals were also sampled in PAIP assay, and equal volumes of the homogenate from the
three fruits from each location were pooled for VOC analysis. Additionally, individual fruit
samples of six fruits, three per location (PAIP and UPV), of each of 6 selected ILs (MAK_6-1,
MAK _2-1, MAK 9-2, MAK 8-2, MAK 7-2, and MAK_4-1) were also analysed. These ILs

were selected due to their specific phenotypes.

4.3.5. Reagents for metabolite analysis
Reference standards of volatile compounds were supplied by Supelco (Sigma-Aldrich and
Fluka; Barcelona, Spain) as pure compounds (90 - 99.5 % purity) and individual stock standard
solutions (500 mg L) were prepared in acetone and used to generate mix standard solutions
(using a 10-fold volume dilution steps). Calibration solutions were prepared from mix working
solutions by consecutive volume dilutions with n-hexane to different final concentrations,
according to the detector response for each compound. All standard solutions were stored at —
18°C in sealed glass vials (avoiding any headspace). Gas chromatography grade solvents were
obtained from Scharlab (Barcelona, Spain). Supelclean™ ENVI-Carb™ 120-400 mesh, 500
mg/6 mL SPE Tubes (Supelco, Barcelona, Spain) were used as traps.
4.3.6. Determination of volatiles
Volatiles were extracted and determined following the methodology described by Fredes et al.
(2016). The extraction was performed by dynamic headspace (DHS) using a purge & trap
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home-made device (Beltran et al., 2006; Sales et al., 2017) using commercial (500 mg) SPE
cartridges as trap. Before analysis, trap cartridges were conditioned with 5 mL of diethyl ether
(Et20), followed by 5 mL of n-hexane and finally vacuum dried for 10 minutes. A sample
amount of 30 g of homogenized fruit was weighed into a 150 mL Erlenmeyer flask closed with
a glass cap with two connection tubes; the inlet tube was connected to a dry nitrogen gas (N2)
source and the outlet tube to the trap. Extraction was performed at 40 °C during 49 minutes with
a nitrogen flow rate of 1.6 L min't and magnetic stirring at 300. Each trap cartridge was eluted
after extraction with 5 mL of diethyl ether/hexane (1:1, v:v) followed by 5 mL of diethyl ether
directly into a graduated glass tube. The extract was then evaporated under a gentle nitrogen
stream at 35°C to a final volume of 0.5 mL. The final extract was divided into two aliquots and
stored in a freezer at -20°C until their analysis by GC-MS.

A Varian CP-3800 gas chromatograph coupled to an ion trap mass spectrometry detector
(Saturn 4000, Varian) was used for the determination of the volatiles. A 30 mx0.25 mm
Supelcowax 10 (0.25 pum film thickness) capillary column was used for the separation, using
helium at a constant flow of 1 mL min-1 as carrier gas. The temperature program was: 40°C for
5 min, then increased to 160 °C at 4 °C min, and finally increased to 250 °C at 30°C min*,
with a final isothermal stage of 1 min (total chromatographic analysis time 39 min). Injection
of 1 uL of the sample in the splitless mode (injection port temperature 220°C) was performed
using a Varian 8400 autosampler. MS (ion trap) measurements were performed in full scan
mode (m/z scan range of 50 — 200 Da) using electron ionization (70 eV) in positive mode and
external ionization configuration. GC-MS interface, ion trap, and manifold temperatures were
set at 275°C, 190°C and 60°C, respectively.

For identification purposes, retention indices for all studied compounds were calculated by
using a standard solution containing n-alkanes (C7-C30) and following the formula given by
Kovats (1958). Quantitation was carried out by using external standard calibration curves using
peak areas for the selected quantitation ion (Q) for each compound. Compounds with
concentration exceeding linearity range were quantified by diluting extracts with n-hexane until
proper concentration (Supp. Table 1).

4.3.7. Data processing and statistical analysis

Principal Component Analysis (PCA) with the volatile dataset was performed using S-Plus v.
8.01 for windows (Insightful Corp., Seattle). Hierarchical Cluster Analysis (HCA), using
Euclidean distances and average linkage clustering, combined with heatmaps, using scaled data,

were obtained with the online software heatmapper (http://www.heatmapper.ca). Correlation

network analysis was conducted with the Expression Correlation

(www.baderlab.org/Software/ExpressionCorrelation) plug-in implemented for the Cytoscape
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software (Shannon et al., 2003). Networks were visualized with the Cytoscape software, v3.3.0

(www.cytoscape.org). The nodes represented the volatiles groups (alcohols, aldehydes, esters,

and apocarotenoids). Positive and negative correlations were indicated with black and red
edges, respectively. Line thickness indicated correlation strength: the wider the line, the

stronger correlation.

SNP calling results obtained from the GBS data were used to define the MAK introgressions
of each IL. The MAK introgressions (mostly homozygous, but also some heterozygous) into
the VED genetic background were defined by the physical position of flanking SNPs (located
using the version CM3.6.1 (pseudomolecules) (https://www.melonomics.net) of the melon
genome) (Supp. Table 2). Candidate genes reported previously to be involved in aroma-related
VOC metabolism in melon (EI-Sharkway et al., 2005; Galpaz et al., 2018; Gonda et al., 2010,
2013, 2018; Ibdah et al., 2006; Lucchetta et al., 2007 Manriquez et al., 2006; Portnoy et al.,
2008; Saladie et al., 2015; Tuan et al., 2019; Tzuri et al., 2015; Yahyaoui et al., 2002; Zhang et
al., 2014) were located in these MAK introgressions, according to the melon genome annotation
(CM 4.0 transcripts). Similar genes were found by mining the melon transcriptome using
BLAST with the sequences of previously reported candidate genes and with the description of
their functions as keywords. Qualitative or significant quantitative variation of specific VOCs
were assigned to unique MAK introgressions of specific ILs, and the role of candidate genes

located in the corresponding introgressions was discussed.

4.4. Results and discussion

4.4.1. GBS analysis of IL genotypes

Approximately 143.000 SNPs with a minimum of 10 read depth were identified. They were
subsequently filtered for mapping quality and to avoid excessive missing data, and finally, a set
of 2.146 high quality SNPs, evenly distributed throughout the melon genome, were selected to

better characterize MAK introgressions in each of these ILs.

The previous genotyping of this IL population with the Agena Bioscience genotyping (formerly
Sequenom) platform (Perpifia et al., 2016) detected 1.3 introgressions per line. With the new
SNP set derived from the GBS the average increased to 2.77 introgressions per line (Fig. 1,
Supp. Table 2). Most of the main introgressions previously detected were confirmed (average
size 10.9 Mb), excep for MAK _9-1 that had no introgression in chromosome 9. Apart from the
main introgression, this high density genotyping revealed additional introgressions with an
average size of 1.7 Mb. Only 4.3 % of the MAK genome was not represented in the ILs

collection. The gaps were located in chromosomes (Chr.) 1, 4, 5 and 7.
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Figure 1. Graphical representation of the genotype of the 25 introgression lines obtained with the 2146 high quality SNPs identified from the GBS analysis. Blue color represents the
regions homozygous for the alleles of the recurrent parent ‘Vedrantais’, VED; Green color represents regions homozygous for the alleles of the donor parent ‘Makuwa’, MAK; yellow
color represents regions heterozygous for MAK/VED alleles.
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4.4.2. VOCs profiles of parents and ILs
A total of 57 VOCs were identified in MAK, VED, F1 and the IL collection (Supp. Table 3).
In the previous paper by Esteras et al. (2018), the profiles of VED and MAK were analysed.
The total amount of volatile compounds in flesh tissue of MAK fruit was significantly lower
than in VED fruit, with a reduction of 78 % in total VOCs. This reduction was different among
VOC groups, while total amount of alcohols, aldehydes, and acetate esters were only two to
four times higher in VED than in MAK, the alkyl esters, the main contributors to the aroma of
climacteric melons (Gonda et al., 2016), and the apocarotenoids volatiles, typical of carotenoid
accumulating melons such as the orange flesh VED (Ibdah et al., 2006), were more than fifteen
times higher in VED fruit compared with MAK. Our results confirmed these differences and
showed a 66.2 % reduction in total VOCs in MAK, being the highest reduction in alkyl esters
and apocarotenoids amounts (Supp. Table 3). Among the alkyl esters, the highest differences
were found in the ethyl esters ethyl butanoate, ethyl-2-methyl butyrate, and ethyl hexanoate,
that have been described as having an important role in the overall aroma profile of melon
(Amaro et al., 2013; Beulieu and Grim, 2001; Gonda et al., 2016). The specific ester profile of
MAK melons, rich in some straight-chain esters (such as butyl and hexyl acetates) (Supp. Table
3) had also been reported in other works (Zhang et al., 2014; Tang et al., 2015; Li et al., 2016).
Apart from the different ester and apocarotenoid profile, our assay showed that MAK fruits had
higher amounts than VED fruits of some compounds of the phenylpropanoid pathway, such as
eugenol (Supp. Table 3). Eugenol has been associated with the aroma of the Queen Anne’s
Pocket melon (C. melo group Dudaim) (Aubert and Pitrat, 2006), and higher contents of this
compound in MAK compared to VED fruits were also reported by Esteras et al. (2018).

In general, the F1 (VED x MAK) fruit VOC profile was more similar to MAK than to VED
(Supp. Table 3), suggesting a dominant gene action of MAK over VED alleles. Also, most ILs
showed lower amount of VOCs than VED, with an average reduction of 33.26 % (from a 3.53%
in MAK_9-1 to a 61.40 % reduction in MAK _11-2). This decrease was variable among VOC
groups. In order to better analyse the variability of VOCs profile in the experiment, a PCA and
a heatmap with PAIP data for parents, F1 and ILs were performed (Fig. 2a and 3a). In the PCA,
the first two principal components explained the 20.07 % and 14.39 % of the variation
respectively. The PCA confirmed a clearly different VOCs profile between both parents. The
first component separated VED fruit from MAK, mainly due to its higher amounts of some
alcohols (1-pentanol, (Z)-3-hexen-1-ol and 1-hexanol), and some aldehydes (hexanal, (E,E)-
2,4-heptadienal, octanal and Z-6-nonenal ), and due to its higher content of all apocarotenoids

(6-methyl-5-hepten-2-one, genarylacetone, f-ionone, and B-ciclocytral) and specific abundant
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alkyl esters (mainly the aforementioned ethyl butanoate and ethyl-2-methyl butyrate) (Supp.
Table 4). As observed previously, the multivariate profile of the F1 was very similar to MAK.
The heatmap showed the ILs more similar to both parentals (Fig. 3a). For example, the group
of ILs with the highest content in alkyl esters (Supp. Table 3), MAK_9-2, MAK 10-2, MAK 1-
1 and MAK_2-1 were more similar to VED, except for their low content in apocarotenoids.
MAK _6-1 was the most similar to MAK, with a similar quite low contents of main alkyl esters,
but a quite lower eugenol content, and MAK_3-1, MAK _4-2 and MAK_4-1 also had more
MAK:-like profile.
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Figure 2a. Principal component analysis of the volatile data set. A) Loading plots of PC1 and PC2. Each volatile in the corresponding color according to volatile groups (coded as in
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Figure 3a. Heatmap and cluster analysis (Euclidean distance, UPGMA) of the IL population, VED, MAK and F1 harvested in PAIP environment. Greenish colors imply higher

contents of the volatiles, whilst reddish colors imply lower contents. Equivalence of figure codes of volatiles in Supp. Table 1.
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Figure 3b. Heatmap and cluster analysis (Euclidean distance, UPGMA) Universitat Politécnica de Valéncia (UPV). Greenish colors imply higher contents of the volatiles, whilst

reddish colors imply lower contents. Equivalence of figure codes of volatiles in Supp. Table 1.

IL7_1
2 2
IL12_2
IL12_1
IL10_1
IL6_2
IL10_2
IL8_1
IL5_2
IL9_1
IL6_1
IL4_2
IL11_ 2
IL7_2
IL3_1
IL2_3
IL8_2
IL5_1
IL4_1
IL11_1
IL4_3
IL1_1
IL10_3
IL9_2
I2_1



Capitulo 4. Analysis of aroma volatile compounds

4.4.3. Effect of the assay on VOCs content

The PCA performed with the ILs data of both environments (Fig. 2b) showed a higher
variability in UPV than in PAIP environment. The effect of the assay on VOCs content was
expected, as it is well known that volatiles are affected by environment (Beaulieu, 2006;
Bernillon et al., 2013). In general, fruits of the ILs grown in PAIP had similar average alcohol
levels than fruits harvested in UPV. Total alcohols averaged 936.92 versus 961.98 ng.g! in
PAIP and UPV (ranging from 498.74 to 2116.28 ng.g™* and from 218.95 to 2649.48 ng.g*,
respectively) (Supp. Table 3). However, the total amount of aldehydes was higher in UPV
(ranging from 13.95 to 230.73 ng.g™*, with an average of 70 ng.g™*) than in PAIP (15.36 to 90.23
ng.g, with an average of 39.15 ng.g™). The two esters classes were differentially affected,
whereas the amount of acetate esters was similar in both environments (970.79 ng.g%, range
206.44 to 1998.69 ng.g versus 862.52 ng.g?t, range 241.45 to 1739.24 ng.g?, in PAIP and
UPV, respectively), the total amount of alkyl esters was higher in PAIP (1523.73 ng.g’%, ranging
from 531.57 to 3202.29 ng.g!) than in UPV (1085.59 ng.g™, ranging from 223.48 to 3097.14
ng.g™}). Regarding the apocarotenoids content, this was lower in PAIP (21.11 ng.g?, ranging
from 2.72 to 84.44 ng.g?) than in UPV (33.6 ng.g%, ranging from 1.23 to 59.72 ng.g?). Fruits
were collected in both assays when the abscission layer appeared, but the different
environmental conditions, among PAIP and UPV assays, might account for these differences.
The aroma profile of UPV fruit suggests a delayed ripening in this environment.

The PCA indicated (Fig. 2b) that some ILs have similar profiles for the VOCs that explain most
of the variation in both environments, but other show quite high environment effect. In general,
MAK_2-3, MAK_3-1, MAK_5-2, MAK_7-2, MAK_8-1, MAK_10-2, MAK_10-3 and
MAK 11 2 have similar profiles (all with high and significant correlations between
environments, Supp. Table 3), although with a higher ester content in PAIP samples in most
cases. However, MAK 2-1, MAK 4-3, MAK_9-2, MAK 10-1 and MAK_12-2 have profiles
in UPV and PAIP separated according to the first component (with UPV fruits richer in some
specific acetate esters and alkyl esters, mainly butyrates, such as propyl butyrate and ethyl-2-
methyl butyrate), whereas UPV and PAIP profiles of MAK_1-1, MAK 4-2, MAK 5-1,
MAK_6-1 and MAK 11-1 are separated according to the second component (with UPV
samples having higher levels of some aldehydes, hexanal or nonanal, and apocarotenoids, but
lower of alkyl esters). The ILs MAK 2-2, MAK 4-1, MAK 6-2, MAK 7-1, MAK 8-2,
MAK 9-1 and MAK 12-1 were separated according with both components and had the highest
effect of the environment over the main VOCs profile.
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The heatmap with the data of the PAIP (Fig. 3a) and UPV (Fig. 3b) also showed this
environmental effect, although it reflected some similarities in both assays. ILs were grouped
into two main clusters in both environments, one with a few ILs more similar to VED, with
high alcohol and alkyl esters content, although low in apocarotenoids (consistently MAK_2-1
and MAK_9-2), and the main one with most of the ILs more similar to MAK, subdivided in
two main subclusters, one with a more MAK-like profile (being consistently MAK_6-1,
MAK_4-1, MAK 4-2 and MAK_3-1), and the other with some ILs with consistent similar
VOC:s profiles in both environments (such as MAK_2-2 and MAK _7-1). Some lines maintained
high levels of specific volatiles in both environments, such as the MAK_1-1, the one with the
highest levels of eugenol and MAK_4-3, the one with the lowest reduction in apocarotenoid
levels compared with VED and rich in aldehydes (Supp. Table 3).

4.4.4. Correlation network among VOCs

Correlations of VOCs contents between both environments were calculated (Supp. Table 5). A
40 % of VOCs showed moderate significant correlations (R?>0.35). Interestingly, these
significant correlations between both environments were found in some of the main alcohols
and aldehydes (1-hexanol, hexanal, and phenylacetaldehyde) and also within the group of alkyl
esters, which have deep effects on melon aroma perception, and also apocarotenoids. The
lowest correlation occured in the acetate esters. A Cytoscape analysis was run to study VOCs
network interactions (Fig. 4). The network obtained mostly identified correlations within
groups of compounds for esters, aldehydes, and apocarotenoids. In the case of esters, two sub-
groups were identified considering the correlations registered. The first group included acetate
esters and the butyrate subgroup of alkyl esters, except from the ethyl-2-methyl butyrate.
Compounds from this first group were found in similar concentrations in both parents or were
more abundant in MAK than in VED melons as described above (Supp. Table 3). The second
group included other alkyl esters, more abundant in VED fruit, including ethyl-3-(methylthio)
propanoate, ethyl butanoate, ethyl-2-methyl butyrate, and ethyl hexanoate, known to have a key
role in setting the typical melon aroma profile (Beulieu and Grim, 2001; Amaro et al., 2013,
Gonda et al., 2016). The highest within group correlations were found within these two esters
groups, especially among some acetates, among butyrates, and among ethy| esters (penta, hexa
and heptanoates). Freilich et al. (2015) and Esteras et al. (2018), employing a RIL population
(derived from the cross between Pl 414723 (C. melo group Momordica) and ‘Dulce’ cv. (C.
melo group Cantalupensis), and a core collection of melon germplasm, respectively, found the

highest correlations between acetate and ethyl esters, although all kind of esters were
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significantly correlated. Even using different materials, their clustering pattern in both studies

was quite similar to the one obtained with these ILs.

Aldehydes grouped together, as previously reported by Esteras et al. (2018), with the exception
of benzaldehyde, which appeared grouped with alcohols, and (E)-2-octenal which grouped with
acetates. Within the group of aldehydes, higher correlations were found among C-9 aldehydes
and phenylacetaldehyde.

Alcohols appeared mostly scattered among esters. Nevertheless, high correlations were found
among C5, C6 and C8 alcohols. The fact that alcohols appeared scattered among esters was
expected, as they are used as precursors by alcohol acyltransferases (AATS), in the formation
of esters (Burger et al., 2006). Freilich et al. (2015) also found that ethyl esters grouped with
their alcohol precursors.

Apocarotenoids strongly correlated among them and with the aldehyde (E,E)-2,4-heptadienal.
The strong correlations among apocarotenoids was also expected. All of them derive from
carotenoid degradation (Burger et al., 2006) via carotene cleavage dioxygenase (CCDs), as in
the case of other vegetables such as tomato or watermelon (Lewinsohn et al., 2005; Ibdah et al.,
2006). Following a similar pathway, the strong correlation between B-ciclo-cytral and B-ionone
would point to the common origin from [-carotene degradation as reviewed by these authors.
For the rest of apocarotenoids, geranylacetone would derive from carotenoids from the first half
of the carotenoid biosynthesis pathway, as well as 6-methyl-5-hepten-2-one, which can also be
derived from &-carotene (Vogel et al., 2008).
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4.4.5. Specific effects of MAK introgressions on VOC accumulation
High levels of eugenol in IL MAK_1-1

The IL MAK _1-1 was the line among the ILs with the highest levels of eugenol in both assays
(4.92 and 1.94 ng.g™ in PAIP and UPV respectively). This phenylpropanoid was abundant in
MAK and not detected in VED (Supp. Table 3). The GBS data showed that this line has a major
introgression in Chr.1 (from 6.785.822 to 28.575.758 pb), that is only partially shared by
MAK_6-1 (13.242.386 to 16.830.387 pb), and a small introgression in Chr. 7 (1.044.582 to
2.497.023 pb) that is shared with MAK_7-1, MAK_7-2 and MAK_10-1 (Supp. Table 2). None
of these ILs share this trait. Interestingly the specific region of MAK_1-1 contains one farnesyl
pyrophosphate synthase CmFPPS1 (MELO3C024967: 10.314.385-10.318.697 pb) (Supp.
Table 6), a key enzyme for the synthesis of terpenoids (Dubey et al., 2003; Saladié et al., 2105),
and a 4-coumarate:CoA ligase (4CL) (MELO3C024886: 11.806.353-11.810.755 pb), involved
in the synthesis of diverse compounds derived from the phenylpropanoid pathway. Specifically,
4CLs are involved in the conversion of hydroxycinnamic acids in their corresponding
Coenzyme A esters, which are precursors in the synthesis of eugenol. In fact, the expression of
4CLs has been directly related with the production of eugenol in other species (Rastogi et al.,
2013). MAK alleles of this gene present in MAK 1-1 could account for the high eugenol

contents specific of this line.

In melon eugenol has been reported to be the major volatile constituent of the skin of ‘Queen’s
Anne pocket melon’ (C. melo group Dudaim) (Aubert and Pitrat 2006), a group of aromatic
melons with a unique aroma, so it needs to be studied how this high eugenol level affects
consumer perception of MAK_1-1 aroma. Additionally, increasing the knowledge on eugenol
synthesis would have an added interest, as it has been related with antifungical and
antimicrobial activity, and in tomato it has been shown that it contributes to the defence against
TYLCV (Tomato yellow leaf curl virus). Furthermore, eugenol has been described as a
bioactive compound promoting benefits in human health, thus its accumulation would be
interesting to increase the functional value of the fruit (Atkinson, 2016).

High levels of aldehydes and apocarotenoids in IL MAK 4-3

MAK 4-3 had a singular VOCs profile, with the highest levels of aldehydes recorded in both
environments, including aldehydes with a high reported impact in green, leafy and fresh melon
aroma, such as hexanal. At the same time, it was the IL with an apocarotenoid profile more
similar to VED, contrasting with the profile of most ILs that reduced significantly the

apocarotenoids content. The GBS analysis detected two introgressions in this IL, the one in
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Chr. 4 (33.060.774-34.122.550 pb) and an additional one in Chr. 11 (5.677.104-13.283.619 pb)
(Supp. Table 2). This additional introgression is completely shared with MAK_4-2, another IL
that did not display any of the two characteristic traits of MAK_4-3 aroma profile. Interestingly,
the introgression in Chr. 4 of MAK 4-3 is only partially shared with MAK_4-1 (33.101.237-
34.122.550 pb), an IL with moderate aldehydes and low apocarotenoids content. That is,
MAK _4-3 has a specific introgression in Chr. 4 flanked by SNP_33.060.774 (MAKMAK
genotype) and SNP_27.745.979 (VEDVED genotype), so genes within this region cannot be
discarded. This genomic interval includes two interesting genes involved in VOCs metabolism
(Supp. Table 6). One of them is MELO3C030975 (28.830.018-28.838.794 pb), a branched-
chain-amino-acid aminotransferase. These type of enzymes are known to be involved in the
synthesis of aldehydes from branched-chain aminoacids (Gonda et al., 2016). Thus, the
presence of the MAK allele might be linked with the increase of aldehyde content detected in
this line in comparison with VED. However, it would be necessary to increase the marker
density in this interval to better define the recombination point, to see if the MAK allele of
MELO3C030975 is introgressed or not. In this region also maps the carotenoid isomerase
CmCRTISO1 (MELO3C009571: 131.107.278- 31.114.107 pb; Saladié et al., 2015).
CmCRTISOL1 isomerizes all four cis-double bonds in prolycopene yielding all-trans-lycopene
from which different carotenoids are synthesized (Galpaz et al., 2013). The high apocarotenoids
content found in MAK_4-3, unique among the ILs, could be related with specific carotenoids
accumulation in this ILs associated to the function of the CRTISO MAK alleles in a VED
genetic background. Further analyses of the MAK 4-3 carotenoid profile are necessary to test

this hypothesis.
MAK VOCs profiles in MAK_6-1 and MAK_4-1

As stated before MAK_6-1 was the IL with the VOCs profile more similar to MAK. This IL
had the highest number of MAK introgressions in the VED background (Supp. Table 2) which
probably accounts for this strong effect on VOCs accumulation. Its profile was studied in more
detail by analyzing 6 individual fruits, three per enviroment (Fig. 5). The individual analysis
confirmed the significant effect on the reduction of alkyl esters that most contribute to melon
aroma (ethyl-3-(methylthio) propanoate, ethyl butanoate, ethyl-2methyl butyrate, ethyl
pentanoate and ethyl hexanoate). However, MAK _6-1 had most acetate esters contents similar
to VED. This low alkyl ester profile is shared with other ILs, such as the MAK_4-1 (Fig. 5),
with which MAK_6-1 do not share genomic regions. MAK_6-1 has, however, an exclusive
region in Chr. 6 (2.177.861-5.949.182 pb) (Supp. Table 2) that includes the genes
MELO3C006703 (5.190.527-5.193.590 pb; CoA ligase) and MELO3C006545 (4.040.429-
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4.055.853 pb; long-chain acyl-CoA synthetase). Acyl-CoA synthetases, also called acyl-CoA
ligases generate acyl-CoA substrates from fatty acids that are used to form different esters by
alcohol acyl-transferases (AAT) (Shalit et al., 2001; Gonda et al., 2016). In other crops, such
as tomato, qualitative differences in ester composition have been related with differences in
efficiency or acyl-CoA specificity of the AAT enzymes involved in ester synthesis (Goulet et
al., 2015). Also in melon, Freilich et al. (2015) analysing a RIL collection showed that CmAAT-
1 (MELO3C024771: Chr. 11, 8.184.873-8.187.698 pb) produced eight out of ten prominent
acetate esters, while CmAAT-2 (MELO3C024766: Chr. 11, 8.060.892-8.063.565 pb) correlated
with six compounds including ethyl esters, thio-esters, and thio ethyl esters (EI-Sharkway et al.,
2005; Lucchetta et al., 2007; Yahyaoui et al., 2002). MAK _6-1 has VED alleles of the two
CmAAT genes, and also of two additional AAT genes, CmAAT-3 (MELO3C024762 : Chr. 11,
7.933.534- 7.935.291 pb) and CmAAT-4 (MELO3C017688: Chr. 7, 26.408.004- 26.409.442).
Differential production of acyl-CoA substrates by MAK alleles and differential AAT specificity
of VED proteins may account for part of these differences in esters profiles. MAK alleles for
CmAAT genes are in MAK _4-2, MAK 4-3, MAK 11-1, and MAK_11-2, ILs with MAK-like

profiles that deserve further characterization.

The analysis of individual samples also confirms that MAK_4-1 showed important reductions
in the content of alkyl esters (Fig. 5), while the levels of acetate esters were high. This profile
is similar to that of MAK_6-1, but with higher content in some acetate esters (such as Z-3-
hexen-1-ol, acetate) and in some alkyl ester (propyl butyrate). This IL presented three
introgressions, two on Chr. 4 (1.743.247-2.994.383 pb and 33.101.237-34.122.550 pb) and one
on Chr. 12 (14.951.154-22.514.823 pb) (Supp. Table 2). Two genes located in the exclusive
introgression of this IL on Chr. 4 are related to the production of esters. MELO3C003373
(665.354-665.653 pb) is an allyl alcohol dehydrogenase, and MELO3C003454 (1.361.276-
1.364.284 pb) is a branched-chain-amino-acid aminotransferase. MAK_4-1 also shares an
introgression with MAK _4-2 and MAK _3-1 with low levels of alkyls esters (Supp. Table. 3),
in which MELO3C003803 (4.801.220-4.803.110 pb), the CmBAMT gene maps, involved in the
production of esters through the L-phenylalanine route. Further studies are needed to see if any

of these genes affect alkyl content.

4.4.6. Pleiotropic effects of MAK introgressions

Some of the effects on volatile accumulation of MAK introgressions may have their origin in
genes with pleiotropic effects affecting other traits, such as flesh color, color of the inner rind
and ripening behaviour. In this sense, while most ILs showed the typical orange flesh with green
inner rind of VED, MAK 2-1 and MAK_9-2 developed green fleshed fruits (Perpifia et al.,
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2016). On the other hand, MAK_6-1, MAK 8-2, and MAK 12-1 presented a yellow band in
the internal rind, differing from the rest of ILs that had the typical VED, green, internal rind
(described in Perpifia et al., 2016). Other lines had altered ripening behaviour. It was the case
of MAK_7-2 and MAK _10-1, which had already been described as non-climacteric in the
previous study by Perpifia et al. (2016). The VOCs profile of these lines was studied in more
detail by analyzing individual fruit harvested in both environments and are further described

below.

4.4.6.1. Green flesh and yellow inner rind

MAK_2-1 and MAK_9-2 presented the lowest apocarotenoids content (Fig. 5) compared with
the orange-fleshed ILs. The major differences were found in the content of 6-methyl-5 hepten-
2-one and mainly geranylacetone, much lower in these two ILs compared to VED and to the
other ILs. This characteristic is likely due to the lack of carotenoid precursors, considering the
green flesh of these lines. In fact, the low accumulation of these VOCs has been reported
previously in melons with green or white flesh (Burger et al., 2006). Melon fruit flesh color can
be white, green, and orange. The main carotenoid accumulated in orange-fleshed cultivars, such
as VED, is p-carotene (Burger et al., 2010). Fruit flesh color is governed by two major loci in
Chr 9 and 8. The gene underlying the locus of Chr 9 has been cloned and characterized, CmOr
gene, MELO3C005449 (Tzuri etal., 2015). CmOr is involved in the regulation of chromoplasts,
and their carotenoid storage capacities and formation (Tzuri et al., 2015). Two candidates have
been proposed to explain the effect of the locus in Chr 8. One is CmPPR1 (MELO3C003069),
that encodes a member of the pentatricopeptide protein family, involved in processing of RNA
in plastids, where carotenoid and chlorophyll pigments accumulate (Galpaz et al., 2018), and
the second is MELO3C003097 (Protein SLOW GREEN 1, chlroplastic) (Zhao et al., 2019).
Classic studies indicate that these loci interact epistatically: CmOr*—/Chr8*— and
CmOr*—/Chr8Chr8 allelic combinations have orange flesh, CmOrCmOr/Chr8* — white flesh
and CmOrCmOr/Chr8Chr8 green flesh. MAK fruits are white-fleshed, so this cultivar has the
recessive (no orange) allele CmOr and the white allele of the candidate of the locus in Chr. 8,
Chr8*, being the MAK genotype CmOrCmOr/Chr8"Chr8*. On the other hand, the VED
cultivar has the dominant (orange) allele CmOr* and the recessive (green) allele of Chr8 (whose
presence is apparent in the green color of the inner rind of VED fruit), being the VED genotype
CmOr*CmoOr*/ Chr8 Chr8.

Both ILs MAK_2-1 and MAK_9-2 share a MAK introgression in Chr. 9 (21.547.871-
25.241.434 pb), homozygous in both lines, that includes CmOr (MELO3C005449: 21.683.406—
21.690.712 pb), and also share a VED genotype in the Chr. 8 region where map CmPPR1
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(MELO3C003069: 31.800.854- 31.807.421 pb) and MELO3C003097: 32.003.211- 32.007.029
pb) (Supp. Table 2 and 6). Therefore, according to the GBS genotyping results, MAK_9-2 and
MAK_2-1 would have the genotype CmOrCmOr (from MAK) and Chr8Chr8 (from VED),
displaying green flesh. The oxidative cleavage of carotenoids leads to the production of
apocarotenoids and it is catalyzed by a family of carotenoid cleavage dioxygenases (CCDs)
(Gonda et al., 2016). CCDs often exhibit substrate promiscuity, which probably contributes to
the diversity of apocarotenoids found in nature. We have found 6 CCD genes (Supp. Table 6)
in the melon genome, mapping at Chr. 1, 3 6 and 11, but no one is in MAK introgressions of
MAK _2-1 and MAK _9-2, thus suggesting that the significant reduction in apocarotenoids is in
these ILs a consequence of the lack of carotenoid precursors more than of the effect of CCD
MAK allelles.

Regarding flesh color, a set of ILs showed a different phenotype. MAK_6-1, MAK_8-2 and
MAK 12-1 have the inner rind yellow instead of green as VED and the other ILs (Perpifia et
al., 2016). The VOCs analysis in individual samples of MAK_6-1 and MAK_8-2 (Fig. 5)
confirm a level of apocarotenoids significantly lower than that of VED, but higher than that of
the green fleshed MAK 2-1 and MAK 9-2, mainly for 6-methyl-5-hepten-2-one and
geranylacetone levels. MAK 6-1, MAK_8-2 and MAK_12-1 share an intogression including
the MAK region in which map the two candidates of the locus in Chr. 8 involved with flesh
color (white-green flesh) (MELO3C003069 and MELO3C003097). These ILs have the
genotype CmOR*CmOR™ (from VED) and Chr8*Chr8™* (from MAK), that confers orange color
to flesh, but the typical green color of the VED inner rind change to yellow color due to the
dominant allele (white) of the locus in Chr. 8. This color change does not seem to differentially
affect their apocarotenoid profile, as the two ILs with this phenotype analysed individually,
MAK_6-1 and MAK_8-2, did not differ from ILs MAK_7-2 and MAK_4-1 (Fig. 5) that have
the VED genotype for both loci CmOr*CmOr*/Chr8Chr8 displaying fruit with VED-like flesh
and inner rind color. The fact that ILs with VED genotype in CmOr and in Chr8, such as
MAK _7-2 and MAK_4-1, have significantly lower amounts of apocarotenoids than VED
parental suggest the influence of other genes on carotenoids precursors accumulation or

cleavage to apocarotenoids in these and most ILs (Supp. Table 3).

4.4.6.2. Climateric behaviour

MAK 7-2 and MAK _10-1 did not form an abscission layer at full maturity and exhibit a
significant delay in the formation of the layer compared to VED (Perpifia et al., 2016). Fruits
from those ILs had also firmer flesh and higher sugar content than VED melons (Perpifia et al.,
2017). Interestingly, these two ILs share a common region in Chr. 10 (1.335.417-2.206.788 pb)
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where maps the gene MELO3C012215 (1.933.739-1.938.444 pb), a NAC domain-containing
protein that could be related with this trait, as recent research has associated another NAC
domain transcription factor (MELO3C016540: Chr. 6, 27.663.292-27.665.351 pb) with melon

climacteric ripening (Rios et al., 2017).

Ripening behavior regulated by ethylene is related with the development of some VOCs,
especially with those sensitive to ethylene production, such as esters and apocarotenoids
(Freilich et al., 2015). In agreement, both lines showed low levels of esters and apocarotenoids
compared to VED (Supp. Table 3). The profile of MAK_7-2 was further studied with individual
samples (Fig. 5). Its profile of alcohols was similar to VED, but with lower levels of some
alcohols as 1-hexanol, one of the main alcohols of ‘Charentais’ melons (Beaulieu and Grimm,
2001; Allwood et al., 2014), and higher levels of (E,Z)-2,6-nonadien-1-ol (described as typical
cucumber an melon odor) compared to VED and the ILs population. The aldehydes content was
quite variable (Fig. 5), but in general MAK _7-2 presented significantly lower values than VED
of hexanal, and of other aldehydes more typical of cantaloupe melons, such as octanal (Obando-
Ulloa et al., 2010; Bai et al., 2014). Interestingly, MAK_7-2 presented significantly higher
values of benzaldehyde than VED and most ILs (Fig. 5). These changes in alcohols and
aldehydes content can be a consequence of the delayed ripening, but also an effect of MAK
introgressions with specific aminotransferases (Supp. Table 2). Interestingly, in the specific
region of Chr. 7 of MAK_7-2 (2.701.809-27.623.980 pb) maps MELO3C025614 (5.068.667-
5.071.324 pb), the aromatic amino-acid aminotransferase CmArAT1 (MELO3C025613:
5.071.692-5.075.274, Gonda et al., 2016), which catalyzes the conversion of L-phenylalanine
to phenyl pyruvate from which benzaldehyde can be derived (Gonda et al., 2010). Also in this
region map several MAK PAL genes (L-phenylalanine ammonia-lyase, MELO3C017809
(27.312.256-27.314.607 pb), MELO3C017810 (227.317.836-27.320.203 pb) and
MELO3C017811 (227.322.473-27.324.829 pb), known to lead the L-phenylalanine through the
phenylpropanoid pathway.

The low ester content of MAK _7-2 was confirmed (Fig. 5) as this IL displayed one of the lowest
esters levels among the selected ILs (Fig. 5). It released levels of some specific acetate esters
(amyl acetate, Z-3 hexen-1-ol acetate, hexyl acetate, heptyl acetate, and octyl acetate) and alkyl
esters (Ethyl-3-(methylthio) propanoate, ethyl butanoate, ethyl-2-methyl butyrate, ethyl
pentanoate and ethyl hexanoate) significantly lower, not only than VED, but also than other
climacteric MAK-derived ILs. MAK _7-2 showed very low levels of the alkyl esters most
relevant to the ‘Charentais’ aroma (Alwood et al., 2014; Spadafora et al., 2019) (ethyl
butanoate: 402.1 vs 1452.2 ng.g™*; isobutyl butyrate: 0.31 vs 4.8 ng.g™*; ethyl hexanoate: 16.4
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vs 450.65 ng.gt, respectively for MAK_7-2 and VED), but also showed very low levels of
acetate esters that are typical of MAK melons (Bai et al., 2014), such as the hexyl acetate (11.7
vs 132.05 ng.g%, respectively for MAK_7-2 and VED). The observed reduction of esters typical
of both parents, VED and MAK, suggests pleiotropic effect of the ripening delay, although the
effect of MAK alleles of genes directly involved in ester production located in MAK 7-2
specific introgressions could also account for part of these variations. For example, the alcohol
acyl transferase CmAAT4 (MELO3C017688: 26.408.004-26.409.442 pb) (El-Sharkawy et al.,
2005; Lucchetta et al., 2007), involved in the formation of esters through the esterification of
specific alcohols and acyl-coA, and demonstrated to be up-regulated during ripening and

inhibited in antisense ACO, non-climacteric melons.

Despite the altered profile due to the ripening delay, the aroma of MAK_7-2 still differ from
non-climacteric non aromatic melons, such as the non-climacteric model the Spanish cultivar
‘Piel de Sapo’ (Cucumis melo subsp. melo group Ibericus). The aroma of this melon has been
studied in detail compared with that of the climacteric model VED (Obando et al., 2008; Esteras
et al., 2018). ‘Piel de Sapo’ aroma has higher levels than VED of key aldehydes, such as
hexanal, whose levels in MAK_7-2 were reduced compared to VED. Also the ‘Piel de Sapo’
profile is characterized by low acetate and alkyl esters, some of which are still similar to VED
in MAK _7-2 (2-methyl propyl acetate, benzyl acetate and methyl-2-methyl butyrate).

Also the MAK_7-2 profile is richer in esters than that reported for VED melons in which
climacteric ripening has been inhibited using the antisense gene aminocyclopropane-1-
carboxylic acid oxidase (ACO), a key enzyme for climacteric ripening (Bauchot et al.,1998),
as this non-climacteric VED melons reduce by a 97 % the lower and potent odorants 2-
methylpropyl acetate and ethyl-2-methylbutanoate, similar or only moderately reduced in
MAK_7-2 compared to VED (2-methylpropyl acetate: 230.4 vs 144.8 ng.g?; ethyl-2-
methylbutanoate: 138.2 vs 927.85 ng.g™). Also this non-climacteric line still retained levels of
some of the main aroma contributors similar to those found in other climacteric ILs and VED.
Then the intermediate climacteric ripening of MAK_7-2, along with the effect of MAK

introgressions are not enough to completely block the ester profile.

MAK 7-2 also had a significant reductions of apocarotenoids content (Fig. 5) similar to other
ILs. This IL is orange fleshed and Perpifia et al. (2016) did not report flesh color differences
with VED melons. In its specific introgression there are several genes involved in carotenoid
biosynthesis, including CmPSY3 (Chr. 7, MELO3C016185: 21.849.416- 21.852.838 pb;
Saladié et al., 2015), MELO3C017709 (Chr. 7, 26.522.044-26.525.060 pb), a zeta carotene
isomerase, a phytoene desaturase, CmPDS (Chr. 7, MELO3C017772: 27.001.123-2.7011.565
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pb; Saladié et al., 2015), and MELO3C016224 (Chr. 7, 22.480.061-22.482.158 pb), a putative
epoxycarotenoid digoxygenase, related with the carotenoid degradation pathway). Further
analysis are to see if carotenoid precursors are affected in this ILs that can affect apocarotenoids

profile.
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4.5. Conclusions

MAK introgressions in the VED background in general reduced the accumulation of VOCs in
fruit. The F1 VOC profile suggest a dominant effect of MAK alleles. Our results showed a more
pronounced reduction for alkyl esters and apocarotenoids than other VOCs families such as
alcohols, aldehydes and acetate esters. Although a strong environmental effect has been

observed between trials, we have found several ILs with similar profiles in both environments.

We detected interesting lines with specific VOCs affected by specific MAK introgressions with
candidate genes. MAK _1-1 with the highest amounts of eugenol that contains a MAK 4CL
gene (MELO3C024886, 4-coumarate:CoA ligase), which is involved in the eugenol pathway.
MAK_4-3, with the highest level of aldehydes that has introgressed a MAK region with an AT
gene (MELO3C030975, branched-chain-amino-acid aminotransferase) related with aldehydes
production and CmCRTISO1 (MELO3C009571, carotenoid isomerase) related with the specific
carotenoids accumulation. MAK_6-1 with a VOCs profile similar to MAK, contains the acyl-
CoA ligases MAK genes (MELO3C006703 and MELO3C006545) and alcohol acyl transferase
VED genes CmAAT-3 and CmAAT-4, that could explain the differences in esters profiles. Also,
we observed some effects of the volatiles profiles that can be a pleiotropic effect of a differential
carotenoids accumulation, such as the low levels of 6-methyl-5 hepten-2-one and mainly
geranyl acetone in two green flesh IL (MAK_2-1 and MAK_9-2). Finally, we reported the
effect of an altered ripening pattern found in MAK_7-2 on esters and apocarotenoids profiles,
resulting in a new ester profile different from classical non aromatic and non-climacteric
inodorus melons, characterized by an intermediate accumulation of alkyl esters, the main

contributors to melon aroma.

These results confirm the effect of different MAK introgressions on VED aroma. The
information generated about the candidate regions and genes will be of interest to avoid
negative effects when using MAK genetic resources in breeding programs and also to develop

new lines with VED background but new aroma profiles.
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Supplementary tables

Supplementary table 1. Volatiles quantified in the ILs, figure codes, Chemical Abstract
Service numbers (CAS no.), molecular weighs (MW), retention time (Rt), retention index (R1)?
and quantitation ions (Quan. ion), linearity range and coefficient of determination (r?) of the
calibrations.

Supplementary table 2. Name code of each IL with the location (chormosome) of the
introgressions carried, the size (Mb) of each introgression. The physical position of each
introgression (v3.6.1) and percentage of background genome. Introgressions in bold correspond
to the introgressions previously detected in Perpifid et al. (2016). In the introgression whith
homozygous and heterozygous alleles, physical position of heterozygous fragment.
Supplementary table 3. Accumulation of volatiles (ng.g?) in the recurrent parent Vedrantais’,
VED, the donor parent Makuwa, MAK, Flgrown in the Paiporta, PAIP, environment, and 1Ls
grown in the Paiporta (PAIP) and Universitat Politecnica de Valéncia (UPV). Relative
accumulation compared to the recurrent parent ‘Vedrantais’ is given in the PAIP environment.
Correlations and their corresponding P-values between the volatile profile of each IL and
environment.

Supplementary table 4. 4 a. Vector tables of Principal Component and Component Weight of
ILs, VED, MAK and F1 of PAIP environment. Table of Principal Component order goes from
the greatest to the least vector of Component 1. Table of Component Weight order goes from
the greatest to the least vector of each component. Supplementary table 4 b. Vector tables of

Principal Component and Component Weight of ILs of PAIP and UPV environment. Table of
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Principal Component order goes from the greatest to the least vector of Component 1. Table of
Component Weight order goes from the greatest to the least vector of each component.
Supplementary table 5. Correlations, and their corresponding P-values, between the contents
of each volatile in the Paiporta and Valencia environments. Positive values indicate higher
values in Valencia , UPV.

Supplementary table 6. Genes related with aroma volatile biosynthesis in melon fruits that are
affected by the Makuwa, MAK, introgressions in certain lines. Gene codes as described in
www.melonomics.net. The physical position (v3.6.1) and description of each gene and the
introgression lines with MAK alleles are indicated. Italicized ILs represent that the location of
the gene is between the last SNP of the introgression and the next SNP. Bold ILs represent that

the location of the gene is between a heterozygous and a homozygous allele.
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Supplementary table 1. Volatiles quantified in the ILs, figure codes, Chemical Abstract Service numbers (CAS no.), molecular weighs (MW), retention time (Rt), retention index

(RD? and quantitation ions (Quan. ion), linearity range and coefficient of determination (r?) of the calibrations.

LST

- Linearity
Rt Quan lon range
Volatiles CAS no. MW (min) | (SupelcoWax (m/z) "
code Compound name 10) (ng mL™?)

1-1 1-pentanol 71-41-0 88 12.91 1162 55 128 - 3195 1
1-2 (2)-3-hexen-1-ol 928-96-1 100 17.57 1297 67 51 — 5050 0.992

1-3 1-hexanol 111-27-3 102 16.54 1267 56 205 -4100 1
1-4 1-octanol 111-87-5 130 23.14 1474 55 41 - 2063 0.999
1-5 (E,Z)-2,6-nonadien-1-ol 28069-72-9 | 140 290.15 1685 67 22 - 2183 0.999

1-6 (2)-3-nonen-1-ol 10340-23-5 142 26.8 1600 67 24 — 4750 1
Alcohols 1-7 (2)-6-nonen-1-ol 35854-86-5 142 27.75 1634 67 37 — 7455 0.999
1-8 1-nonanol 143-08-8 144 26.15 1585 55 41- 4140 0.999
1-9 1-decanol 112-30-1 158 29.01 1680 55 83 - 2075 0.996
1-10 Phenol 108-95-2 94 35.24 1937 94 54 — 2173 0.988
1-11 Benzyl Alcohol 100-51-6 108 31.99 1795 79 13 -2500 0.999
1-12 2-phenylethanol 60-12-8 122 32.85 1830 91 13-1250 0.999
2-1 (E)2methyl2butenal 497-03-0 84 7.32 1010 84 175 - 6998 0.999
2-2 Hexanal 66-25-1 100 7.2 993 56 743 —-7425 | 0.995

Aldehydes 2-3 (E,E)-2,4-heptadienal 881395 110 21.17 1408 81 22 - 2203 1

2-4 Heptanal 111-71-7 114 10.49 1096 70 55-2720 1
2-5 (E)-2-octenal 2548-87-0 126 19.05 1343 55 33-833 0.999
2-6 Octanal 124-13-0 128 14.27 1200 69 50 — 2479 0.998



http://www.sigmaaldrich.com/catalog/search?term=66-25-1&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=111-71-7&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=124-13-0&interface=CAS%20No.&lang=es&region=ES&focus=product
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2-7 (E)-2-nonenal 18829-56-6 140 22.43 1450 81 49 - 9780 0.982
2-8 (E,Z2)-2,6-nonadienal 557-48-2 138 23.95 1501 70 95 - 9460 0.996
2-9 (2)-6-nonenal 2277-19-2 140 19.75 1366 81 61 - 12260 0.988
2-10 Nonanal 124-19-6 142 17.9 1307 57 108 — 5420 | 0.999
2-11 (E,E)-2,4-decadienal 25152-84-5 152 30.3 1727 81 22 - 2180 0.996
2-12 Decanal 112-31-2 156 21.31 1413 67 25 — 2469 0.999
2-13 Benzaldehyde 100-52-7 106 21.97 1436 105 26 — 2613 1
2-14 Phenylacetaldehyde 122-78-1 120 25.59 1559 91 23 - 2260 0.941
3-1 2-methyl propyl acetate 110-19-0 116 4.67 926 43 111 -2765 1
3-2 Butyl acetate 123-86-4 116 6.51 985 43 105-2616 | 0.999
3-3 Amyl acetate 123-86-4 116 10.11 1086 43 116 - 2900 1
3-4 (2)-3-hexen-1-ol, acetate 3681-71-8 142 15.3 1231 67 27 — 2660 1
Acetate esters 3-5 Hexyl acetate 142-92-7 144 13.73 1188 43 30 - 3038 1
3-6 Heptyl acetate 112-06-1 158 17.27 1288 43 30— 2975 1
3-7 Octyl acetate 112-14-1 172 20.6 1391 43 58 - 2913 1
3-8 Benzyl acetate 140-11-4 150 28.04 1646 108 13-1250 1
3-9 Phenethyl acetate 103-45-7 164 30.38 1734 104 25 — 2452 1
4-1 Ethyl-3-(methylthio) propanoate | 13327-56-5 | 148 23.37 1483 74 32-3185 1
4-2 Methyl butyrate 623-42-7 102 4.04 900 43 454 - 2268 0.988
4-3 Ethyl butanoate 105-54-4 116 5.94 947 71 265-2648 1
Alkyl esters 4-4 Ethyl-(E)-2-butanoate 623-70-1 114 9.69 1074 69 26 — 2596 0.999
4-5 Methyl-2-methylbutyrate 868-57-5 116 4.55 921 88 232270 1
4-6 Propyl butyrate 105-66-8 130 8.24 1034 43 55 -2745 1
4-7 Ethyl-2-methyl butyrate 7452-79-1 130 5.8 963 57 44 — 2173 0.995
4-8 Butyl butyrate 109-21-7 144 11.74 1131 71 60 - 2965 0.988



http://www.chemicalbook.com/CASEN_18829-56-6.htm
http://www.chemicalbook.com/CASEN_2277-19-2.htm
http://www.sigmaaldrich.com/catalog/search?term=124-19-6&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=112-31-2&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=123-86-4&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=123-86-4&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=3681-71-8&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.thegoodscentscompany.com/data/rw1003731.html
http://www.sigmaaldrich.com/catalog/search?term=112-14-1&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=13327-56-5&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.chemicalbook.com/CASEN_623-70-1.htm
http://www.chemicalbook.com/CASEN_109-21-7.htm
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4-9 Butyl isobutyrate 97-87-0 144 9.13 1059 89 22 - 2155 0.999
4-10 Isobutyl butyrate 539-90-2 144 9.58 1071 71 30 - 2950 1
4-11 Isoamy| butyrate 106-27-4 158 13.46 1178 70 26 - 2640 1
4-12 Ethyl pentanoate 539-82-2 130 8.7 1047 88 25 - 2508 0.999
4-13 Methyl hexanoate 106-70-7 130 10.58 1099 74 26 - 2643 1
4-14 Ethyl hexanoate 123-66-0 144 12.32 1147 88 87 -2183 1
4-15 Ethyl heptanoate 106-30-9 158 15.88 1247 88 30 - 2980 1
4-16 (E,E)-2,4-hexadienoic acid, ethyl ester | 2396-84-1 140 21.58 1423 67 24 — 2370 0.999
Apocarotenoids 5-1 6-methyl-5-Hepten-2-one 110-93-0 126 15.99 1251 109 21 - 4260 0.999
5-2 Geranylacetone 689-67-8 194 31.44 1773 43 44 - 4345 0.997
5-3 B-ionone 14901-07-6 | 192 33.49 1856 177 24 - 2363 0.999
Apocarotenoids 5-4 B-ciclocytral 5392-40-5 152 24.82 1533 110 24 - 2358 0.996
Cyclic ether 6-1 Eucalyptol 470-82-6 154 10.99 1111 93 21- 2083 1
phenylpropanoid 7-1 Eugenol 97-53-0 164 36.99 2098 164 27 - 2650 0.997
Retention index calculated with n-alkanes on Supelcowax 10 (bonded polyethylene glycol) capillary column.



http://www.chemicalbook.com/CASEN_539-90-2.htm
http://www.sigmaaldrich.com/catalog/search?term=106-70-7&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=106-30-9&interface=CAS%20No.&lang=es&region=ES&focus=product
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Supplementary table 2. Name code of each IL with the location (chromosome) of the introgressions carried, the size (Mb) of each introgression. The physical position of each
introgresion (v3.6.1) and percentage of background genome. Introgressions in bold correspond to the introgressions previously detected in Perpifia et al. (2016). In the introgression

whith homozygous and heterozygous alleles, physical position of heterozygous fragment.

) IL position (pb)
IL Chr IL size Homozygous/Heterozygous %
' (Mb) Start End background
1 21.8 Homozygous
MAK_1-1 Y9 6.785.822 28.575.758 94
7 0.6 Homozygous 1.882.791 2.497.023
1 0.8 Heterozygous 27.328 831.510
2 18.6 Homozygous
MAK_2-1 Y9 1.279.455 19.882.272 93.4
9 3.7 Homozygous/Heterozygous (21.897.759-24.047.116) 21.547.871 25.241.434
11 1.7 Homozygous/Heterozygous (32.351.909-32.392.151) 30.700.104 32.392.151
1 0.8 Homozygous 27.328 831.510
MAK_2-2 2 16.9 Homozygous 2.943.700 19.882.272 94.8
11 17 Homozygous 30.700.104 32.392.151
10.5 Homozygous/Heterozygous (25.247.416-25.247.578) 15.971.423 26.521.667
MAK_2-3 8 0.9 Homozygous 33.745.199 34.715.638 96.9
11 0.0005 Heterozygous 6.977.617 6.978.141
0.9 Homozygous 27.328 992.178
3 22.3 Homozygous/Heterozygous (12.110.922-23.185.828
MAK_3-1 y9 ygous ( ) 4.319.686 26.681.530 e
4 0.7 Heterozygous 13.152.144 13.852.296
12 7.5 Homozygous 14.951.154 22.514.823
1.2 Homozygous 1.743.247 2.994.383
MAK 4-1 4 1.0 Homozygous 33.101.237 34.122.550 97.6
12 7.5 Homozygous 14.951.154 22.514.823
MAK_4-2 4 12.3 Homozygous 2.631.752 14.956.862 94.7
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11 7.6 Heterozygous 5.677.104 13.283.619
4 1.0 Homozygous
MAK_4-3 Y 33.060.774 34.122.550 977
11 7.6 Homozygous 5.677.104 13.283.619
5 2.7 Homozygous
MAK_5-1 Y 1.615.020 4.399.111 99.2
5 19.8 Homozygous 4.926.554 24.792.184
MAK_5-2 5 8.4 Homozygous 20.703.288 29.173.009 97.7
1 35 Homozygous/Heterozygous (13.242.386-15.601.014) 13.242.386 16.830.387
1 0.7 Heterozygous 34.120.998 34.846.190
2 0.04 Heterozygous 13.495.295 13.540.954
MAK_6-1 5 0.03 Homozygous 4.729.567 4.762.898 94.8
6 3.8 Homozygous 2.177.861 6.062.186
8 11.0 Homozygous 21.279.831 32.350.814
11 0.7 Homozygous 33.636.718 34.368.904
6 26.8 Homozygous 5.949.182 32.791.234
MAK_6-2 0,0001 Heterozygous 119.228 119.783 92.3
11 2.1 Homozygous 5.677.104 7.857.919
0.4 Homozygous 1.621.123 2.013.337
0.3 Homozygous 59.858 420.610
MAK_7-1 4.9 Homozygous 6.875.646 11.858.167 97.5
2.4 Homozygous/Heterozygous (39.007-368.150)/(2.346.975-2.497.023) 39.107 2.497.023
11 0.8 Homozygous/Heterozygous (34.039.824-34.368.904) 33.477.716 34.368.904
7 26.5 Homozygous
MAK_7-2 Y 1.044.582 27.623.980 92.4
10 1.8 Homozygous 1.335.417 3.196.155
8 1.7 Homozygous
MAK_8-1 Y 152.847 1.929.225 99.5
9 0.04 Heterozygous 16.861.535 16.904.017
5 0.03 Homozygous 4.762.898
MAK_8-2 Y9 4.729.567 %6.4
8 134 Homozygous 21.279.831 34.752.783
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2 0.4 Homozygous 1.621.123 2.013.337
3 0.3 Homozygous 59.858 420.610
MAK_9-1 6 4.9 Homozygous/Heterozygous (10.546.705-10.708.212) 6.875.646 11.858.167 97.6
7 24 Homozygous/Heterozygous (39.007-368.225)/(2.346.975-2.497.023) 39.107 2.497.023
11 0.8 Homozygous/Heterozygous (34.039.824-33.983.340) 33.477.716 34.368.904
5 1.0 Homozygous
MAK_9-2 Y9 23.957.513 24.997.050 93.7
9 23.5 Homozygous 1.732.612 25.241.434
0.3 Homozygous 59.858 420.610
MAK_10-1 7 0.6 Homozygous 1.882.791 2.497.023 99.2
10 17 Homozygous 424.008 2.206.788
MAK 10-2 10 13.1 Homozygous 3.443.278 16.613.886 96.4
MAK_10-3 10 20.7 Homozygous 4.404.666 25.162.010 94.4
0.6 Homozygous 26.855 717.331
6 0.00002 Heterozygous
MAK_11-1 Y9 24.676.012 24.676.038 917
6 0.006 Heterozygous 21.914.450 21.915.145
11 30.4 Homozygous 35.031 30.531.403
0.3 Heterozygous 27.328 425.297
MAK_11-2 5 0.6 Homozygous 26.855 717.331 921
11 28.6 Homozygous 5.677.104 34.368.904
0.03 Homozygous 4.729.567 4.762.898
MAK_12-1 8 13.4 Homozygous/Heterozygous (31.838.681-31.838.684)/(33.859.721-33.859.782) 21.279.831 34.752.783 93.2
12 11.8 Homozygous 3.998.399 15.827.971
MAL_12-2 12 4.4 Homozygous 23.065.488 27.543.193 98.8
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Supplementary table 3. Accumulation of volatiles (ng.g™?) in the recurrent parent ‘Vedrantais’, VED, the donor
parent Makuwa, MAK, Flgrown in the Paiporta, PAIP, environment, and ILs grown in the Paiporta (PAIP) and
Universitat Politecnica de Valéncia (UPV). Relative accumulation compared to the recurrent parent ‘Vedrantais’
is given in the PAIP environment in brackets. Correlations and their corresponding P-values between the volatile

profile of each IL and environment.

MAK_1-1
Correlation 0.41
VED MAK F1 p-value 0.0015
Code Compunds PAIP PAIP PAIP PAIP UpPVv
1-1 1Pentanol 12.78 6.32 10.67 14.81 (15.90) 13.40
1-2 (Z)3hexenlol 354.58 3.94 13.80 122.41 (-65.48) 98.23
1-3 1Hexanol 327.65 97.28 34.24 413.87 (26.31) 198.12
1-4 10ctanol 219.61 28.99 21.93 47.95 (-78.17) 124.68
1-5 (E,Z)2,6Nonadienlol 0.00 0.00 2.70 11.9 (1190) 0.00
1-6 (Z)3Nonenlol 21.83 1892  137.38 60.11 (175.30) 16.93
1-7 (Z)6Nonenlol 23.12 16.12 60.76 59.21 (156.06) 3.21
1-8 1Nonanol 11.76 17.36 40.91 36.50 (210.28) 7.09
1-9 1Decanol 4.19 1.69 5.13 3.81(-9.17) 0.00
1-10 Phenol 1.45 0.92 0.84 1.70 (17.77) 1.91
1-11 Benzyl Alcohol 21.96 18.09 14.00 46.83 (113.27) 32.79
1-12 2phenylethanol 9.03 0.00 0.00 10.44 (15.64) 8.03
Total alcohols 1007.96  209.62  342.35 829.57 (-17.70) 504.39
2-1 (E)2methyl2butenal 0.00 3.92 6.90 4.6 (460) 6.92
2-2 Hexanal 31.16 0.00 0.00 12.27 (-60.63) 30.50
2-3 (E,E)2,4Heptadienal 1.48 0.00 0.00 0 0.00
2-4 Heptanal 0.00 0.00 0.00 1.2 (120) 0.00
2-5 (E)20ctenal 0.00 0.00 0.00 0(0) 2.78
2-6 Octanal 5.77 0.00 0.00 0 0.00
2-7 (E)2Nonenal 0.00 0.00 0.00 3(300) 0.00
2-8 (E,Z)2,6Nonadienal 0.76 0.00 0.00 8.56 (1.024.68) 0.00
2-9 (Z)6Nonenal 7.31 0.00 5.49 1.80 (-75.26) 0.00
2-10 Nonanal 7.78 0.00 0.00 0 6.74
2-11 (E,E)2,4Decadienal 0.00 0.52 0.00 0(0) 0.00
2-12 Decanal 6.50 3.89 6.06 8.92 (37.34) 6.49
2-13 Benzaldehyde 9.63 1.72 5.58 14.72 (52.83) 16.45
2-14 Phenylacetaldehyde 0.27 0.00 0.81 0 0.00
Total aldehydes 70.66 10.04 24.86 55.03 (-22.12) 69.88
3-1 2Methyl propy| acetate 144.50 321.99 172.94 58.56 (-59.47) 658.23
3-2 Butyl acetate 217.60 43932  92.84 126.02 (-42.09) 438.06
33 Amyl acetate 16.68 30.14 5.80 3.37 (-79.77) 18.66
34 (Z)3Hexenlol, acetate 145.40 4.52 9.95 3.45 (-97.63) 85.03
35 Hexyl acetate 132.05  187.13  23.42 11.61 (-91.21) 147.77
3-6 Heptyl acetate 3.05 6.40 0.00 0 2.81
3-7 Octyl acetate 15.50 12.34 5.76 1.70 (-89.02) 11.82
3-8 Benzyl acetate 5.70 33.71 23.27 1.47 (-74.25) 21.88
3-9 Phenylethyl acetate 0.35 2.42 1.89 0.26 (-25.54) 1.63
Total acetate esters 680.83 1037.98 335.87 206.44 (-69.68) 1385.89
4-1 Ethyl3(Methylthio) propanoate 120.05 6.06 0.00 97.63 (-18.68) 12.84
4-2 Methyl butyrate 0.00 0.00 0.00 29.4 (2940) 0.00
4-3 Ethyl butanoate 1452.20 191.86  67.09 980.11 (-32.51) 356.96
4-4 Ethyl(E)2butanoate 1.55 0.00 0.00 1.46 (-5.56) 0.00
4-5 Methyl2methyl butyrate 14.93 4.43 16.86 9.37 (-37.20) 18.23
4-6 Propyl butyrate 10425  170.16  65.08 12.94 (-87.59) 182.74
4-7 Ethyl2methyl butyrate 927.85 52.55 6.35 1.175.25 (26.66) 143.86
4-8 Butyl butyrate 0.00 0.00 0.00 0(0) 0.00
4-9 Butyl isobutyrate 0.00 0.00 0.00 0.5 (50) 0.00
4-10 Isobutyl butyrate 4.80 0.00 0.00 1.04 (-78.39) 4.90
4-11 Isoamyl butyrate 0.00 0.00 0.00 0(0) 0.00
4-12 Ethyl pentanoate 45.30 0.00 0.00 9.94 (-78.06) 2.39
4-13 Methyl hexanoate 15.05 1.20 1.01 1.28 (-91.51) 2.53
4-14 Ethyl hexanoate 450.50 5.71 0.00 84.31 (-81.28) 20.05
4-15 Ethyl heptanoate 15.05 0.00 0.00 0 0.00
4-16 (E,E)2,4Hexadienoic acid, ethyl ester 0.00 0.00 0.00 1.5 (150) 0.00
Total alkyl esters 3151.50  432.00  156.40 2404.74 (-23.70) 744.5
5-1 6methyl5Hepten2one 5.97 0.43 0.72 1.76 (-70.45) 1.26
5-2 Geranylacetone 81.08 0.00 6.34 15.21 (-81.24) 12.29
5-3 Betalonone 8.40 0.16 0.99 3.92 (-53.30) 3.47
5-4 Betaciclocytral 3.13 0.00 0.00 1.52 (-51.48) 1.46
Total apocarotenoids 98.60 0.59 8.00 22.41 (-77.27) 18.48
6-1 Eucalyptol 14.31 0.00 2.54 25.01 (74.75) 11.77
7-1 Eugenol 0.00 9.38 0.00 4.92 (492) 1.94
TOTAL 5023.87 1699.56 870.06 3548.13(-29.37) 2718.36
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MAK _2-1 MAK _2-2 MAK _2-3
Correlation 0.93 Correlation 0.76 Correlation 0.83
p-value 0 p-value 0 p-value 0
Code PAIP UPVvV PAIP UpPv PAIP upv
1-1 21.76 (70.24) 24.71 12.00 (-6.08) 18.54 9.15 (-28.39) 18.03
1-2 277.96 (-21.61) 428.47 250.51 (-29.35) 297.31 78.07 (-77.98) 155.66
1-3 1.337.72 (308.28) 1208.30 364.32 (11.19) 265.29 153.10 (-53.27) 216.71
1-4 317.60 (44.62) 524.31 53.61 (-75.59) 157.16 24.36 (-88.91) 86.47
1-5 2.07 (207) 0.00 0(0) 0.00 2.07 (207) 13.18
1-6 38.92 (78.24) 33.46 63.54 (191.03) 119.28 106.18 (386.31) 97.42
1-7 44.69 (93.29) 25.11 32.53 (40.66) 78.21 45.24 (95.64) 48.44
1-8 22.04 (87.36) 16.68 17.22 (46.40) 39.08 28.41 (141.51) 28.73
19 2.54 (-39.49) 6.93 0.73 (-82.53) 2.78 1.07 (-74.45) 2.35
1-10 1.81 (25.05) 2.24 1.22 (-15.85) 1.91 1.42 (-1.98) 151
1-11 37.33 (69.99) 58.27 26.46 (20.53) 38.37 28.59 (30.21) 35.18
1-12 11.86 (31.37) 32.33 3.84 (-57.47) 4.98 5.21 (-42.24) 5.87
Total alcohols 2116.30 (109.96) 2360.81 825.98 (-18.05) 1022.91 482.87 (-52.09) 709.55
2-1 5.3 (530) 5.27 4.08 (408) 5.84 4.68 (468) 7.01
2-2 10.87 (-65.12) 16.56 7.27 (-76.68) 16.55 19.83 (-36.36) 15.06
2-3 1.53 (3.03) 0.83 0 111 0 0.00
2-4 0(0) 131 0.8 (80) 0.00 0(0) 1.83
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 1.92 (-66.72) 2.53 0 0.00 0 0.00
2-7 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-8 0 0.00 0 0.00 0 3.08
2-9 2.58 (-64.69) 0.00 0 3.33 0 0.00
2-10 0 3.60 0 3.59 0 0.00
2-11 1.92 (192) 4.92 0(0) 1.25 0.21 (21) 0.00
2-12 5.01 (-22.96) 4.59 4.13 (-36.41) 4.90 4.82 (-25.78) 7.34
2-13 2.94 (-69.47) 7.69 8.33 (-13.52) 3.56 3.78 (-60.73) 7.75
2-14 0 0.00 0 0.00 0 0.00
Total aldehydes 32.08 (-54.60) 47.3 24.63 (-65.14) 40.13 33.32 (-52.84) 42.06
3-1 79.11 (-45.25) 65.43 229.47 (58.80) 89.90 476.63 (229.84) 305.76
3-2 656.49 (201.70) 284.71 579.64 (166.38) 330.99 402.49 (84.97) 201.46
3-3 18.95 (13.61) 35.59 12.26 (-26.51) 46.82 26.94 (61.53) 18.17
34 34.45 (-76.31) 66.19 95.94 (-34.01) 386.73 187.39 (28.88) 49.56
3-5 113.39 (-14.13) 202.16 155.98 (18.12) 234.77 194.80 (47.52) 57.15
3-6 0 4.34 2.19 (-28.27) 8.50 5.34 (75.16) 2.54
3-7 8.33 (-46.28) 35.03 6.67 (-56.95) 32.53 13.77 (-11.15) 12.69
3-8 2.84 (-50.24) 6.79 11.87 (108.23) 46.52 103.29 (1.712.07) 421
3-9 0.36 (3.52) 1.02 0.92 (162.33) 0.80 3.23(823.72) 0.34
Total acetate esters 913.92 (34.24) 701.26 1094.94 (60.82) 1177.56 1413.88 (107.67) 651.88
4-1 9.06 (-92.46) 27.42 16.63 (-86.15) 33.59 30.57 (-74.54) 24.32
4-2 19.4 (1940) 40.07 27.5 (2750) 16.22 11.34 (1134) 51.64
4-3 623.04 (-57.10) 420.10 1.207.32 (-16.86) 396.90 594.31 (-59.08) 395.64
4-4 0.61 (-60.77) 1.45 1.95 (25.79) 0.78 0 0.00
4-5 1.22 (-91.84) 5.80 6.67 (-55.31) 1.02 2.98 (-80.00) 17.12
4-6 38.81 (-62.77) 83.65 65.71 (-36.97) 218.18 327.96 (214.59) 43.97
4-7 240.17 (-74.12) 420.60 592.56 (-36.14) 204.70 503.92 (-45.69) 120.39
4-8 2.7 (270) 3.01 0(0) 1.47 0(0) 0.00
4-9 0.7 (70) 1.80 0.2 (20) 0.84 0.61 (61) 0.63
4-10 7.13 (48.57) 10.15 2.19 (-54.41) 8.67 3.98 (-17.03) 3.64
4-11 0(0) 111 0(0) 0.00 0(0) 0.00
4-12 19.14 (-57.76) 29.61 12.47 (-72.47) 20.96 14.60 (-67.77) 6.51
4-13 38.91 (158.56) 30.11 7.27 (-51.69) 13.08 8.93 (-40.66) 4.32
4-14 408.58 (-9.30) 300.13 259.11 (-42.48) 148.43 183.42 (-59.28) 31.17
4-15 2.61 (-82.65) 4.42 1.83 (-87.85) 2.15 2.95 (-80.37) 0.00
4-16 0(0) 0.00 2.89 (289) 0.00 0(0) 0.00
Total alkyl esters 1412.00 (-55.20) 1379.43 2204.36 (-30.05) 1066.99 1685.57 (-46.52) 699.35
5-1 0.98 (-83.63) 0.52 1.20 (-79.92) 2.58 2.24 (-62.48) 1.42
5-2 2.33(-97.12) 1.08 5.41 (-93.32) 33.74 25.40 (-68.67) 20.81
5-3 3.38 (-59.81) 1.64 2.82 (-66.44) 5.41 2.79 (-66.78) 3.54
5-4 0.32 (-89.90) 0.00 1.14 (-63.57) 1.75 0.63 (-79.71) 0.99
Total apocarotenoids 7.01 (-92.89) 3.24 10.57 (-89.28) 43.48 31.06 (-68.49) 26.76
6-1 22.83 (59.48) 22.5 23.45 (63.82) 41.49 46.76 (226.63) 27.37
7-1 0.6 (60) 0 0.46 (460) 0 0 (0) 0.62
TOTAL 4504.71(-10.33) 4511.3 4184.40(-16.71) 3349.08 3693.50(-26.48) 2130.83
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Capitulo 4. Analysis of aroma volatile compounds

MAK_3-1 MAK 4-1 MAK 4-2
Correlation 0.87 Correlation 0.76 Correlation 0.75
p-value 0 p-value 0 p-value 0
Code PAIP UPV PAIP UPV PAIP UPV
1-1 8.70 (-31.96) 22.16 9.53 (-25.42) 17.72 8.27 (-35.29) 9.76
1-2 60.50 (-82.94) 144.24 93.65 (-73.59) 157.51 81.52 (-77.01) 96.88
1-3 146.38 (-55.32) 149.73 214.80 (-34.44) 273.79 249.06 (-23.99) 76.03
1-4 22.40 (-89.80) 91.00 81.52 (-62.88) 145.14 59.60 (-72.86) 3243
1-5 1.43 (143) 2.02 2.2 (220) 4.92 2.12 (212) 5.04
1-6 81.81 (274.68) 46.26 71.47 (227.35) 60.04 57.53 (163.47) 43.72
1-7 118.59 (412.84) 47.40 21.42 (-7.36) 39.15 28.05 (21.30) 44.56
1-8 40.41 (243.51) 24.86 13.92 (18.34) 22.44 17.92 (52.35) 30.72
1-9 0.91 (-78.27) 221 1.41 (-66.24) 3.95 0 1.21
1-10 1.40 (-3.45) 1.79 1.32 (-9.06) 1.69 1.50 (3.64) 1.63
1-11 32.30 (47.09) 28.30 16.35 (-25.55) 29.46 30.63 (39.47) 20.57
1-12 8.90 (-1.38) 16.56 7.88 (-12.73) 15.02 4.43 (-50.98) 5.84
Total alcohols 523.74 (-48.04) 576.53 535.45 (-46.88) 770.83 540.63 (-46.36) 368.39
2-1 8.5 (850) 10.02 0(0) 7.37 4.16 4.53
2-2 12.65 (-59.41) 28.24 23.35 (-25.05) 26.21 0 28.80
2-3 1.80 (21.38) 2.60 0.84 (-43.37) 1.62 0 0.91
2-4 0(0) 3.54 0(0) 0.00 0(0) 1.89
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 0 2.61 0 2.07 0 0.00
2-7 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-8 1.80 (136.18) 3.41 0 7.47 0 2.69
29 6.36 (-13.01) 10.52 0 19.49 0 2.17
2-10 7.20 (-7.47) 9.35 0 11.35 0 6.80
2-11 0.21(21) 0.00 3.76 (376) 0.00 0.2 (20) 0.00
2-12 7.38 (13.67) 7.57 3.76 (-42.08) 7.55 5.07 (-22.03) 3.96
2-13 6.17 (-35.94) 10.04 4.33 (-55.08) 5.03 8.03 (-16.60) 4.56
2-14 0.78 (189.88) 0.00 0.65 (140.73) 0.52 0 0.00
Total aldehydes 52.85 (-25.20) 87.91 36.78 (-47.95) 88.68 17.46 (-75.29) 56.31
31 526.69 (264.49) 378.38 1.060.22 (633.71) 345.08 458.16 (217.07) 388.42
3-2 208.43 (-4.21) 181.09 370.81 (70.41) 463.98 393.12 (80.66) 69.72
3-3 11.23 (-32.69) 23.01 13.17 (-21.08) 41.72 16.27 (-2.45) 7.84
3-4 62.18 (-57.23) 89.36 84.96 (-41.57) 187.53 51.62 (-64.50) 33.84
3-5 74.62 (-43.49) 59.80 119.05 (-9.85) 221.17 111.22 (-15.77) 27.97
3-6 1.51 (-50.58) 3.96 0 7.63 0 0.00
3-7 4.55 (-70.67) 18.57 6.25 (-59.71) 35.77 4.76 (-69.31) 221
3-8 62.63 (998.79) 13.52 14.58 (155.71) 22.64 18.60 (226.32) 4.89
39 3.83(995.16) 1.22 1.52 (333.65) 1.23 0.74 (110.59) 0.19
Total acetate esters 955.67 (40.37) 768.91 1670.56 (145.37) 1326.75 1054.49 (54.88) 535.08
4-1 23.10 (-80.76) 61.40 2.07 (-98.27) 7.92 46.57 (-61.21) 141
4-2 53.3 34.75 19.51 (1951) 29.49 29.46 35.13
4-3 191.90 (-86.79) 376.73 96.32 (-93.37) 130.37 50.84 (-96.50) 51.45
4-4 0 0.00 0 0.00 0 0.00
4-5 50.37 (237.48) 18.47 63.67 (326.61) 56.59 5.27 (-64.68) 53.02
4-6 113.43 (8.81) 74.52 186.85 (79.23) 195.84 200.44 (92.27) 53.52
4-7 136.86 (-85.25) 122.62 49.12 (-94.71) 84.81 274.79 (-70.38) 19.05
4-8 0(0) 0.00 0(0) 3.03 0(0) 0.00
4-9 0(0) 0.57 0(0) 1.33 0(0) 0.66
4-10 1.59 (-66.84) 2.38 3.16 (-34.10) 15.65 2.20 (-54.11) 4.66
4-11 0(0) 0.00 0(0) 141 0(0) 0.00
4-12 2.69 (-94.06) 17.64 0 1.60 7.87 (-82.63) 0.00
4-13 4.22 (-71.98) 7.40 4.86 (-67.71) 16.53 8.18 (-45.68) 2.18
4-14 29.27 (-93.50) 86.28 6.00 (-98.67) 20.30 106.71 (-76.31) 241
4-15 0 2.88 0 0.00 0.78 (-94.80) 0.00
4-16 0(0) 0.00 0(0) 0.00 0(0) 0.00
Total alkyl esters 606.76 (-80.75) 805.64 431.57 (-86.31) 564.87 733.11 (-76.74) 223.49
5-1 2.09 (-64.95) 5.18 1.78 (-70.21) 3.25 1.20 (-79.87) 1.34
5-2 23.58 (-70.92) 46.55 17.35 (-78.60) 23.87 8.98 (-88.93) 18.91
5-3 3.11 (-62.98) 6.07 3.31 (-60.61) 5.29 3.12 (-62.82) 4.25
5-4 1.07 (-65.67) 1.92 1.37 (-56.19) 2.09 1.33(-57.38) 1.86
Total apocarotenoids 29.85 (-69.72) 59.72 23.81 (-75.85) 345 14.63 (-85.16) 26.36
6-1 25.36 (77.13) 21.98 12.83 (-10.37) 43.19 17.66 (23.40) 21.95
7-1 0(0) 0 1.05 (105) 0 2.01 (201) 0.71
TOTAL 2194.23(-56.32) 2260.97 2712.05(-46.02) 2794.32 2379.99(-52.63) 1205.93
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Capitulo 4. Analysis of aroma volatile compounds

MAK 4-3 MAK _5-1 MAK _5-2
Correlation 0.7 Correlation 0.65 Correlation 0.78
p-value 0 p-value 0 p-value 0
Code PAIP UpPv PAIP UpPv PAIP UpPv
1-1 32.54 (154.56) 18.57 12.45 (-2.59) 12.59 16.20 (26.78) 15.71
1-2 442.94 (24.92) 248.88 456.00 (28.60) 164.64 154.16 (-56.52) 268.75
1-3 931.46 (184.28) 234.00 758.87 (131.61) 233.17 434.11 (32.49) 574.77
1-4 309.36 (40.87) 143.95 513.21 (133.69) 179.58 331.75 (51.06) 219.29
1-5 4.52 (452) 4.18 1.91 (191) 3.25 2.21 (221) 6.00
1-6 22.11(1.28) 38.24 111.65 (411.37) 113.76 80.31 (267.82) 65.25
1-7 25.31 (9.46) 33.48 87.89 (280.08) 47.96 34.67 (49.92) 69.28
1-8 14.85 (26.22) 16.59 60.66 (415.70) 30.35 21.90 (86.16) 38.08
1-9 3.60 (-14.01) 2.54 8.42 (101.01) 6.56 3.38 (-19.39) 3.59
1-10 1.39 (-4.15) 1.53 1.22 (-15.71) 1.57 1.30 (-10.28) 1.43
1-11 30.55 (39.15) 37.98 53.39 (143.14) 18.50 16.24 (-26.05) 25.09
1-12 5.41 (-40.04) 14.68 10.33 (14.48) 2.65 3.96 (-56.09) 6.04
Total alcohols 1824.05 (180.96) 794.62 2076.00 (105.96) 814.58 1100.19 (9.13) 1293.28
2-1 7.17 7.26 2.57 (257) 3.73 7.55 (755) 5.52
2-2 35.11 (12.68) 58.04 29.00 (-6.93) 30.01 11.83 (-62.03) 15.48
2-3 3.00 (102.05) 1.42 0 0.95 0 0.00
2-4 4.36 (436) 2.84 0(0) 0.00 1.13 (113) 0.00
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 6.53 (13.23) 3.28 3.13 (-45.69) 0.00 0 0.00
2-7 3.36 (336) 0.00 0(0) 0.00 0(0) 0.00
2-8 6.63 (771.28) 437 0 1.60 0 (76) 1.72
2-9 11.10 (51.82) 12.65 1.87 (-74.39) 1.89 3.32 (-54.62) 211
2-10 0 7.92 0 0.00 0 0.00
2-11 0.33 (33) 0.00 0.46 (460) 0.00 0.67 (670) 0.00
2-12 5.38 (-17.22) 6.43 3.16 (-51.37) 4.41 3.79 (-41.70) 6.17
2-13 6.84 (-28.96) 9.81 38.51 (299.93) 2.71 4.23 (-56.07) 7.77
2-14 0.41 (51.69) 0.00 0 0.00 0 0.00
Total aldehydes 90.23 (27.70) 114.02 78.73 (11.42) 45.29 32.54 (-74.52) 38.78
31 444.23 (207.42) 503.84 162.32 (12.33) 518.29 488.61 (238.14) 44.87
3-2 580.58 (166.81) 573.99 789.14 (262.66) 346.34 480.38 (120.76) 247.59
3-3 10.63 (-36.27) 45.07 17.29 (3.67) 41.60 14.64 (-12.24) 13.94
34 33.82 (-76.74) 285.81 98.22 (-32.45) 256.91 78.94 (-45.71) 36.52
3-5 36.35 (-72.47) 243.44 228.16 (72.79) 201.65 205.42 (55.56) 73.96
3-6 0 7.66 4.00 (31.10) 10.76 2.67 (-12.35) 1.38
3-7 6.25 (-59.68) 43.75 35.62 (129.83) 49.12 21.35(37.75) 12.32
3-8 2.53 (-55.54) 34.38 8.35 (46.52) 33.25 5.12 (-10.19) 2.64
39 0.22 (-38.51) 1.30 0.79 (126.66) 1.05 0.53 (50.20) 0.27
Total acetate esters 1114.61 (63.71) 1739.24 1343.89 (97.39) 1458.97 1297.66 (692.64) 433.49
4-1 17.47 (-85.45) 5.30 17.77 (-85.19) 3.47 22.97 (-80.87) 53.16
4-2 46.98 (4698) 19.92 0(0) 74.65 30.6 (306) 21.66
4-3 805.99 (-44.50) 272.88 603.48 (-58.44) 95.80 1.021.65 (-29.65) 677.59
4-4 0.56 (-64.04) 0.00 0 0.00 0.65 (-57.83) 2.42
4-5 109.07 (630.78) 31.33 3.99 (-73.26) 18.16 50.31 (237.10) 3.28
4-6 24.89 (-76.12) 280.63 128.14 (22.92) 195.05 103.34 (-0.87) 65.68
4-7 486.34 (-47.58) 113.79 285.21 (-69.26) 52.01 350.60 (-62.21) 881.68
4-8 0(0) 2.84 0(0) 1.02 0(0) 0.00
4-9 0.56 (56) 1.58 0.48 (480) 0.98 0.27 (27) 0.79
4-10 3.73 (-22.30) 18.82 2.03 (-57.80) 8.57 1.33(-72.26) 1.17
4-11 0(0) 151 0.71 (710) 0.00 0(0) 0.00
4-12 5.53 (-87.80) 3.49 8.05 (-82.22) 0.00 8.59 (-81.03) 30.04
4-13 9.23 (-38.68) 13.55 16.46 (9.40) 5.75 10.36 (-31.14) 16.00
4-14 32.02 (-92.89) 26.39 125.10 (-72.23) 4.44 223.02 (-50.50) 339.42
4-15 0 0.00 0.59 (-96.06) 0.00 1.19 (-92.08) 3.14
4-16 0(0) 0.00 0(0) 0.00 0(0) 2.49
Total alkyl esters 1542.38 (-51.06) 792.03 1192.01 (-62.18) 459.9 1824.90 (3.628.80) 2096.03
5-1 5.37 (-10.13) 3.16 0.77 (-87.05) 2.76 0.90 (-84.89) 1.08
5-2 67.09 (-17.26) 38.64 8.99 (-88.91) 27.60 4.02 (-95.04) 8.16
5-3 8.66 (3.13) 4.70 2.90 (-65.50) 5.95 2.60 (-69.00) 4.91
5-4 3.33 (6.37) 1.72 0.93 (-70.43) 2.01 1.03 (-67.21) 1.69
Total apocarotenoids 84.45 (-14.34) 48.22 13.59 (-86.21) 38.32 8.55 (-90.02) 15.83
6-1 58.43 (308.21) 35.55 24.07 (68.13) 25.92 14.80 (3.42) 23.19
7-1 0.32 (320) 0 0.28 (280) 0 0.83 (83) 0
TOTAL 4714.49(-6.16) 3475.46 4728.62(-5.88) 2804.66 4279.49(-14.82) 3884.77
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Capitulo 4. Analysis of aroma volatile compounds

MAK _6-1 MAK_6-2 MAK _7-1
Correlation 0.91 Correlation 0.9 Correlation 0.76
p-value 0 p-value 0 p-value 0
Code PAIP UPVv PAIP UPV PAIP upv
1-1 7.08 (-44.60) 9.56 7.83 (-38.71) 10.48 11.45 (-10.39) 18.26
1-2 21.92 (-93.82) 40.80 28.84 (-91.87) 86.02 305.86 (-13.74) 331.01
1-3 191.51 (-41.55) 101.99 222.37 (-32.13) 196.72 550.17 (67.91) 377.43
1-4 125.85 (-42.69) 69.12 59.45 (-72.93) 78.18 97.45 (-55.63) 235.41
1-5 2.53 (253) 5.04 0.89 (89) 2.59 7.7 (770) 6.33
1-6 220.12 (908.15) 89.12 102.01 (367.20) 91.36 103.75 (375.17) 80.18
1-7 51.05 (120.78) 39.48 35.42 (53.17) 63.11 155.48 (572.38) 68.66
1-8 32.75(178.43) 26.66 19.87 (68.97) 42.54 66.52 (465.48) 36.89
1-9 1.24 (-70.37) 2.95 0.88 (-79.03) 1.84 1.28 (-69.34) 6.75
1-10 1.58 (9.25) 1.34 1.58 (9.15) 1.86 1.49 (2.84) 1.63
1-11 26.58 (21.06) 19.11 15.50 (-29.40) 37.75 44.63 (103.26) 39.54
1-12 9.16 (1.46) 3.76 4.09 (-54.70) 5.06 14.45 (60.03) 12.19
Total alcohols 691.37 (-31.41) 408.93 498.74 (-50.52) 617.51 1360.23 (34.95) 1214.28
2-1 4.27 (427) 3.91 3.22 (322) 3.62 3.63 (363) 7.77
2-2 5.22 (-83.23) 15.38 4.79 (-84.62) 0.00 15.39 (-50.60) 26.25
2-3 0 1.24 0 1.70 0 1.14
2-4 0(0) 1.89 0(0) 0.00 0(0) 3.47
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 0 1.59 0 0.00 0 6.24
2-7 0(0) 2.99 0(0) 0.00 0(0) 5.70
2-8 0 10.07 0 0.00 7.04 (824.47) 38.38
2-9 0 12.11 0 7.24 4.93 (-32.54) 99.57
2-10 0 7.15 0 7.04 0 24.09
2-11 0.46 (46) 0.00 0.2 (20) 0.00 0.38 (38) 0.00
2-12 3.83 (-41.00) 3.64 3.84 (-40.83) 5.00 3.17 (-51.23) 8.17
2-13 2.81(-70.81) 3.61 3.29 (-65.82) 10.07 8.08 (-16.07) 8.85
2-14 0 0.32 0 0.00 0 1.09
Total aldehydes 16.60 (-76.51) 63.89 15.36 (-78.26) 34.68 42.63 (-39.67) 230.74
3-1 369.59 (155.77) 201.28 371.62 (157.17) 137.81 147.95 (2.38) 117.42
3-2 304.91 (40.12) 107.67 507.57 (133.26) 254.96 600.28 (175.86) 680.98
3-3 12.09 (-27.55) 10.43 17.20 (3.11) 31.55 15.76 (-5.51) 46.46
3-4 17.44 (-88.01) 17.20 37.37 (-74.30) 120.77 39.11 (-73.10) 240.35
3-5 170.95 (29.46) 48.62 235.00 (77.96) 180.64 129.50 (-1.93) 246.43
3-6 2.93 (-3.96) 1.49 2.38 (-21.91) 5.70 0 4.75
3-7 17.17 (10.78) 9.56 9.77 (-36.95) 26.08 3.42 (-77.93) 31.18
3-8 42.75 (649.95) 7.36 38.10 (568.49) 42.17 3.74 (-34.35) 45.62
3-9 3.16 (802.42) 0.34 2.21 (532.60) 0.80 0.87 (147.96) 0.61
Total acetate esters 940.99 (38.21) 403.95 1221.22 (79.37) 800.48 940.63 (38.16) 1413.8
4-1 22.59 (-81.18) 4.27 42.00 (-65.01) 60.35 98.22 (-18.18) 32.97
4-2 22.3 (223) 15.31 19.53 (1953) 22.60 0(0) 18.49
4-3 319.81 (-77.98) 82.17 923.64 (-36.40) 654.33 812.05 (-44.08) 382.28
4-4 0 0.00 0 0.00 0.62 (-59.70) 0.00
4-5 0 28.79 14.65 (-1.85) 6.26 0.91 (-93.91) 0.81
4-6 133.99 (28.53) 40.87 202.26 (94.01) 137.39 106.52 (2.18) 338.34
4-7 29.52 (-96.82) 42.36 254.51 (-72.57) 468.44 747.87 (-19.40) 143.15
4-8 0(0) 0.00 0(0) 0.00 0(0) 4.09
4-9 0(0) 0.41 0(0) 0.00 0.51 (51) 1.10
4-10 1.45 (-69.75) 3.21 0.48 (-90.07) 0.00 2.08 (-56.65) 8.59
4-11 0(0) 0.00 0(0) 0.00 0(0) 0.85
4-12 2.35(-94.81) 1.08 7.98 (-82.39) 22.02 13.83 (-69.48) 15.98
4-13 4.17 (-72.27) 1.97 5.06 (-66.36) 4.43 8.03 (-46.63) 12.38
4-14 45.93 (-89.80) 7.45 196.35 (-56.41) 214.83 270.90 (-39.87) 152.15
4-15 0.44 (-97.05) 0.00 1.38 (-90.85) 4.81 1.22 (-91.93) 1.35
4-16 0(0) 0.00 0(0) 0.00 0.92 (92) 0.00
Total alkyl esters 582.56 (-81.51) 227.89 1667.84 (-47.08) 1595.46 2063.68 (-34.52) 1112.53
5-1 1.49 (-75.03) 2.66 1.39 (-76.77) 3.37 1.14 (-80.91) 2.84
5-2 12.99 (-83.98) 34.12 8.93 (-88.98) 31.00 10.86 (-86.61) 32.73
5-3 2.37 (-71.83) 4.54 2.09 (-75.16) 4.76 4.44 (-47.17) 4.69
5-4 0.82 (-73.69) 1.75 0.79 (-74.79) 1.43 1.59 (-49.16) 1.78
Total apocarotenoids 17.67 (-82.08) 43.07 13.20 (-86.61) 40.56 18.03 (-81.71) 42.04
6-1 18.77 (31.14) 28.89 18.25 (27.47) 37.66 61.70 (331.04) 57.01
7-1 0.9 (90) 0 0.7 (70) 0 1.68 (168) 0
TOTAL 2268.88(-54.84) 1133.55 3435.32(-31.62) 3085.79 4488.60(-10.65) 4028.36
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Capitulo 4. Analysis of aroma volatile compounds

MAK_7-2 MAK_8-1 MAK_8-2
Correlation 0.83 Correlation 0.83 Correlation 0.86
p-value 0 p-value 0 p-value 0
Code PAIP UPV PAIP UPV PAIP UPV
1-1 15.24 (19.26) 12.59 10.93 (-14.47) 24.00 13.82 (8.12) 10.11
1-2 126.51 (-64.32) 82.59 54.30 (-84.69) 166.09 253.96 (-28.38) 252.76
1-3 193.28 (-41.01) 50.69 224.37 (-31.52) 469.85 374.77 (14.38) 288.70
1-4 23.62 (-89.24) 4.68 31.33 (-85.74) 147.56 302.23 (37.62) 322.02
1-5 16.93 (1693) 10.72 1.44 (144) 2.50 2.2 (220) 341
1-6 14.62 (-33.04) 53.31 104.64 (379.26) 29.29 169.15 (674.70) 86.63
1-7 17.00 (-26.49) 33.42 52.98 (129.13) 44.49 53.34 (130.68) 41.35
1-8 15.85 (34.73) 33.13 27.89 (137.07) 24.84 29.46 (150.45) 20.26
1-9 5.27 (25.73) 0.00 0 2.64 9.15 (118.39) 23.66
1-10 1.67 (15.15) 1.79 1.01 (-30.52) 171 0.98 (-32.41) 1.44
1-11 78.40 (257.03) 16.26 27.44 (24.98) 29.40 36.71 (67.19) 36.69
1-12 11.47 (27.04) 6.31 10.93 (21.11) 17.20 6.89 (-23.66) 4.76
Total alcohols 519.87 (-48.42) 305.49 547.26 (-45.71) 959.57 1252.66 (24.28) 1091.79
2-1 3.9 (390) 74.89 6.59 (659) 11.51 5.89 (589) 3.66
2-2 16.25 (-47.83) 31.84 10.79 (-65.37) 21.14 6.20 (-80.09) 12.10
2-3 0 0.49 0 0.00 0 0.00
2-4 0(0) 0.00 0(0) 2.25 1.34 (134) 3.37
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 0 0.00 0 0.00 2.01 (-65.21) 8.79
2-7 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-8 2.27 (198.25) 1.30 0 0.00 0 2.77
29 0 2.19 1.62 (-77.79) 1.61 3.51(-51.98) 14.32
2-10 0 8.46 0 0.00 0 6.92
2-11 0(0) 0.00 0(0) 0.00 1.39 (139) 3.28
2-12 3.64 (-43.96) 4.20 7.33(12.89) 13.44 4.77 (-26.56) 4.04
2-13 21.12 (119.30) 7.69 5.22 (-45.76) 11.48 5.32 (-44.73) 3.97
2-14 0.32 (18.97) 0.00 0 0.00 0 0.37
Total aldehydes 47.51 (-32.76) 131.05 31.56 (-55.33) 61.44 30.45 (-56.91) 63.57
3-1 486.43 (236.63) 169.49 284.37 (96.79) 29.62 520.93 (260.50) 170.54
3-2 227.42 (4.51) 24.16 237.27 (9.04) 214.55 613.59 (181.98) 319.80
3-3 6.12 (-63.32) 474 18.56 (11.27) 23.33 11.44 (-31.41) 16.67
3-4 9.15 (-93.71) 29.89 61.38 (-57.79) 40.19 75.04 (-48.39) 120.11
3-5 15.33 (-88.39) 7.62 159.67 (20.92) 85.63 88.42 (-33.04) 64.40
3-6 0 0.00 1.85(-39.32) 247 0 2.27
3-7 1.99 (-87.15) 1.22 5.61 (-63.81) 19.00 12.32 (-20.51) 28.00
3-8 4.42 (-22.39) 4.21 32.39 (468.29) 5.56 7.14 (25.27) 6.18
3-9 0.56 (58.93) 0.13 1.74 (395.85) 1.19 0.43 (21.84) 0.19
Total acetate esters 751.42 (10.37) 241.46 802.84 (17.92) 421.54 1329.31 (95.25) 728.16
4-1 9.38 (-92.18) 30.02 33.99 (-71.69) 52.91 10.77 (-91.03) 4.92
4-2 0(0) 0.00 27.69 (2769) 72.41 14.8 (148) 18.88
4-3 1.029.26 (-29.12) 179.15 747.89 (-48.50) 456.86 559.76 (-61.45) 158.99
4-4 0 0.00 0.60 (-61.13) 1.09 0 0.00
4-5 73.97 (395.60) 28.05 24.28 (62.69) 0.00 71.39 (378.32) 14.55
4-6 51.21 (-50.87) 45.94 243.23 (133.31) 57.32 51.72 (-50.38) 4251
4-7 252.01 (-72.84) 28.37 477.84 (-48.50) 427.97 53.65 (-94.22) 130.51
4-8 0(0) 0.00 0(0) 0.00 0(0) 1.99
4-9 0.48 (48) 0.80 0.32(32) 0.00 0(0) 0.52
4-10 0.94 (-80.44) 3.89 1.10 (-77.17) 1.39 2.51 (-47.70) 9.14
4-11 0(0) 0.00 0(0) 0.00 0(0) 0.69
4-12 4.60 (-89.85) 4.68 14.77 (-67.40) 21.86 2.77 (-93.89) 1.84
4-13 1.90 (-87.40) 0.84 10.06 (-33.17) 8.76 3.75 (-75.09) 3.62
4-14 34.90 (-92.25) 24.05 344.52 (-23.53) 217.81 34.12 (-92.43) 11.37
4-15 0 0.00 2.33(-84.49) 2.68 0.35 (-97.69) 0.00
4-16 0(0) 0.00 1.64 (164) 0.00 0(0) 0.00
Total alkyl esters 1458.66 (-53.72) 345.79 1930.28 (-38.75) 1321.06 805.60 (-74.44) 399.53
5-1 3.70 (-38.07) 3.93 1.46 (-75.61) 2.27 1.25 (-79.06) 1.15
5-2 51.59 (-36.37) 39.96 13.12 (-83.82) 34.05 7.39 (-90.89) 12.10
5-3 5.25 (-37.56) 2.84 2.69 (-67.96) 5.67 2.90 (-65.53) 2.99
5-4 2.28 (-27.07) 1.15 0.89 (-71.41) 1.75 1.02 (-67.52) 1.05
Total apocarotenoids 62.82 (-36.28) 47.88 18.16 (-81.58) 43.73 12.56 (-87.26) 17.29
6-1 10.93 (-23.63) 4.41 22.34 (56.08) 23.87 5.35 (-62.66) 7.01
7-1 1.86 (186) 0 0.86 (86) 1.49 0.59 (590) 0
TOTAL 2853.07(-43.21) 1028.2 3353.31(-33.25) 2788.97 3436.50(-31.60) 2290.06
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Capitulo 4. Analysis of aroma volatile compounds

MAK_9-1 MAK_9-2 MAK _10-1
Correlation 0.67 Correlation 0.93 Correlation 0.77
p-value 0 p-value 0 p-value 0
Code PAIP UPV PAIP UPV PAIP UPV
1-1 10.76 (-15.84) 18.57 17.85 (39.66) 19.24 7.24 (-43.38) 11.52
1-2 239.09 (-32.57) 185.77 187.34 (-47.16) 386.81 47.42 (-86.63) 172.32
1-3 482.54 (47.27) 116.59 975.85 (197.83) 1406.47 205.92 (-37.15) 272.18
1-4 151.55 (-30.99) 30.17 180.59 (-17.77) 593.62 28.82 (-86.88) 64.46
1-5 2.45 (245) 2.25 4.03 (403) 3.93 2.48 (248) 1.74
1-6 169.86 (677.96) 62.46 30.46 (39.49) 63.00 26.07 (19.41) 26.47
1-7 51.82 (124.09) 44.26 26.50 (14.59) 74.60 11.99 (-48.15) 13.05
1-8 29.17 (147.99) 22.00 15.56 (32.32) 30.78 11.31(-3.83) 13.98
1-9 1.31 (-68.85) 0.00 1.30 (-68.90) 5.75 0.64 (-84.79) 1.42
1-10 1.37 (-5.02) 2.24 1.71 (18.09) 1.60 1.30 (-9.83) 1.70
1-11 53.05 (141.58) 18.67 19.64 (-10.56) 51.25 24.13 (9.91) 48.20
1-12 15.35 (70.03) 12.16 6.68 (-25.99) 12.44 7.25(-19.73) 11.19
Total alcohols 1208.32 (19.88) 515.14 1467.51 (45.59) 2649.49 374.58 (-62.84) 638.23
2-1 3.77 (377) 7.93 5.54 (554) 3.37 3.33(333) 4.95
2-2 10.31 (-66.91) 22.25 15.84 (-49.17) 21.81 13.31 (-57.30) 13.22
2-3 0 1.63 0 131 0 121
2-4 0(0) 4.14 0(0) 0.00 0(0) 0.00
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 0 2.55 0 4.73 0 0.00
2-7 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-8 0 10.62 0 0.00 0 0.00
29 3.60 (-51.32) 35.12 1.43 (-80.36) 5.05 0 0.00
2-10 0 11.68 0 0.00 0 0.00
2-11 0.21(21) 0.00 1.22 (122) 0.00 0 0.00
2-12 4.60 (-29.18) 7.15 5.95 (-8.35) 3.54 2.73 (-58.00) 6.38
2-13 7.11 (-26.15) 5.11 4.18 (-56.61) 7.31 33.10 (243.72) 15.56
2-14 0.65 (140.32) 1.93 0 0.00 0 0.00
Total aldehydes 30.26 (-57.17) 110.12 34.16 (-51.66) 47.12 52.47 (-25.74) 41.32
31 296.66 (105.30) 253.20 37.76 (-73.87) 45.95 353.36 (144.54) 72.81
3-2 872.02 (300.75) 160.75 243.57 (11.94) 454.42 276.33 (26.99) 82.46
3-3 32.36 (94.01) 10.53 8.84 (-46.99) 29.85 6.44 (-61.37) 18.90
3-4 287.62 (97.81) 65.44 7.91 (-94.56) 69.71 5.63 (-96.13) 135.62
3-5 407.57 (208.65) 33.66 48.42 (-63.33) 260.27 28.02 (-78.78) 107.20
3-6 2.59 (-15.03) 0.00 0 4.96 0 2.23
3-7 13.74 (-11.32) 3.48 5.46 (-64.76) 40.11 1.21(-92.21) 7.40
3-8 83.78 (1.369.87) 3.70 1.18 (-79.25) 5.82 1.92 (-66.38) 30.31
39 2.33(566.80) 0.42 0.28 (-21.03) 0.42 0.46 (32.59) 0.86
Total acetate esters 1998.67 (193.56) 531.18 353.42 (-48.09) 911.51 673.37 (-1.10) 457.79
4-1 49.98 (-58.37) 3.39 89.78 (-25.22) 31.86 25.07 (-79.12) 76.26
4-2 64.19 (6419) 48.94 31.33(3133) 20.46 0(0) 57.39
4-3 734.16 (-49.45) 112.81 860.59 (-40.74) 753.89 541.61 (-62.70) 516.11
4-4 0 0.00 6.63 (327.46) 3.83 0.67 (-56.78) 1.37
4-5 2.04 (-86.34) 65.77 1.66 (-88.87) 1.43 10.36 (-30.61) 1.84
4-6 366.83 (251.87) 24.49 41.88 (-59.83) 218.16 44.37 (-57.44) 112.10
4-7 465.64 (-49.82) 28.78 1.406.34 (51.57) 1153.20 351.55 (-62.11) 671.06
4-8 0(0) 0.00 0(0) 3.75 0(0) 1.16
4-9 0.4 (40) 0.00 0.92 (92) 2.07 0.47 (470) 1.90
4-10 2.79 (-41.87) 1.99 2.46 (-48.85) 13.92 2.07 (-56.91) 6.57
4-11 0(0) 0.00 0(0) 0.86 0(0) 0.69
4-12 9.27 (-79.54) 0.00 38.59 (-14.82) 44.82 5.49 (-87.89) 26.14
4-13 7.23 (-51.94) 1.54 19.56 (29.94) 30.92 2.33(-84.51) 17.15
4-14 158.04 (-64.92) 1.46 695.03 (54.28) 804.12 50.02 (-88.90) 336.90
4-15 0.71 (-95.31) 0.00 4.19 (-72.14) 7.79 0.34 (-97.72) 5.10
4-16 0(0) 0.00 3.34 (334) 6.06 0.67 (670) 2.96
Total alkyl esters 1861.29 (-40.94) 289.17 3202.31 (1.61) 3091.1 1035.02 (-67.16) 1831.7
5-1 1.13 (-81.05) 3.46 0.77 (-87.10) 0.50 0.90 (-84.95) 1.88
5-2 8.18 (-89.91) 34.14 1.12 (-98.62) 0.00 7.68 (-90.52) 26.40
5-3 3.07 (-63.45) 5.80 0.83 (-90.10) 0.73 2.98 (-64.48) 5.29
5-4 1.17 (-62.54) 2.62 - 0.00 1.56 (-50.30) 1.75
Total apocarotenoids 13.55 (-86.26) 46.03 2.72 (-97.24) 1.24 13.12 (-86.69) 35.32
6-1 88.15 (515.77) 31.56 31.24 (118.26) 32.64 6.20 (-56.68) 30.87
7-1 1.07 (107) 0 4.86 (486) 0 1.1(110) 0.66
TOTAL 5201.28(3.53) 1477.17 5096.24(1.44) 6731.86 2155.87(-57.09) 3000.57
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Capitulo 4. Analysis of aroma volatile compounds

MAK _10-2 MAK _10-3 MAK 11-1
Correlation 0.88 Correlation 0.42 Correlation 0.3
p-value 0 p-value 0.001 p-value 0.02
Code PAIP UPVv PAIP UPVvV PAIP UPv
1-1 13.14 (2.85) 10.77 8.51 (-33.39) 18.52 21.01 (64.34) 14.86
1-2 200.91 (-43.34) 302.92 86.22 (-75.68) 454.85 458.61 (29.34) 126.75
1-3 386.84 (18.07) 517.01 259.94 (-20.67) 316.19 318.80 (-2.70) 116.98
1-4 52.83 (-75.94) 192.90 135.75 (-38.18) 125.69 129.02 (-41.25) 59.10
1-5 8.05 (805) 7.69 0(0) 5.56 5.32 (532) 2.99
1-6 51.79 (137.18) 50.58 23.56 (7.91) 99.11 99.93 (357.68) 65.44
1-7 65.12 (181.62) 67.87 6.99 (-69.76) 60.18 40.94 (77.03) 24.88
1-8 38.75 (229.39) 36.17 4.78 (-59.34) 924.00 25.92 (120.37) 18.03
1-9 1.20 (-71.45) 1.84 0.96 (-77.10) 2.32 2.52(-39.92) 1.28
1-10 1.55 (7.01) 1.48 1.22 (-15.43) 1.73 1.77 (22.13) 1.58
1-11 28.88 (31.53) 26.00 25.51 (16.16) 28.08 27.94 (27.26) 32.93
1-12 11.88 (31.65) 6.35 8.90 (-1.36) 11.83 7.09 (-21.49) 4.88
Total alcohols 860.94 (-14.59) 1221.58 562.34 (-44.21) 2048.06 1138.87 (12.99) 469.7
2-1 5.2 (520) 3.12 3.83(383) 7.96 10.62 (1062) 6.72
2-2 13.59 (-56.39) 21.64 10.88 (-65.10) 13.76 24.67 (-20.83) 32.37
2-3 1.05 (-29.02) 0.00 0 1.69 0.88 (-40.64) 1.57
2-4 0(0) 0.00 0(0) 2.07 0(0) 3.17
2-5 0(0) 0.00 1.53 (153) 0.00 0(0) 0.00
2-6 0 231 0 0.00 0 0.00
2-7 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-8 5.76 (656.39) 3.10 0 1.59 4.19 (450.34) 221
2-9 3.78 (-48.26) 4.99 0 5.21 2.54 (-65.18) 5.24
2-10 0 0.00 0 8.54 0 7.18
2-11 0(0) 0.00 0.57 (57) 0.00 0.45 (45) 0.00
2-12 6.17 (-5.06) 5.67 3.15 (-51.48) 7.50 9.21 (41.83) 5.63
2-13 15.08 (56.64) 11.00 12.79 (32.81) 11.98 10.28 (6.77) 3.80
2-14 0.24 (-10.80) 0.00 0 0.00 0.25 (-7.08) 0.00
Total aldehydes 50.87 (-28.01) 51.82 32.77 (-53.62) 60.29 63.10 (-10.70) 67.89
3-1 91.77 (-36.49) 86.82 429.46 (197.20) 52.23 49.59 (-65.68) 375.66
3-2 309.31 (42.14) 272.21 426.41 (95.96) 89.02 93.48 (-57.04) 288.98
3-3 11.98 (-28.18) 16.35 24.45 (46.56) 16.80 12.75 (-23.58) 37.12
34 32.55 (-77.61) 51.06 164.42 (13.08) 65.72 9.59 (-93.40) 132.99
3-5 47.61 (-63.94) 79.78 381.48 (188.89) 49.04 50.23 (-61.96) 110.64
3-6 0 0.00 6.36 (108.65) 0.00 0 4.39
3-7 2.30 (-85.16) 6.66 24.77 (59.78) 4.90 7.25 (-53.24) 12.17
3-8 2.08 (-63.59) 151 77.18 (1.254.12) 2.67 2.22 (-61.01) 38.84
3-9 0.52 (49.94) 0.18 10.65 (2.943.93) 0.37 0.31(-10.22) 0.67
Total acetate esters 498.12 (-26.84) 514.57 1545.18 (126.96) 280.75 225.42 (-66.89) 1001.46
4-1 76.29 (-36.45) 52.59 86.75(-27.74) 119.24 24.35 (-79.72) 3.95
4-2 98.98 (9898) 29.71 56.32 (5632) 22.88 47.48 (4748) 28.68
4-3 747.10 (-48.55) 629.36 798.16 (-45.04) 456.73 459.26 (-68.37) 144.82
4-4 0.94 (-39.36) 0.91 0 1.83 0.54 (-65.01) 0.00
4-5 3.95 (-73.55) 4.87 17.28 (15.79) 0.00 7.02 (-52.95) 6.53
4-6 68.27 (-34.51) 96.66 220.16 (111.18) 67.85 70.13 (-32.73) 248.29
4-7 1.137.25 (22.57) 485.18 303.54 (-67.29) 1211.67 1.252.04 (34.94) 101.58
4-8 0(0) 0.83 0(0) 0.00 0(0) 0.00
4-9 0.61 (61) 1.02 0.51 (51) 0.76 0(0) 0.00
4-10 1.06 (-77.97) 2.76 3.57 (-25.6) 1.96 0 1.93
4-11 0(0) 0.00 0(0) 0.00 0(0) 0.00
4-12 16.72 (-63.10) 20.98 11.56 (-74.47) 45.02 7.77 (-82.85) 1.93
4-13 5.46 (-63.71) 10.31 14.2 (-5.64) 16.54 8.23 (-45.35) 8.39
4-14 173.12 (-61.57) 197.53 242.85 (-46.09) 360.25 363.22 (-19.37) 9.50
4-15 0.93 (-93.81) 1.13 0.91 (-93.98) 6.28 0.65 (-95.70) 0.00
4-16 0(0) 1.20 0(0) 2.89 0(0) 0.00
Total alkyl esters 2270.70 (-27.95) 1533.8 1755.81 (-44.29) 2311 2240.70 (229.11) 555.6
5-1 1.95 (-67.29) 112 1.02 (-82.88) 2.75 1.32 (-77.97) 2.50
5-2 19.94 (-75.41) 9.55 8.15 (-89.95) 39.40 16.41 (-79.76) 37.60
5-3 3.66 (-56.45) 3.44 1.66 (-80.23) 7.32 5.08 (-39.55) 5.81
5-4 1.45 (-53.77) 1.16 0.60 (-80.81) 1.99 1.76 (-43.75) 2.06
Total apocarotenoids 27.00 (-72.61) 15.26 11.43 (-88.41) 51.47 24.57 (-75.08) 47.97
6-1 27.30(90.73) 29.57 28.58 (99.62) 31.45 1.65 (-88.49) 5.04
7-1 1.13 (113) 0 0(0) 0 2.51 (521) 0
TOTAL 3736.06(-25.63) 3351.34 3936.12(-21.65) 4731.55 3696.82(-26.41) 2099.69
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Capitulo 4. Analysis of aroma volatile compounds

MAK _11-2 MAK_12-1 MAK_12-2
Correlation 0.96 Correlation 0.95 Correlation 0.8
p-value 0 p-value 0 p-value 0
Code PAIP UPVvV PAIP UPVvV PAIP UpPv
1-1 10.49 (-17.92) 10.57 9.15 (-28.38) 29.34 11.32 (-11.44) 21.57
1-2 16.39 (-95.38) 36.68 320.00 (-9.75) 365.27 107.59 (-69.66) 272.19
1-3 156.07 (-52.37) 65.43 451.75 (37.87) 429.91 262.15 (-19.99) 410.25
1-4 12.99 (-94.09) 19.38 307.84 (40.18) 314.16 17.17 (-92.18) 140.01
1-5 1.36 (136) 1.44 1.75 (175) 5.79 3.13 (313) 5.92
1-6 28.30 (29.60) 37.49 64.33 (194.61) 87.76 59.49 (172.47) 112.87
1-7 17.77 (-23.16) 13.85 31.92 (38.02) 57.96 43.58 (88.48) 56.13
1-8 11.26 (-4.23) 10.33 18.55 (57.73) 31.60 27.75 (135.93) 35.53
1-9 0 0.00 4.68 (11.66) 8.25 0.92 (-78.05) 1.30
1-10 0.91 (-37.02) 1.62 1.49 (2.82) 1.35 1.30 (-10.12) 141
1-11 14.94 (-31.95) 19.55 33.33(51.79) 35.00 20.04 (-8.73) 28.18
1-12 1.95 (-78.42) 2.61 8.53 (-5.52) 7.43 5.34 (-40.84) 10.71
Total alcohols 272.43 (-72.97) 218.95 1253.33 (24.34) 1373.82 559.78 (-44.46) 1096.07
2-1 6.29 (629) 4.65 3.71 (371) 13.99 4.48 (448) 9.93
2-2 6.42 (-79.39) 0.00 10.48 (-66.38) 27.17 8.03 (-74.22) 16.61
2-3 0 1.16 0 1.27 0 0.00
2-4 1.12 (112) 0.00 0(0) 3.70 0(0) 0.00
2-5 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-6 0 0.00 1.65 (-71.35) 0.00 0 0.00
2-7 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-8 1.40 (84.49) 0.00 0 5.97 2.87(276.78) 2.59
2-9 1.12 (-84.66) 0.00 0 8.89 1.71 (-76.52) 4.01
2-10 0 0.00 0 10.32 0 0.00
2-11 0(0) 0.00 0(0) 0.00 0(0) 0.00
2-12 3.80 (-41.52) 4.46 4.18 (-35.59) 14.55 3.83 (-41.06) 9.80
2-13 5.48 (-43.12) 3.68 5.92 (-38.54) 4.76 4.85 (-49.63) 8.16
2-14 0 0.00 0 0.00 0 0.00
Total aldehydes 25.63 (-63.73) 13.96 25.94 (-63.29) 90.63 25.77 (-63.53) 51.10
3-1 401.33 (177.74) 156.75 213.46 (47.72) 421.54 144.25 (-0.18) 122.75
3-2 182.40 (-16.18) 101.69 530.71 (143.89) 436.38 192.21 (-11.67) 572.45
3-3 5.84 (-64.96) 14.99 11.54 (-30.85) 19.00 3.60 (-78.41) 45.94
34 5.11 (-96.48) 35.42 55.03 (-62.15) 111.65 6.58 (-95.47) 205.68
3-5 27.34 (-79.29) 44.27 102.43 (-22.43) 113.01 16.28 (-87.67) 237.15
3-6 0 112 0 2.08 0 4.35
3-7 1.93 (-87.54) 4.57 12.95 (-16.47) 20.72 1.59 (-89.76) 15.90
3-8 3.34 (-41.47) 21.60 2.93 (-48.64) 4.70 1.32 (-76.87) 60.53
3-9 0.20 (-43.20) 0.67 0.54 (52.89) 0.36 0.35 (0.05) 211
Total acetate esters 627.49 (-7.83) 381.08 929.59 (36.54) 1129.44 366.18 (-46.22) 1266.86
4-1 26.26 (-78.13) 28.55 33.89 (-71.77) 40.92 29.12 (-75.74) 51.51
4-2 9.7 (970) 14.91 0(0) 44.39 35.08 (3508) 36.07
4-3 560.46 (-61.41) 279.51 586.58 (-59.61) 840.31 691.54 (-52.38) 603.74
4-4 0.48 (-68.89) 0.00 0 0.00 0.54 (-65.13) 0.00
4-5 58.61 (292.72) 32.81 17.01 (14.00) 39.66 32.43 (117.28) 2.29
4-6 50.40 (-51.66) 70.45 83.49 (-19.91) 78.03 14.21 (-86.37) 352.00
4-7 201.93 (-78.24) 77.16 246.88 (-73.39) 240.56 269.05 (-71.00) 560.25
4-8 0(0) 0.00 0(0) 0.00 0(0) 1.15
4-9 0(0) 0.00 0.36 (36) 0.00 0(0) 1.15
4-10 0 1.25 1.97 (-59.06) 2.88 0.79 (-83.54) 4.46
4-11 0(0) 0.00 0(0) 0.00 0(0) 0.00
4-12 4.06 (-91.04) 6.41 6.56 (-85.51) 5.64 2.91 (-93.58) 18.06
4-13 3.45 (-77.06) 4.14 5.39 (-64.18) 4.33 2.73 (-81.86) 15.91
4-14 69.74 (-84.52) 36.67 102.49 (-77.25) 46.14 32.69 (-92.74) 134.93
4-15 0 0.00 0.74 (-95.08) 0.00 0 1.19
4-16 0(0) 0.00 0(0) 0.00 0(0) 0.00
Total alkyl esters 985.09 (-68.74) 551.86 1085.36 (-65.56) 1342.86 1111.10 (-64.74) 1782.71
5-1 1.09 (-81.82) 2.61 1.37 (-76.98) 171 1.17 (-80.43) 1.58
5-2 9.56 (-88.21) 26.37 11.51 (-85.81) 23.19 9.53 (-88.25) 17.84
5-3 2.76 (-67.20) 4.61 2.84 (-66.20) 4.71 3.78 (-55.01) 5.30
5-4 1.09 (-65.28) 141 1.21 (-61.45) 1.64 1.20 (-61.62) 2.30
Total apocarotenoids 14.50 (-85.29) 35 16.93 (-82.83) 31.25 15.68 (-84.09) 27.03
6-1 13.39 (-6.46) 25.34 20.86 (45.72) 25.01 11.48 (-19.82) 25.54
7-1 0.91 (91) 0.91 1.1 (110) 0.6 1.22 (122) 0
TOTAL 1939.45(-61.40) 1192.1 3333.09(-33.66) 3962.36 2091.22(-58.37) 4249.28
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Supplementary table 4. 4 a. Vector tables of Principal Component and Component Weight of ILs, VED, MAK and F1
of PAIP environment. Table of Principal Component order goes from the greatest to the least vector of Component 1.
Table of Component Weight order goes from the greatest to the least vector of each component.

Table of Principal Component
IL Component 1 Component 2 Component 3

MAK 4-3 9.748 2.102 5.626
VED 7.458 -3.097 1.837
MAK 2-1 3.549 -4.105 -3.172
MAK 1-1 3.182 3.654 -3.014
MAK_9-2 2.776 -1.331 -8.244
MAK 11-1 2.412 2.455 -1.522
MAK 10-2 2.158 1.444 -1.775
MAK 7-1 1.984 -0.749 -1.911
MAK_7-2 1.979 3.501 1.380
MAK 5-1 1.130 -4.675 1.524
MAK 12-1 -0.233 -0.066 0.057
MAK_8-2 -0.443 0.662 2.086
MAK_5-2 -0.543 -0.671 0.400
MAK_2-2 -0.648 -0.387 -1.845
MAK 12-2 -1.124 3.321 -0.553
MAK_3-1 -1.195 1.671 2.583
MAK 9-1 -1.310 -5.661 2.094
MAK 10-1 -1.409 2.285 -0.935
MAK_8-1 -1.456 -0.322 -1.138
MAK 4-1 -1.925 1.311 3.043
MAK 11-2 -2.171 3.828 0.223
MAK_ 2-3 -2.214 -3.571 1.201
MAK 4-2 -2.418 0.776 -0.229
MAK_6-2 -2.988 -0.563 -0.011
MAK_6-1 -3.367 -0.189 0.618
MAK 10-3 -3.393 -5.932 1.057
F1 -3.701 3.877 0.903
MAK -5.838 0.431 -0.282
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Table of Component Weight
Compound Component 1 Compound Component 2 Compound Component 3
5-3 0.2455 1-5 0.1485 3-1 0.2467
1-1 0.2398 4-5 0.1478 4-5 0.2387
2-3 0.2241 2-8 0.1455 5-2 0.1946
2-2 0.2226 2-1 0.1401 2-14 0.1879
1-2 0.2190 2-7 0.0972 5-1 0.1850
2-6 0.2170 2-12 0.0885 5-4 0.1787
5-1 0.2107 2-4 0.0882 2-6 0.1711
5-4 0.2100 5-4 0.0768 5-3 0.1593
5-2 0.2017 7-1 0.0698 2-4 0.1500
2-9 0.1940 2-14 0.0665 2-9 0.1469
1-3 0.1885 5-3 0.0380 34 0.1452
4-7 0.1681 1-1 0.0307 3-8 0.1207
2-8 0.1652 5-2 0.0274 2-3 0.1167
2-7 0.1643 3-1 0.0268 1-9 0.1102
4-3 0.1621 2-9 0.0245 2-2 0.1101
4-12 0.1570 5-1 0.0233 3-7 0.1097
2-4 0.1527 2-3 0.0022 4-6 0.1075
1-10 0.1386 4-16 0.0019 2-10 0.0983
4-15 0.1302 1-9 -0.0074 3-2 0.0904
1-4 0.1296 4-7 -0.0077 3-9 0.0853
4-9 0.1288 2-13 -0.0121 3-5 0.0848
4-10 0.1282 1-8 -0.0124 3-6 0.0834
4-13 0.1158 4-4 -0.0127 1-6 0.0720
4-14 0.1116 1-7 -0.0152 2-7 0.0705
1-12 0.1101 2-10 -0.0278 3-3 0.0680
1-5 0.1091 1-10 -0.0320 1-4 0.0596
4-1 0.1074 1-11 -0.0456 6-1 0.0475
2-12 0.1068 4-2 -0.0544 4-11 0.0474
4-4 0.1063 1-6 -0.0551 1-11 0.0403
1-9 0.0899 2-2 -0.0642 2-5 0.0329
1-11 0.0891 2-6 -0.0665 4-10 0.0317
6-1 0.0830 4-3 -0.0881 1-2 0.0289
2-10 0.0815 1-2 -0.0950 4-2 0.0211
4-5 0.0809 4-1 -0.0981 2-13 0.0159
4-8 0.0608 4-8 -0.0981 1-1 0.0028
2-13 0.0508 4-11 -0.1117 2-1 -0.0137
4-16 0.0385 4-9 -0.1238 1-7 -0.0145
2-11 0.0379 1-3 -0.1332 1-8 -0.0185
4-2 0.0264 4-15 -0.1340 2-8 -0.0250
2-14 0.0254 1-12 -0.1348 1-12 -0.0274
1-7 0.0229 2-11 -0.1377 4-15 -0.0367
4-11 0.0194 2-5 -0.1417 1-5 -0.0615
3-2 0.0139 4-12 -0.1545 4-3 -0.0725
1-8 0.0082 3-9 -0.1580 2-12 -0.0827
2-1 0.0037 4-14 -0.1626 4-8 -0.0987
3-4 -0.0167 1-4 -0.1664 2-11 -0.1155
3-7 -0.0334 6-1 -0.1681 1-3 -0.1230
7-1 -0.0419 3-8 -0.1779 4-13 -0.1275
2-5 -0.0581 4-6 -0.2090 1-10 -0.1362
3-3 -0.0775 3-6 -0.2200 4-1 -0.1483
3-1 -0.0967 4-10 -0.2200 4-9 -0.1524
1-6 -0.0975 4-13 -0.2208 7-1 -0.1774
3-5 -0.1025 3-2 -0.2288 4-12 -0.1835
3-6 -0.1121 3-7 -0.2491 4-7 -0.2307
3-9 -0.1327 3-4 -0.2645 4-14 -0.2576
4-6 -0.1347 3-3 -0.2703 4-16 -0.2740
3-8 -0.1416 3-5 -0.2908 4-4 -0.2868
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Supplemntary table 4 b. Vector tables of Principal Component and Component Weight of ILs of PAIP and UPV
environment. Table of Principal Component order goes from the greatest to the least vector of Component 1. Table of
Component Weight order goes from the greatest to the least vector of each component.

Table of Principal Component
Environment 1L Component 1 Component 2 Component 3
UpPVv MAK_9-2 9.863 -6.131 -0.632
UpPVv MAK 2-1 8.319 -2.831 -0.148
UPVv MAK 7-1 7.596 7.601 -1.415
UPVv MAK 4-3 5.496 5.592 1.836
UPVv MAK 4-1 4.250 5.076 1.137
UPV MAK 2-2 3.607 1.608 2.249
PAIP MAK 2-1 3.453 -3.104 -0.672
PAIP MAK 5-1 2.747 -1.412 1.905
UPV MAK 12-2 2.341 0.460 1.856
UpPVv MAK_10-1 2.200 -2.125 -1.422
PAIP MAK 9-1 2.161 -0.269 4.889
UprVv MAK_10-3 1.988 -2.331 -5.813
UpPVv MAK_8-2 1.893 1.970 0.427
PAIP MAK 9-2 1.433 -8.226 -3.094
UpPVv MAK_5-1 1.330 3.684 3.211
PAIP MAK 4-3 0.769 5.342 -5.963
UpPVv MAK_5-2 0.510 -3.523 -1.924
UPV MAK_3-1 0.390 3.421 -2.758
UPV MAK 12-1 0.293 2.254 -2.014
PAIP MAK 7-1 0.281 -2.714 -0.833
PAIP MAK 10-3 0.276 -1.494 6.321
UPV MAK_6-2 0.171 0.109 0.603
UPV MAK_ 8-1 0.111 -0.389 -2.515
UPV MAK 10-2 0.075 -2.097 -1.061
PAIP MAK 2-3 0.042 -0.141 4.340
PAIP MAK 5-2 -0.990 -1.551 1.538
PAIP MAK 2-2 -1.053 -3.053 0.833
UPV MAK 11-1 -1.149 3.571 0.578
PAIP MAK 12-1 -1.235 -1.421 0.614
PAIP MAK 11-1 -1.242 -1.354 -2.919
PAIP MAK 10-2 -1.267 -1.901 -2.187
PAIP MAK 8-1 -1.333 -2.171 1.674
PAIP MAK 8-2 -1.855 -0.245 1.446
UpPVv MAK_2-3 -1.863 0.349 -0.575
UPV MAK_9-1 -1.882 5.640 -3.552
PAIP MAK 1-1 -2.054 -2.552 -4.028
UPV MAK 1-1 -2.226 0.811 2.390
PAIP MAK 6-2 -2.253 -1.633 3.182
PAIP MAK 6-1 -2.436 -0.680 3.466
UPV MAK_6-1 -2.723 2.997 -1.135
PAIP MAK 3-1 -2.729 1.436 1.730
PAIP MAK 4-2 -2.801 -1.197 1.607
UPV MAK 4-2 -3.326 1.869 -0.804
PAIP MAK 7-2 -3.336 1.036 -2.741
PAIP MAK 4-1 -3.517 1.615 2.076
UPV MAK 11-2 -3.798 0.389 0.066
UPV MAK 7-2 -3.811 1.757 -2.167
PAIP MAK 10-1 -3.830 -1.795 0.197
PAIP MAK 12-2 -4.048 -1.293 -0.300
PAIP MAK 11-2 -4.836 -0.948 0.502
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Table of Component Weight

Compound Component 1 Compound Component 2 Compound Component 3
4-8 0.257 5-2 0.229 3-5 0.278
4-13 0.239 5-1 0.229 3-8 0.272
4-9 0.236 2-10 0.221 4-6 0.249
4-10 0.227 5-4 0.221 3-9 0.237
3-7 0.227 2-4 0.195 3-6 0.199
4-11 0.222 5-3 0.195 34 0.189
3-3 0.221 2-9 0.184 3-1 0.169
1-4 0.214 2-8 0.174 3-2 0.169
1-2 0.199 2-2 0.173 1-6 0.152
1-3 0.198 2-14 0.172 3-3 0.145
4-12 0.176 2-3 0.159 3-7 0.141
35 0.176 4-5 0.153 2-5 0.113
1-12 0.175 34 0.141 4-10 0.060
4-15 0.173 3-1 0.130 2-11 0.028
3-6 0.172 2-7 0.129 4-11 0.024
34 0.164 3-3 0.119 6-1 0.022
2-6 0.163 2-6 0.116 4-8 0.015
4-14 0.156 3-6 0.110 1-4 -0.005
1-1 0.149 4-10 0.098 4-13 -0.008
1-11 0.144 3-7 0.085 4-2 -0.010
6-1 0.143 4-11 0.073 1-9 -0.019
3-2 0.133 4-6 0.073 1-11 -0.025
4-6 0.128 3-8 0.066 1-7 -0.027
2-11 0.120 2-12 0.065 4-3 -0.034
2-9 0.117 1-1 0.064 2-13 -0.040
1-9 0.113 4-8 0.058 4-9 -0.045
4-16 0.108 2-1 0.053 1-12 -0.053
2-2 0.101 6-1 0.050 2-14 -0.061
2-3 0.100 1-9 0.047 4-14 -0.062
4-4 0.095 1-10 0.039 4-5 -0.066
1-10 0.091 4-2 0.035 2-2 -0.070
2-10 0.086 1-5 0.022 2-9 -0.074
2-8 0.081 3-2 0.018 4-15 -0.075
4-7 0.075 1-6 0.009 2-1 -0.079
1-7 0.072 3-5 0.008 2-6 -0.080
2-7 0.057 2-5 0.000 2-10 -0.082
3-8 0.049 3-9 -0.008 1-3 -0.083
2-4 0.045 1-12 -0.011 7-1 -0.098
2-12 0.043 1-7 -0.026 4-1 -0.100
4-2 0.041 1-2 -0.026 4-16 -0.109
1-8 0.032 4-9 -0.028 4-12 -0.120
4-1 0.031 1-11 -0.028 2-8 -0.120
4-3 0.016 1-8 -0.038 2-7 -0.126
2-14 0.014 2-13 -0.050 1-10 -0.129
1-6 0.009 1-4 -0.062 1-8 -0.130
3-9 0.001 2-11 -0.062 4-4 -0.140
5-3 -0.001 4-13 -0.124 1-2 -0.145
2-13 -0.001 7-1 -0.150 2-12 -0.146
5-1 -0.013 1-3 -0.158 5-1 -0.148
5-2 -0.017 4-1 -0.165 5-4 -0.157
2-5 -0.025 4-15 -0.175 4-7 -0.164
1-5 -0.036 4-3 -0.181 5-2 -0.165
2-1 -0.045 4-12 -0.196 2-3 -0.173
5-4 -0.055 4-16 -0.198 2-4 -0.177
7-1 -0.088 4-7 -0.219 5-3 -0.189
4-5 -0.108 4-4 -0.222 1-5 -0.192
3-1 -0.114 4-14 -0.242 1-1 -0.214
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Supplementary table 5. Correlations, and their corresponding P-values, between the contents of each volatile in
the Paiporta and Valencia environments. Positive values indicate higher values in Valencia , UPV.

Code Name Family corr_PAIP-UPV P-Value
1-1 1-pentanol Alcohol 0.15 0.454
1-2 (2)-3-hexen-1-ol Alcohol 0.35 0.0773
1-3 1-hexanol Alcohol 0.71 0.0001
1-4 1-octanol Alcohol 0.50 0.0107
1-5 (E,Z)-2,6-nonadien-1-ol Alcohol 0.32 0.1143
1-6 (2)-3-nonen-1-ol Alcohol 0.34 0.0908
1-7 (2)-6-nonen-1-ol Alcohol 0.20 0.3254
1-8 1-nonanol Alcohol -0.3 0.12
1-9 1-decanol Alcohol 0.65 0.0003

1-10 Phenol Alcohol 0.22 0.2734
1-11 Benzyl Alcohol Alcohol -0.26 0.19
1-12 2-phenylethanol Alcohol 0.39 0.06
2-1 (E)2methyl2butenal Aldehyde -0.10 0.61
2-2 Hexanal Aldehyde 0.68 0.0002
2-3 (E,E)-2,4-heptadienal Aldehyde 0.31 0.11
2-4 Heptanal Aldehyde 0.078 0.71
2-5 (E)-2-octenal Aldehyde -0.04 0.8432
2-6 Octanal Aldehyde 0.26 0.2
2-7 (E)-2-nonenal Aldehyde -0.08 0.69
2-8 (E,Z2)-2,6-nonadienal Aldehyde 0.35 0.0852
2-9 (2)-6-nonenal Aldehyde 0.31 0.11
2-10 Nonanal Aldehyde 0.13 0.52
2-11 (E,E)-2,4-decadienal Aldehyde 0.76 0.0001
2-12 Decanal Aldehyde 0.09 0.65
2-13 Benzaldehyde Aldehyde 0.2 0.3
2-14 Phenylacetaldehyde Aldehyde 0.36 0.07
3-1 2-methyl propyl acetate Acetate esters 0.06 0.77
3-2 Butyl acetate Acetate esters 0.16 0.42
3-3 Amyl acetate Acetate esters -0.11 0.58
3-4 (2)-3-hexen-1-ol, acetate Acetate esters -0.01 0.92
3-5 Hexyl acetate Acetate esters -0.20 0.31
3-6 Heptyl acetate Acetate esters -0.01 0.96
3-7 Octyl acetate Acetate esters 0.21 0.29
3-8 Benzyl acetate Acetate esters -0.33 0.1
3-9 Phenethyl acetate Acetate esters -0.15 0.46
4-1 Ethyl-3-(methylthio) propanoate Alky! esters 0.28 0.17
4-2 Methyl butyrate Alkyl esters -0.08 0.68
4-3 Ethyl butanoate Alkyl esters 0.43 0.02
4-4 Ethyl-(E)-2-butanoate Alkyl esters 0.73 0.001
4-5 Methyl-2-methylbutyrate Alkyl esters 0.22 0.27
4-6 Propyl butyrate Alkyl esters -0.43 0.02
4-7 Ethyl-2-methyl butyrate Alkyl esters 0.24 0.24
4-8 Butyl butyrate Alkyl esters 0.31 0.12
4-9 Butyl isobutyrate Alkyl esters 0.51 0.009
4-10 Isobutyl butyrate Alkyl esters 0.52 0.0074
4-11 Isoamy| butyrate Alkyl esters -0.12 0.56
4-12 Ethyl pentanoate Alkyl esters 0.61 0.011
4-13 Methyl hexanoate Alkyl esters 0.66 0.0003
4-14 Ethyl hexanoate Alkyl esters 0.74 0.0003
4-15 Ethyl heptanoate Alkyl esters 0.55 0.004
4-16 (E,E)-2,4-hexadienoic acid, ethyl ester Alkyl esters 0.46 0.01
5-1 6-methyl-5-Hepten-2-one Apocarotenoids 0.36 0.07
5-2 Geranylacetone Apocarotenoids 0.43 0.02
5-3 f-ionone Apocarotenoids 0.04 0.83
5-4 B-ciclocytral Aldehyde 0.36 0.07
6-1 Eucalyptol Cyclic ether 0.49 0.0129
7-1 Eugenol Phenylpropanoid 0.36 0.07
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Supplementary table 6. Genes related with aroma volatile biosynthesis in melon fruits that are affected by the Makuwa, MAK, introgressions in certain lines. Gene codes as described

in www.melonomics.net. The physical position (v3.6.1) and description of each gene and the introgression lines with MAK alleles are indicated. Italicized ILs represent that the location

of the gene is between the last SNP of the introgression and the next SNP. Bold ILs represent that the location of the gene is between a heterozygous and a homozygous allele.

Homozygous

Heterozygous

aminotransferase-like

Gene name Gene number Chr Loc start Loc end . - - . Description Reference
|ntr0greSS|on |ntr0greSS|0n
MAK2-2 Cinnamyl alcohol
MELO3C018492 chro1 614.743 617.080 MAK31 MAK2-1 dehydrogenase
MELO3C024190 chro1 4373411 | 4.377.643 Acetyl-CoA
acetyltransferase
MELO3C024187 chro1 4401370 | 4.406.558 Long chain acyl-CoA
synthetase
MELO3C023687 chro1 6.869.117 | 6.872.557 MAK1-1 alcohol del?zgroge”ase'
CmADH1 MELO3C023685 chro1 6.928.411 | 6.930.701 MAK1-1 alcohol del'?i’groge”ase' Manriquez et al., 2006
MELO3C024090 chro1 9.256.193 | 9.273.401 MAK1-1 D-3-phosphoglycerate
dehydrogenase
CmFPPS1 MELO3C024967 chro1 10.314.385 | 10.318.697 MAK1-1 Far”esys'%ﬁ;‘;zosr’hate Saladie et al., 2015
MELO3C024886 chr0l 11.806.353 | 11.810.755 MAK1-1 4-coumarate:CoA ligase
CMGPPS1 MELO3C013157 chro1 13549351 | 13.550.285 MAK1-1 MAKG-1 Geranylgeranyl Saladie et al., 2015
pyrophosphate synthase
MELO3C013241 chro1 15.484.222 | 15.485.364 MAK1-1 MAKG-1 Carotenoid cleavage
dioxygenase
CMGGPPS4 MELO3C013320 chro1 16.281.231 | 16.283.743 MAK1-1 Geranylgeranyl Saladie et al., 2015
MAKS6-1 pyrophosphate synthase
linoleate 9S-
CMLOX17 MELO3C015715 chro1 28.794.572 | 28.800.445 MAK1-1 . . Zhang et al., 2014
lipoxygenase-like
MELO3C015917 chro1 31.760.247 | 31.763.829 beta-carotene isomerase
D27, chloroplastic
LOW QUALITY
MELO3C015944 chro1 31.949.806 | 31.956.507 PROTEIN: methionine
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Carotenoid cleavage

CcmCcD1 MELO3C023555 chro1 33.650.150 | 33.657.132 : Ibdah et al., 2006
dioxygenase
MELO3C023494 chro1 34.056.569 | 34.058.273 MAK6-1 4'°C}‘ijgma2£ate:C°A
MELO3C028965 chro1 34.063.545 | 34.065.678 MAK6-1 4'°C}‘ijgma2£ate:C°A
MELO3C023493 chro1 34.071.519 | 34.073.322 MAK6-1 4'°C}‘ijgma2£ate:C°A
MELO3C029261 chro1 35541.998 | 35.546.219 MAK6-1 Malonate--CoA ligase-
like protein
MELO3C024307 chro1 35.880.601 | 35.887.362 MAK6-1 Alanine ag"”Otra”Sferase
CmLOX18 MELO3C024348 chro1 36.244.644 | 36.249.009 MAK6-1 Lipoxygenase Zhang et al., 2014
MELO3C015503 chr02 2371493 | 2.373.784 MAK2-1 phenylalanine ammonia-
lyase-like
Acyl-CoA N-
MELO3C015518 chr02 2.498.181 2.500.482 MAK2-1 acyltransferase (NAT)
superfamily protein
MAK2-1 zinc-binding alcohol
MELO3C029531 chr02 7.805.038 7.806.554 dehydrogenase domain-
MAK2-2 0t .
containing protein 2
MAK2-1
MELO3C024674 chr02 21.011.864 21.027.035 MAK2-2 Zeta-carotene desaturase
MAK2-3
MAK2-1 4-coumarate--CoA ligase
MELO3C017473 chr02 22730536 | 22.733.808 MAK?2-2 s g
MAK2-3
MAK2-1 Acetyl-coenzyme A
MELO3C017271 chr02 24.751.922 | 24.759.891 MAK2-2 “s’ mhetag’e
MAK2-3 Y
MAK2-1 phenylalanine--tRNA
MELO3C017266 chr02 24.786.297 | 24.793.129 MAK2-2 ligase beta subunit,
MAK2-3 cytoplasmic
CMGGH MELO3C017176 chr02 25.441.230 | 25.443.347 MAK2-3 Geranylgeranyl reductase Saladie et al., 2015
family protein
CMFPPS2 MELO3C024982 chr03 18.786.669 | 18.790.673 MAK3-1 Famesy diphosphate Saladie et al., 2015

synthase
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Analysis of aroma volatile compounds

Phenylalanine ammonia-

MELO3C019809 chr03 23.510.028 | 23.513.493 MAK3-1 lyase
MELO3C026552 chro3 24.842.190 | 24.850.465 MAK3-1 Alcohol dehydrogenase,
putative
MELO3C026553 chr03 24.852.658 | 24.856.344 MAK3-1 alcohol dﬁ';{;d;oge”ase'
MELO3C026554 chr03 24.865.113 | 24.868.989 MAK3-1 alcohol dﬁ';{;d;oge”ase'
MELO3C011142 chro3 28.383.115 | 28.386.694 MAK3-1 Carotenoid cleavage
dioxygenase 8
CmHD-Zip MELO3C011116 chro3 28570.508 | 28.571.805 MAK3-1 ”‘""”S’C”pi'&”cfgg)mr HBP- Saladie et al., 2015
MELO3C011043 chr03 20.163.363 | 29.166.171 MAK3-1 Alcohol dehydrogenase,
putative
MELO3C010948 chr03 29.870.695 | 29.872.987 MAK3-1 4'C°“mara}ﬁ;é°°a ligase-
CmMBCAT1 MELO3C010776 chr03 30.937.275 | 30.942.119 Branched-chain-amino- Gonda et al., 2010
acid aminotransferase
MELO3C010686 chr03 31.468.671 | 31.472.617 Alanine a’;'”°tra”3ferase
Allyl alcohol
MELO3C003373 chr04 665.354 665.653 MAK4-1 dehydrogenase-like
protein
Branched-chain-amino-
MELO3C003454 chr04 1.361.276 1.364.284 MAK4-1 acid aminotransferase-
like protein
carotenoid 9,10(9',10")-
MELO3C003462 chr04 1.417.853 1.422.210 MAK4-1 cleavage dioxygenase 1-
like isoform X1
MELO3C003735 chro4 3683708 | 3.686.743 MAK4-1 MAK3-1 Alcohol dehydrogenase,
MAK4-2 putative
CMBAMT MELO3C003803 chro4 4801.220 | 4.803.110 MAK4-1 MAK3-1 Jasmonate O- Gonda et al., 2018
MAK4-2 methyltransferase
MELO3C012928 chro4 14.654.580 | 14.659.699 MAK4-2 MAK3-1 long chain acyl-CoA
synthetase 1
MELO3C022699 chroa 20.059.583 | 20.065.475 MAK4-2 Alanine aminotransferase

2
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4-coumarate--CoA

MELO3C022770 chro4 21.328.807 21.342.051 MAK4-2 . .
ligase-like 6
MELO3C030975 chro4 28.830.018 | 28.838.794 MAK4-3 Branched-chain-amino-
acid aminotransferase
CmCRTISO1 MELO3C009571 chr04 31.107.278 | 31.114.107 MAK4-3 Carotenoid isomerase Saladie et al., 2015
MELO3C009362 chro4 32.616.194 | 32.620.235 MAK4-3 4-coumarate--CoA
ligase-like 7
MAK11-1 Acetyl-coenzyme A
MELO3C014683 chr05 428.697 434.374 MAK11-2 synthetase
MAK11-1 Acetyl-coenzyme A
MELO3C000769 chr05 435.263 436.422 MAK11-2 synthetase
MAK11-1 Acetyl-coenzyme A
MELO3C031046 chr05 438.273 446.214 MAK11-2 synthetase
MAK11-1 Acetyl-coenzyme A
MELO3C014682 chr05 449.418 455.854 MAK11-2 synthetase
MAK11-1 .
CmPSY2 MELO3C014677 chr05 486.697 489.505 MAK11-2 Phytoene synthase Saladie et al., 2015
MAK11-1 lipoxygenase 7,
MELO3C031065 chr05 729.507 730.647 MAK11-2 chloroplastic-like
MAK11-1 .
CmLOX16 MELO3C014638 chr05 731.352 734.467 MAK11-2 Lipoxygenase Zhang et al., 2014
MAK11-1 linoleate 13S-
MELO3C014637 chr05 740.246 744.956 lipoxygenase 2-1,
MAK11-2 S
chloroplastic-like
MAK11-1 .
MELO3C014635 chr05 750.598 753.975 MAK11-2 Lipoxygenase
MAK11-1 linoleate 13S-
MELO3C014634 chr05 766.011 770.766 lipoxygenase 2-1,
MAK11-2 -
chloroplastic-like
MAK11-1 lipoxygenase 2,
MELO3C031069 chr05 779.617 780.285 MAK11-2 chioroplastic-like
MAK11-1 .
CmLOX15 MELO3C014632 chr05 781.860 784.436 MAK11-2 Lipoxygenase Zhang et al., 2014
MAK11-1 lipoxygenase 2,
MELO3C031048 chr05 792.468 796.360 MAK11-2 chloroplastic-like
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MAK11-1 lipoxygenase 2,
CmLOX14 MELO3C014631 chr05 800.572 804.911 MAK11-2 chloroplastic-like Zhang et al., 2014
MAK11-1 .
CmLOX13 MELO3C014630 chr05 820.469 823.680 MAK11-2 Lipoxygenase Zhang et al., 2014
MAK11-1 .
CmLOX12 MELO3C014629 chr05 831.010 835.054 MAK11-2 Lipoxygenase Zhang et al., 2014
MAK11-1 .
CmLOX11 MELO3C014628 chr05 838.808 844.130 MAK11-2 Lipoxygenase Zhang et al., 2014
MAK11-1 .
CmLOX10 MELO3C014627 chr05 855.377 862.085 MAK11-2 Lipoxygenase Zhang et al., 2014
CmLOX09 MELO3C014482 chr05 2.075.856 2.081.354 MAKS5-1 Lipoxygenase Zhang et al., 2014
MELO3C014318 chr05 3.883.995 | 3.888.648 MAK5-1 beta-carotene isomerase
D27, chloroplastic-like
MAKS5-1
MELO3C014273 chr05 4412367 | 4.421.658 MAKE-1 Pentatricopeptide repeat-
MAKS8-2 containing protein family
MAK12-1
MELO3C023086 chr0s 7.293.775 | 7.295.481 MAKS5-1 9-cis epoxycarotenoid
dioxygenase
MELO3C020372 chr05 10.431.872 | 10.445.255 MAKS5-1 4":‘;:‘9”;2;“6 CoA
MELO3C004246 chr05 16.316.424 16.316.841 MAKS5-1 Lipoxygenase
CmVDE2 MELO3C008677 chr05 16.969.405 | 16.976.458 MAKS5-1 V'Oe":‘)fj(’l‘gg'sr; de- Saladie et al., 2015
cmiPIl MELO3C008717 chro5 17.805.809 | 17.812.580 MAK5-1 'S°pe”tiimgr'§she(’5phate Saladie et al., 2015
MAKS5-1 Cytochrome P450 family
MELO3C003932 chr05 20.731.596 20.733.576 MAK5-2 cinnamate 4-hydroxylase
MAKS5-1 Cytochrome P450 family
MELO3C031255 chr05 20.737.855 20.739.845 MAK5-2 cinnamate 4-hydroxylase
MAKS5-1 Cytochrome P450 family
MELO3C003933 chr05 20.750.089 20.751.934 MAK5-2 cinnamate 4-hydroxylase
MAKS5-1 Cytochrome P450 family
MELO3C003934 chr05 20.754.435 20.756.393 MAK5-2 cinnamate 4-hydroxylase
MELO3C004092 chr05 23.943533 | 23.948.804 MAKS-1 4-coumarate--CoA ligase

MAKS5-2

2-like
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MELO3C004242 chr05 25.504.129 | 25.518.948 MAKS-2 Lipoxygenase
MAK?9-2
MAKS-2 .
CmLOX02 MELO3C004244 chr05 25.541.214 25.549.324 MAK9-2 Lipoxygenase Zhang et al., 2014
MELO3C031317 chr05 25.549.738 | 25.550.242 MAKS-2 Lipoxygenase
MAK®9-2
MELO3C004245 chr05 25.587.419 | 25.587.925 MAKS-2 Lipoxygenase
MAK?9-2
MELO3C031318 chr05 25.614.150 | 25.618.428 MAKS-2 Lipoxygenase
MAK?9-2
MAKS5-2 .
CmLOX03 MELO3C004247 chr05 25.623.246 | 25.627.497 MAK9-2 Lipoxygenase Zhang et al., 2014
MAKS5-2 .
CmLOX04 MELO3C004249 chr05 25.655.467 | 25.660.570 MAK9-2 Lipoxygenase Zhang et al., 2014
MAKS5-2 .
CmLOX05 MELO3C004250 chr05 25.669.452 | 25.675.315 MAK9-2 Lipoxygenase Zhang et al., 2014
MAKS5-2 .
CmLOX06 MELO3C004252 chr05 25.689.379 | 25.695.826 MAK9-2 Lipoxygenase Zhang et al., 2014
MAKS5-2 .
CmLOX07 MELO3C004253 chr05 25.700.194 | 25.715.369 MAK9-2 Lipoxygenase Zhang et al., 2014
MAK5-2 Branched-chain-amino-
MELO3C004297 chr05 26.193.895 | 26.210.413 acid aminotransferase-
MAK?9-2 . ;
like protein
CmLCYE MELO3C004633 chr05 29.093.674 | 29.098.629 MAKS5-2 Lycopene epsilon cyclase Saladie et al., 2015
MELO3C006545 chr06 4040429 | 4.055.853 MAK6-1 Long-chain acyl-CoA
synthetase
MELO3C006703 chr06 5.190.527 5.193.590 MAKS-1 CoA ligase
MAKE-2 Beta-carotene
CmCHYB1 MELO3C006938 chr06 7.527.408 7.530.438 MAK?7-1 Saladie et al., 2015
hydroxylase
MAKG9-1
MAK®6-2 zinc-binding alcohol
MELO3C019503 chr06 11.874.522 | 11.892.149 MAK?7-1 dehydrogenase domain-
MAK9-1 containing protein 2
MAKE-2 Cinnamyl alcohol
MELO3C019548 chr06 12.928.441 | 12.930.407 MAK7-1 y

MAK9-1

dehydrogenase
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MELO3C032095 chr06 19.847.100 | 19.850.019 MAKS6-2 Lipoxygenase
MELO3C032097 chro6 19.921.772 | 19.926.442 MAK6-2 Carotenoid cleavage
dioxygenas
Short-chain
CmADH2 MELO3C014897 chr06 21.578.440 | 21.582.640 MAKG6-2 MAK11-1 dehydrogenase/reductase Manriquez et al., 2006
family protein
MELO3C014749 chr06 25.052.960 | 25.066.701 MAKS-2 Acetyl-coenzyme A
synthetase
CmTPSDul MELO3C016595 chr06 26.614.236 | 26.620.952 MAKS6-2 alpha-farnesene synthase Portnoy et al., 2008
MELO3C016594 chr06 26.644.561 | 26.646.419 MAK6-2 Sesq“”er%rs‘i synthase
MELO3C016593 chr06 26.645.674 | 26.648.904 MAK6-2 Sesq“”er%rs‘i synthase
CmTPSNY MELO3C016588 chro6 26.819.796 | 26.823.382 MAK6-2 (")'gas”;m':;d'”e”e Portnoy et al., 2008
MELO3C016587 chr06 26.887.896 | 26.890.107 MAK6-2 Sesq“”erﬁzrs‘i synthase
MELO3C016586 chr06 26.890.508 | 26.891.068 MAK6-2 Sesq“””?;gi synthase
MELO3C016565 chr06 27.311.694 | 27.319.572 MAK6-2 malonate--CoA ligase
isoform X1
CmMCRTISO2 MELO3C016495 chro6 28.732.238 | 28.737.545 MAKG-2 prolycopene isomerase, Saladie et al., 2015
chloroplastic isoform X1
MELO3C025423 chr06 32.117.946 | 32.118.552 MAKG6-2 Unknown protein
MELO3C013735 chr06 33.064.976 | 33.070.008 MAK6-2 CoA ligase
MAKS3-2 beta-carotene isomerase
MELO3C013771 chr06 33.311.879 | 33.315.459 MAKG D27, ehloroplastic
CMMGL MELO3C013774 chr06 33.344.396 | 33.347.215 MAKS-2 Cystathionine gamma- Gonda et al., 2013
MAK®6-2 synthase
MELO3C013873 chr06 34.230.080 | 34.247.994 MAK3-2 Phenylalanine--tRNA
MAK®6-2 ligase
MAK7-1 .
MELO3C017018 chr07 402.879 405.007 MAKO-1 CoA ligase
MELO3C017017 chr07 406.521 408.977 MAK/7-1 CoA ligase

MAKO9-1
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MAK?7-1 4-coumarate--CoA ligase
MELO3C017009 chr07 449.944 452.991 MAKO.L amily protein
Branched-chain-amino-
MELO3C025614 chr07 5.068.667 5.071.324 MAK?7-2 acid aminotransferase-
like protein
CmAFAT1 MELO3C025613 chr07 5071692 | 5.075.274 MAK7-2 _Tyrosine Gonda et al., 2010
aminotransferase
MELO3C010479 chro7 9.006.917 | 9.013.141 MAK7-2 Long-Chain Acyl-CoA
Synthetase
MELO3C032487 chr07 14815311 | 14.819.214 MAK7-2 Alanine a’;'”Otra”Sferase
CmPSY3 MELO3C016185 chr07 21.849.416 | 21.852.838 MAK?7-2 Phytoene synthase Saladie et al., 2015
MELO3C016224 chr07 22.480.061 | 22.482.158 MAK7-2 z‘.C'S‘EpOXVC""r°te”.‘"d
loXygenase, putatlve
MELO3C016290 chr07 23215253 | 23.221.671 MAK7-2 Long-Chain Acyl-CoA
Synthetase
LOW QUALITY
CmAAT4 MELO3C017688 chr07 26.408.004 | 26.409.442 MAK7-2 PROTEIN: salutaridinol El-Sharkawy et al., 2005
7-O-acetyltransferase- Lucchetta et al., 2007
like
MELO3C017690 chro7 26.423.350 | 26.424.780 MAK7-2 salutaridinol 7-O-
acetyltransferase-like
MELO3C032843 chro7 26.426.934 | 26.428.268 MAK7-2 salutaridinol 7-O-
acetyltransferase-like
MELO3C017709 chro7 26.522.044 | 26.525.060 MAK7-2 15-cis-zeta-carotene
ISOmerase
CmPDS MELO3C017772 chr07 27.001.123 27.011.565 MAK?7-2 Phytoene desaturase Saladie et al., 2015
MELO3C017809 chr07 27312256 | 27.314.607 MAK7-2 phenylalanine ammonia-
lyase-like
MELO3C017810 chr07 27.317.836 | 27.320.203 MAK7-2 phenylalanine ammonia-
lyase-like
MELO3C017811 chr07 27.322.473 | 27.324.829 MAK7-2 phenylalanine ammonia-
lyase-like
CmEREBPF/RAP2-3 | MELO3C017940 chro7 28.210.612 | 28.212.099 Ethylene-responsive Saladie et al., 2015
transcrlptlon factor
MELO3C017957 chr07 28.307.918 | 28.309.736 Terpene synthase like-22
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CmLCY-B2 MELO3C017963 chr07 28.335.918 | 28.337.642 Lycopene beta-cyclase Saladie et al., 2015
MELO3C007024 chr08 284.599 290.433 MAKS-1 Phe”y'al'?;;:g"tRNA
2-succinylbenzoate--CoA
MELO3C007073 chros 569.642 579.079 MAKS-1 ligase,
chloroplastic/peroxisomal
isoform X2
CMGGPPS2 MELO3C007109 chr08 873.144 881.479 MAKS-1 Gera”é’)'/r?t'ﬁ:;s”hate Saladie et al., 2015
MELO3C007127 chros 991.369 993.401 MAKS-1 9-cis-epoxycarotenoid
dioxygenase
MAKE-1 Geranylgeranyl
CMGGPPS3 MELO3C007490 chr08 3120336 | 3.121.469 MAKS8-2 ylgerany Saladie et al., 2015
MAK12-1 pyrophosphate synthase
MAKG-1 Branched-chain-amino-
MELO3C007664 chro8 4.499.044 | 4.506.790 MAKS-2 nched
acid aminotransferase
MAK12-1
MAK6-1
MELO3C007702 chr08 4.776.903 | 4.779.741 MAKS-2 Alcohol duetgi’if'/?ge”ase'
MAK12-1 P
MAKG-1 Lipoxygenase y domain-
MELO3C007767 chr08 5225328 | 5.226.756 MAKS-2 Eon¥a§inin ¥0tein 1
MAK12-1 gp
MAKG-1 Lipoxygenase y domain-
MELO3C032900 chr08 5227635 | 5.228.688 MAKS-2 Eon¥£nin fotein 1
MAK12-1 gp
MAK6-1
MELO3C007966 chro8 6.505.011 | 6.508.525 MAKS-2 endochitinase-like
MAK12-1
MAK6-1
MELO3C007967 chro8 6.507.455 | 6.510.196 MAKS-2 CoA ligase
MAK12-1
MAKG-1 Chaperone dnaJ-like
CmMORG MELO3C024554 chro8 9.365.082 | 9.370.250 MAKS-2 P Tzuri et al., 2015

MAK12-1

protein
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MAK®6-1
CmCHYE/Lutl MELO3C024495 chr08 9.935.294 9.942.280 MAKS8-2 Cytochrome P450 Saladie et al., 2015
MAK12-1
MAKG6-1
MELO3C020744 chr08 10.546.911 | 10.549.315 MAKS8-2 Lycopene beta cyclase
MAK12-1
MAK6-1 Alcohol dehydrogenase-
MELO3C008788 chr08 26.671.705 26.672.751 MAKS-2 like 6
MAK12-1
MAKG6-1
MELO3C033120 chr08 26.821.531 | 26.822.562 MAKS-2 Alcohol ﬂ?ﬁé’%roge”ase'
MAK12-1
MAK6-1 henylalanine ammonia-
MELO3C014222 chr08 31.293.521 31.295.902 MAKS-2 pheny lyase-like
MAK12-1
MAK6-1 henylalanine ammonia-
MELO3C014223 chro8 31.297.700 | 31.300.366 MAKS-2 pheny oy
MAK12-1 yase-like
MAK6-1 henylalanine ammonia-
MELO3C014224 chr08 31.301.722 31.304.120 MAKS-2 pheny I lik
MAK12-1 yase-like
MAKG-1 henylalanine ammonia-
MELO3C014225 chr08 31.307.177 31.308.064 MAKS-2 pheny .
MAK12-1 lyase-like
MAKG-1 henylalanine ammonia-
MELO3C014226 chr08 31.308.392 31.309.318 MAKS-2 pheny I lik
MAK12-1 yase-like
MAKG-1 henylalanine ammonia-
MELO3C014227 chr08 31.311.335 31.313.683 MAKS-2 pheny lvase
MAK12-1 y
MAKE-1 henylalanine ammonia-
MELO3C014228 chr08 31.321.276 31.323.768 MAKS-2 pheny I lik
MAK12-1 yase-like
MAKE-1 henylalanine ammonia-
MELO3C014229 chr08 31.328.250 31.331.523 MAKS-2 pheny

MAK12-1

lyase
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MAKS-1 Pentatricopeptide repeat-
CmPPR1 MELO3C003069 chr08 31.800.854 | 31.807.421 MAKS-2 tricopeptide repea Galpaz et al., 2018
containing family protein
MAK12-1
MAKG-1 .
CmPPR1 MELO3C003097 chro8 32,003.211 | 32.007.029 MAKS-2 Protein SLOW GREEN Zhao et al., 2019
1, chlroplastic
MAK12-1
MAK2-3
MELO3C003251 chr08 33.744.925 | 33.773.581 MAKS8-2 alcohol dehydrogenase
MAK12-1
ethylene-responsive
CmEREBPF MELO3C022181 chr09 441.114 442.329 MAK9-2 transcription factor Saladie et al., 2015
ERF021
MELO3C025111 chro9 14376525 | 14.378.778 MAK9-2 CoA ligase
CmMCNL MELO3C025110 chro9 14.413.845 | 14.417.579 MAK9-2 CoA ligase Gonda et al., 2018
MELO3C025105 chro9 14510.286 | 14.512.501 MAK9-2 CoA ligase
CmPSY1 MELO3C025102 chr09 14.553.133 | 14.556.862 MAK9-2 Phytoene synthase Saladie et al., 2015
MELO3C005081 chr09 16.824.652 | 16.829.927 MAKO-2 Acetyl-coenzyme A
synthetase
MAK?2-1 Protein ORANGE- .
CmOR MELO3C005449 chr09 21.683.406 | 21.690.712 MAKS.2 ORANGE, chioroplastic Tzuri et al., 2015
MELO3C005498 chr09 21.986.353 | 21.988.764 MAK9-2 MAK2-1 4-coumarate:CoA ligase-
like protein
CMSGR MELO3C005616 chr09 22.969.464 | 22.971.943 MAK9-2 MAK2-1 PrOte':hf;ﬁ‘J;gi'EEEN' Saladie et al., 2015
MELO3C005663 chr09 23.293.296 | 23.295.731 MAK9-2 MAK2-1 4-coumarate:CoA ligase-
like protein
MELO3C005703 chr09 23.616.054 | 23.617.566 MAK9-2 MAK2-1 Beta-carotene 3-
hydroxylase
CMCHYB2 MELO3C005704 chr09 23.618.670 | 23.621.969 MAK9-2 MAK2-1 Beta-carotene Saladie et al., 2015
hydroxylase
MELO3C005749 chro9 23.929.037 | 23.935.339 MAK9-2 MAK2-1 long chain acyl-CoA
synthetase 4-like
MELO3C005792 chr09 24.302.565 | 24.308.683 MAK2-1 alcohol dehydrogenase-

MAKO9-2

like 4
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Cinnamyl alcohol

MELO3C005809 chr09 24.444.681 | 24.451.030 MAK2-1 dehydrogenase-like
MAK9-2 ;
protein
MELO3C012391 chr10 778.194 783.403 MAK10-1 NAC domain-containing
protein 16
MELO3C012390 chr10 784.963 788.767 MAK10-1 _NAC domain-
containing protein 53-like
MELO3C012388 chr10 796.735 799.158 MAK10-1 4'°°“mar2te:C°A ligase
MAK7-2 Basic-leucine zipper
MELO3C012332 chr10 1.187.065 1.194.234 transcription factor
MAK10-1 . !
family protein
MAK7-2 NAC domain-containing
MELO3C012215 chr10 1.933.739 | 1.938.444 MAKLO-1 orotein
MELO3C012114 chr10 2566463 | 2.568.193 MAK7-2 NAC domain-containing
proteln, putatlve
MELO3C011959 chr10 3.609.412 | 3.613.545 MAK10-2 Alanine a’;“'”°tra”3ferase
MELO3C000284 chr10 3.973.645 | 3.976.730 MAK10-2 Alanine a’;'”°tra”3ferase
MAK10-2 ]
CmLOX08 MELO3C011885 chrl0 4.116.286 4.121.512 MAK10-3 Lipoxygenase Zhang et al., 2014
MAKZ10-2 4-coumarate--CoA
MELO3C011858 chr10 4329328 | 4.332.151 MAK10.3 ligaselike 1
MELO3C034560 chri1 696.270 698.590 MAK11-1 Alcohol dehydrogenase,
putative
MELO3C023272 chril 726.844 730.075 MAK11-1 Alcohol dehydrogenase,
putative
MELO3C023275 chril 744,663 749,556 MAK11-1 terpene synthase 10-like
isoform X1
MELO3C023276 chrll 757.540 761.124 MAK11-1 terpene synthase 10-like
MELO3C023278 chrll 765.655 769.142 MAK11-1 terpene synthase 10-like
MELO3C034557 chrll 791.753 797.843 MAK11-1 terpene synthase 10-like
MELO3C023282 chrll 816.918 822.631 MAK11-1 terpene synthase 10-like
MELO3C023283 chrll 831.813 845.051 MAK11-1 terpene synthase 10-like
MELO3C023284 chrll 850.384 855.616 MAK11-1 terpene synthase 10-like
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MELO3C023286 chrll 866.234 870.942 MAK11-1 terpene synthase 10-like
MELO3C023287 chrll 877.666 878.735 MAK11-1 terpene synthase 10-like
MELO3C023268 chril 900.919 906.642 MAK11-1 terpene synthase 10-like
isoform X1
CmVDEL MELO3C020965 chril 2457822 | 2.460.393 MAK11-1 Violaxanthin de- Saladie et al., 2015
epoxidase, chloroplastic
CmMGGPPS1 MELO3C020952 chril 2.582.998 | 2.584.798 MAK11-1 Geranylgerany| Saladie et al., 2015
pyrophosphate synthase
CmZEP MELO3C020872 chril 3391883 | 3.397.466 MAK11-1 Zeaxanthin epoxidase, Saladie et al., 2015
chloroplastic
MAK4-3
MAK®6-2 long chain acyl-CoA
MELO3C021941 chril 4.779.193 4.787.843 MAK11-1 MAK4-2 synthetase 2
MAK11-2
MAK4-3
MAK®6-2 4-coumarate--CoA ligase
MELO3C024724 chril 7.324.425 7.329.629 MAK11-1 MAK4-2 2
MAK11-2
MAK4-3
MAK®6-2 benzyl alcohol O- El-Sharkawy et al., 2005
CmAATS3 MELO3C024762 chril 7.933.534 7.935.291 MAK11-1 MAK4-2 benzoyltransferase-like Lucchetta et al., 2007
MAK11-2
'\l\//ll’:Eg-; benzyl alcohol O-
MELO3C024764 chrll 7.963.408 | 7965077 MAK11-1 MAK4-2 benzoyltransferase-
MAK11-2 like
MAK4-3 benzvl alcohol O- Yahyaoui et al., 2002
CmAAT2 MELO3C024766 chrll 8.060.892 8.063.565 MAK11-1 MAK4-2 benzg Itransferase El-Sharkawy et al., 2005
MAK11-2 y Lucchetta et al., 2007
MAK4-3 benzyl alcohol O-
MELO3C024769 chril 8.138.528 8.140.343 MAK11-1 MAK4-2 benzo I):ransferase-like
MAK11-2 y
MAK4-3 Yahyaoui et al., 2002
benzyl alcohol O-
CmAAT1 MELO3C024771 chril 8.184.873 8.187.698 MAK11-1 MAK4-2 benzovltransferase El-Sharkawy et al., 2005
MAK11-2 y Lucchetta et al., 2007
MAK11-1 Tyrosine
MELO3C013583 chrll 18.248.787 18.252.561 MAK11-2 aminotransferase
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MAK11-1 Tyrosine
MELO3C035046 chril 18.267.067 | 18.269.670 MAKLL2 aminotransfetase
MAK11-1 Cytochrome P450 family
MELO3C019585 chril 26.085.854 | 26.089.162 MAKLL2 Ginnamate 4-hyaroxylase
MAK11-1 MBOAT (Membrane
MELO3C019579 chrll 26.189.388 | 26.217.264 bound O-acyl transferase)
MAK11-2 ; .
family protein
MAK11-1 phenylalanine ammonia-
MELO3C025786 chril 28.388.462 | 28.392.551 MAKLL2 lyase.like
MAK11-1 carotenoid cleavage
MELO3C021358 chril 30.073.385 | 30.074.251 dioxygenase 7,
MAK11-2 Jen
chloroplastic isoform X1
MAK2-1 Long-chain acyl-CoA
MELO3C021161 chril 31.660.702 | 31.672.258 MAK2-2 Sg nthetasey
MAK11-2 Y
MAK2-2 .
MEL03C022291 chril 32.532.564 | 32.539.629 MAK7-1 o Carotenold cleavage
MAK11-2 Y9
MAK2-2 MAK2-1 Succinate--CoA ligase
MELO3C022382 chril 33.292.355 | 33.299.085 MAK7-1 MAKO.L [ADP-forming] subunit
MAK11-2 beta, mitochondrial
MAK2-2
MELO3C022399 chril 33.400.565 | 33.416.981 MAK7-1 MAK2-1 alcohol dehydrogenase-
MAK?9-1 like
MAK11-2
MELO3C020483 chr12 138.190 140.064 Cytochrome P450 family
cinnamate 4-hydroxylase
CmHSP MEL03C020588 chri2 1264778 | 1265721 MAK12-1 17.5 kDa class | heat Saladie et al., 2015
shock protein
Zinc-binding alcohol
MELO3C026850 chrl2 3.494.952 3.504.051 MAK12-1 dehydrogenase family
protein
MELO3C004955 chri2 5.767.458 | 5.771.746 MAK12-1 4-coumarate:CoA ligase-
like protein
MAK3-1
MELO3C026065 chr12 15.084.363 | 15.105.505 MAK4-1 Acetyl-CoA

MAK12-1

acetyltransferase
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MELO3C002744 chri2 21375227 | 21.377.259 MAK3-1 9-cis-epoxycarotenoid
MAK4-1 dioxygenase

MELO3C035535 chr12 24.696.813 | 24.700.045 MAK12-2 4"""‘:9222ate'c°'°‘
MELO3C002346 chr12 24.701.481 | 24.705.189 MAK12-2 4"""‘:9222ate'c°'°‘

Succinate--CoA ligase
MELO3C002167 chr12 25.867.931 | 25.872.728 MAK12-2 [ADP-forming] subunit

alpha, mitochondrial

MELO3C002189 chr12 25.708.847 | 25.712.824 MAK12-2 Alcohol dehydrogenase

family protein
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Capitulo 5: Discusién general

CAPITULO 5. DISCUSION GENERAL.

La amplia variabilidad genética y la compatibilidad intraespecifica de la especie Cucumis melo
L. permite el estudio de un amplio abanico de caracteres, tanto agrondmicos como de calidad
del fruto, para su diseccion genética y futura explotacion en programas de mejora. En esta tesis
doctoral, el objetivo principal es estudiar la variabilidad genética incluida en el cultivar de
origen japonés ‘Ginsen makuwa’ (MAK), bien para profundizar en el conocimiento del control
genético de aspectos de calidad del fruto, bien para su explotacién en programas de mejora de
variedades de élite occidentales. Para el estudio de estos caracteres, se requiere el empleo de
poblaciones segregantes, como la coleccion de lineas de introgresion (ILs) empleada en esta
tesis. Mediante la utilizacidn de este tipo de poblaciones, el mejorador dispone de recursos para
detectar la region o regiones gendmicas involucradas en determinados caracteres objetivo, que
posteriormente pueden acotarse mediante mapeo fino y/o clonaje posicional para la
identificacion del gen responsable, y a su vez permitir mediante seleccion asistida por
marcadores la introduccion de los alelos de interés en los cultivares de élite carentes de éstos,
en respuesta a la demanda del consumidor (aspectos de calidad del fruto) o a la del agricultor
(resistencia a enfermedades, produccién). Muchos de los genes de interés se encuentran en
variedades exoticas o silvestres, que siendo portadoras de estos alelos suelen ser
fenotipicamente desfavorables en su conjunto. La utilizacion de variedades exoticas como
MAK en el desarrollo de lineas de introgresion es, por tanto, una herramienta muy valiosa, no
solo desde el punto de vista del conocimiento de la diversidad genética de estos materiales, sino
también desde el punto de vista aplicado. Ademas de estos recursos genéticos mencionados,
cabe destacar la enorme importancia en esta especie de la disponibilidad y el empleo de nuevas
herramientas moleculares que permiten acelerar los programas de mejora, cumpliendo los
objetivos en un menor tiempo y de forma mas eficiente. Estos objetivos de mejora en la
actualidad tienen una tendencia creciente hacia aspectos de calidad del fruto, tanto sensorial
como nutricional, aunque sin obviar que el producto final del programa de mejora debe tener

una buena productividad y determinadas resistencias a los patbgenos mas comunes.

Previamente a esta tesis ya se habia desarrollado una coleccion de lineas de introgresion en
melén (Eduardo et al., 2005) utilizando el parental recurrente ‘Piel de Sapo’ (PS), tipo varietal
de gran importancia econémica en Espafia. Este fue uno de los motivos por que el grupo de
Mejora genética de Cucurbitaceas del COMAYV decidio generar una poblacion de lineas de
introgresion empleando otro de los tipos varietales con mayor importancia econémica en

Europa como genotipo de élite, el parental ‘Vedrantais’ (VED) perteneciente al grupo

195



Capitulo 5: Discusion general

Cantalupensis. Posteriormente, durante el desarrollo de esta tesis se han publicado otras tres
colecciones de lineas de introgresion, una utilizando ‘Piel de Sapo’ como parental recurrente y
un tipo Dudaim como donante (Castro et al., 2019), y dos reciprocas entre ‘Piel de Sapo’ y
‘Vedrantais’ (Pereira, 2018).

Desarrollo de la coleccion de ILs en fondo genético cantalupo para la diseccion de

caracteres.

Con el objetivo de analizar la variabilidad genética incluida en la variedad ‘Ginsen makuwa’
Pl 420176 (Cucumis melo subsp. agrestis grupo Makuwa, subgrupo ‘Yuki’), el grupo del
COMAV gener6 una una coleccion de lineas de introgresion con el cultivar ‘Vedrantais’ como
parental recurrente. En el capitulo 2 de la presente tesis se describe el proceso seguido, con una
seleccion temprana (BC2 y BC3), empleando diversas plataformas de genotipado,
seleccionando aquellos individuos con introgresiones diana, con un menor numero de
introgresiones no-diana y con un mayor porcentaje de fondo genético VED por individuo, de
forma que la totalidad de los individuos seleccionados cubrieran el genoma MAK por completo.
Con esta estrategia, la mayoria de ILs se obtuvieron en la quinta generacion. Actualmente
existen tres colecciones de ILs en melon que también han necesitado entre cinco y seis
generaciones para la finalizacion de la ILs (Eduardo et al., 2005; Pereira, 2018). En otros
cultivos el nimero promedio de generaciones para la obtencion de ILs fue de tres en melocoton
(Serraetal., 2016), seis en tomate y fresa (Barrantes et al., 2014; Urrutia et al., 2015) y siete en

berenjena (Gramazio et al., 2017).

El porcentaje promedio de genoma recurrente en la coleccién final fue de 95,4 %, similar al de
las otras ILs anteriormente mencionadas. EI promedio de ILs/cromosoma fue de 2,3, el cual es
algo inferior al descrito recientemente por Pereira (2018) en sus ILs reciprocas PS y VED (3-
3,2 ILs/cromosoma) y para otras especies como tomate o fresa (4,6 y 6, respectivamente;
Barrantes et al., 2014; Urrutia et al., 2015). Sin embargo, estas diferencias no se deben al mayor
tamafio promedio de las introgresiones obtenidas con la coleccion de ILs presentada en esta
tesis, pues el tamafio medio de éstas fue de 30 cM (10,5 Mpb) frente a los 58 cM (15,6-16,2
Mpb) de Pereira (2018) o0 51 cM (25 Mpb) de Barrantes et al. (2014), sino probablemente a la
seleccién de un mayor nimero de lineas totales solapantes y en parte redundantes. La resolucién
genética obtenida se puede incrementar facilmente, ya que se pueden generar rapidamente
nuevas ILs recombinantes para el mapeo de genes o QTLs localizados en introgresiones

concretas (Paterson et al., 1988).
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Con el objetivo de incrementar la densidad de marcadores en las ILs, éstas se genotiparon por
secuenciacion (GBS), obteniéndose 2,146 SNPs Utiles (capitulo 4 de esta tesis). Comparando
los resultados obtenidos con el genotipado de densidad media (Agena Bioscience) y el
genotipado de alta densidad (GBS) se observo que el porcentaje de genoma recurrente
disminuyd de un 95,4 a un 94 %, debido a que el nimero de introgresiones no-diana por IL es
en realidad mayor al inicialmente detectado con un menor nimero de marcadores (0,37 vs 1,7
introgresiones no-diana/IL). Del mismo modo, el promedio del nimero de introgresiones totales
por IL también fue mayor empleando GBS (1,3 vs 2,7 introgresiones/IL). Estos resultados eran
esperados, pues trabajos previos con especies como el tomate obtuvieron resultados similares
en sus ILs al comparar el genotipado de baja densidad mediante HRM con el de alta densidad
de un chip Hllumina Infinium (Barrantes et al., 2014). Asi pues, estos autores observaron
también un ligero descenso en el porcentaje de genoma recurrente recuperado (96 % vs 95.7 %)
y un aumento en el promedio de introgresiones presentes en las ILs detectadas al emplear mayor
namero de marcadores (1 vs 1,9 introgresiones/IL). Aunque la tendencia general ha sido la
deteccion de nuevas introgresiones menores previamente no observadas con la plataforma
Agena Bioscience, en el caso excecional de la IL MAK_9-1 la introgresion del cromosoma 9
inicial no se ha detectado por GBS. En cuanto al tamafio promedio de las introgresiones, se
observa un ligero incremento en la poblacion genotipada por GBS para las introgresiones diana
(10,5 Mpb con Agena Bioscience vs 10,9 Mpb con GBS), aunque el promedio con todas las
introgresiones detectadas con este sistema de alto rendimiento fue de 6,2 Mpb, por la aparicién
de pequefias introgresiones no-diana. De forma similar, el nimero total de bins (fragmentos
cromosémicos comprendidos entre los puntos de recombinacion definidos por las
introgresiones o entre éstos y un telémero), que es un concepto muy importante a tener en
cuenta para obtener una buena precision en el mapeo de QTLs, aumentd en la poblacion
genotipada por GBS (76 bins) respecto a la poblacion genotipada por Agena Bioscience (37
bins), con un promedio de 6,3 bins/cromosoma vs 2,8 para GBS y Agena BioScience,
respectivamente. Estos resultados son coherentes con la mayor densidad de SNPs, como se ha
puesto de manifiesto en trabajos previos (58 vs 71 bins para genotipado de baja densidad y de

alta densidad en ILs de tomate; Barrantes, 2014).

El siguiente objetivo detallado en el capitulo 2 fue la identificacion del efecto de las regiones
gendémicas de MAK en fondo genético VED evaluando en tres ambientes 21 caracteres
relacionados con la floracion y la calidad del fruto. EI aumento en la densidad de marcadores
gracias a la tecnologia GBS, ha permitido, posteriormente a la publicacion de este paper, revisar

la informacion del mismo e identificar: : 1) nuevos QTLs que previamente no se habian podido
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observar por la falta de informacion genotipica; 2) solapamiento de QTLs con regiones no-
diana sin efecto para determinados QTLs, lo cual conllevaba la division del QTL previamente
detectado; 3) estrechamiento de la region candidata debido al solapamiento de regiones no-

diana y ausentes de efecto para determinados QTLs (Anexo 1).

La coleccion de ILs caracterizada en esta tesis permitié identificar un total de 86 QTLs mediante
tecnologia GBS frente a los 56 detectados previamente mediante la tecnologia Agena
Bioscience, validados en al menos dos ambientes (Anexo 1). Muchos de ellos han confirmado
los ya detectados con anterioridad en otros trabajos y con otras poblaciones, mientras que otros
QTLs se han detectado por primera vez gracias al empleo de esta coleccion de ILs y suponen
una novedad interesante en la mejora de esta especie. Aunque el efecto de la mayoria de QTLs
fue el esperado segun el fenotipo del parental donante, también se detectaron QTLs con una
segregacion transgresiva para caracteres como precocidad de formacién del fruto, peso y
didmetro del fruto, firmeza de la pulpa y sélidos solubles. Los caracteres de mayor interés en
estas ILs estan relacionados con la floracion, la morfologia y el peso del fruto, la maduracion y

el color de la pulpa.

En cuanto a los caracteres relacionados con la floracién, se detectaron varios QTLs no descritos
hasta la fecha: el QTL nmaf30.5, que aumentd la floracién masculina en la IL MAK_5-2, y dos
QTLs fef30.6.1 y fef30.6.2 que aumentaron la floracion femenina en la IL MAK_6-2, respecto
el parental VED.

Numerosos QTLs se han detectado en relacién al tamafio y la morfologia del fruto, caracteres
muy interesantes para el consumidor. En las ILs MAK_2-1, MAK 11-1 y MAK 11-2 se
detectaron QTLs en los cromosomas 2 y 11 (fw.2.1-fw.2.2; fl.2.1-fl.2.2; fd.2.1-fd.2.2; fw.11;
fl.11.1-f1.11.2; fd.11) que aumentaban el peso, la longitud y el didmetro del fruto respecto a
VED. Estos QTLs podrian corresponder con los metaQTLs relacionados con el peso del fruto
FWQM2 y FWQM11 descritos por Monforte et al. (2014), con genes candidatos pertenecientes
a las familias génicas CNR/FW2 (implicada en la regulacion del numero de células) y
SIKLUH/FW3.2 (subfamilia del citocromo P450 A78). Aunque el efecto de FWQM2 se ha
asociado a efectos pleitropicos del gen de andromonoecia a (CmACS7) (Gonzalo y Monforte,
2017; Panetal., 2019), en el cruce VED x MAK no segrega este caracter y, por tanto, se trataria
de un QTL de peso independiente de la expresion del sexo. Recientemente, Pan et al. (2019)
han publicado un estudio comparativo y un analisis de asociacion a nivel genémico en las
cucurbitaceas de mayor importancia econdémica (pepino, melén, sandia). Ademas de detectar
150 QTLs consenso relacionados con la formay peso/tamafio del fruto para estas especies, con

los que se apoya la existencia de mecanismos y genes involucrados pertenecientes a las familias
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génicas CNR, CSR, CYP78A, SUN, OVATE, TRM, YABBY y WOX; este estudio pone de
manifiesto los efectos pleiotrdpicos de genes relacionados con la expresion sexual (genes ACS
de la ruta de biosintesis de etileno) para estos caracteres. Sin embargo, como en las ILs marco
de esta tesis, Castro et al. (2019) también detectaron un QTL de peso en esta region del
cromosoma 2 en una poblacién no segregante para el gen a, lo que refuerza que ademas de éste
hay otros genes implicados que se localizan cerca. Por otro lado, las ILs MAK _1-1y MAK_6-
2 presentaron frutos significativamente mas pequefios que VED, fenotipo que puede tener gran
interés en el mercado dada la demanda de frutas de consumo individual actual. Para estos frutos
se detectaron QTLs en los cromosomas 1y 6 (fw.1.1-fw.1.2; fl.1.1-f.1.2; fd.1.1-fd.1.2; fw.6.1-
fw.6.2; f1.6.1-f1.6.2; fd.6.1-fd.6.2) que disminuian el peso, la longitud y el didmetro del fruto
respecto a VED, y donde se localizan los genes MELO3C016564 (CmCNR-6),
MELO3C013751 (CmCNR-4), MELO3C013727 (CmWOX-6) y MELO3C013970 (CmYABBY-
2), ya relacionados con el peso del fruto por Monforte et al. (2014) y Pan et al. (2019). La linea
MAK 11-1 (fw.11), en cambio, aumento el peso del fruto, y su introgresion en el cromososma
11 contiene otro gen de la familia CYP78A (citocromo 450, CmCYP78A-4, MELO3C020975)
(Pan et al., 2019). Respecto a la forma del fruto, ésta esta asociada a la longitud en coherencia
con estudios previos (Eduardo et al., 2007; Fernandez-Silva et al., 2010). Las ILs MAK_7-2y
MAK 11-2 presentaron frutos significativamente méas alargados que VED, lo que permitio la
identificacion de un QTL en el cromosoma 7 para longitud y forma del fruto (fs.7-fl.7), donde
se localizan los genes MELO3C017554 (CmOFP-8) y MELO3C017768 (CmSUN-16) y varios
QTLs consenso de forma y peso (Pan et al., 2019); y otro en el cromosoma 11 para la longitud
del fruto, que se solapa en parte con el metaQTL FSQM11 descrito previamente (Monforte et
al., 2014; Pan et al., 2019). Por tanto, esta poblacion de ILs ha aportado variabilidad interesante
respecto al tamarfio y morfologia del fruto, tanto para deteccion de genes candidatos, como para
su explotacion como material de pre-mejora, con el fin de ofrecer al consumidor un abanico
mas amplio de tamafios y formas.

Otro carécter de gran importancia es el nimero de dias hasta la maduracion del fruto. Este
caracter resulta muy interesante desde el punto de vista del agricultor, pues reduce el tiempo
del fruto en planta y por tanto del cultivo. Las ILs MAK_1-2 y MAK_6-2 presentaron en este
sentido precocidad en la maduracion, poniendo de manifiesto algunas regiones genémicas en
los cromosomas 1 y 6 (dmat.1, dmat.6.1, dmat.6.2 y dmat.6.3) no descritas previamente.
Aunque esta region del cromosoma 1 es cercana a la descrita por Castro et al. (2019),
relacionada con climaterio (formacion de capa de abscision, aroma externo) no existe solape.
Resulta interesante que ambas ILs comparten el QTL dmat.6.2, por lo que podria ser una region

candidata que habria que estudiar con mas detalle. En el mismo cromosoma, Rios et al. (2017)
199



Capitulo 5: Discusion general

detectaron, en una poblacion de ILs formada por el parental recurrente PS y el parental donante
‘Songwan Charmi’ (SC), el QTL ETHQV6.3 el cual era el responsable de formar frutos
climatéricos en fondo genético no climatérico. Este QTL, cuyo gen responsable es
MELO3C016540 (CmNAC-NOR, factor de transcripcion de la familia NAC), no solapa con el
QTL dmat.6.2 localizado en MAK_1-2 y MAK_6-2, pero si con dmat.6.3 (MAK_6-2), lo que
sugiere que alelos procedentes de un parental exotico cercano a MAK como SC pueden acelerar
el proceso de maduracién y por tanto acortar los dias de maduracion, aun en un fondo genético

ya climatérico como VED.

Respecto a la maduracion cabe destacar que, aunque los dos parentales de la poblacién tienen
diferentes perfiles de maduracion (VED con comportamiento tipico de maduracion climatérica
y MAK s6lo con cierto grado de maduracion cimatérica), la gran mayoria de ILs presentaron el
mismo comportamiento que el parental recurrente VED, no asi con el perfil aromatico que se
detalla en el capitulo 4. Sin embargo, conviene subrayar que las ILs MAK_7-2 y MAK 10-1
mostraron un comportamiento en la maduracion distinto a VED e incluso a MAK. Sus frutos
presentaron ausencia de aroma externo y de climaterio, y un aumento de la firmeza de la pulpa.
Todos estos caracteres son etileno dependientes (Pech et al., 2008), lo cual nos hace pensar que
el perfil de etileno de estas lineas es el responsable de alterar estos caracteres. Estas dos ILs
mostraron regiones gendmicas que colocalizaban para estos tres caracteres (ff.7-al.7-ar.7; ff.10-
al.10-ar.10), destacando la introgresion en comun que comparten y que se localiza en el
cromosoma 10, donde Moreno et al. (2008) ya detectaron un QTL en el que los alelos de la
entrada SC incrementaban la firmeza de la pulpa en el fondo PS. Esto sugiere que los alelos de
tipos asiaticos bastante cercanos genéticamente como MAK y SC aumentan la firmeza de la
pulpa tanto en fondos climatéricos como VED, como en fondos no climatéricos como PS.
Recientemente, Pereira (2018) ha detectado dos QTLs en el cromosoma 10 donde los alelos
VED incrementan la firmeza de la pulpa, FIRQUV10.1 y FIRQV10.2 (colocalizan con el QTL
de MAK_10-1y MAK_7-2, respectivamente), pero en nuestro caso son los alelos MAK los que
aumentan la firmeza. Ademas, en este mismo trabajo Pereira (2018) detect6 en sus ILs dos
QTLs (CDQV7.1 y ABSQV11.1) relacionados con la degradacién de clorofila y la formacion
de la capa de abscision. En cuanto a CDQV?7.1, en la region de la introgresion de MAK_7-2, se
observo que los alelos PS conducian a la no degradacion de clorofila y a la falta de aroma
externo, caracteristicas asociadas a un bloqueo del climaterio del fruto, lo que concuerda con
las caracteristicas observadas en esta IL (falta de aromay corteza verde con moteado). Ademas,
MAK _7-2 por ser portadora de la introgresion del cromosoma 10 como MAK_10-1 también
presento ausencia de capa de abscision, aunque no tan acentuada como MAK _10-1. Respecto

a este caracter, Pereira (2018) observé que los frutos con los alelos VED en la introgresion del
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cromosoma 11 (ABSQV11.1) conducian a la formacion de una ligera capa de abscision en fondo
no climatérico y que los alelos PS en esta region sobre fondo climatérico VED no la
presentaban. En cambio, en nuestra poblacion las lineas portadoras de alelos MAK en esta
posicién si mostraron una clara capa de abscision, lo que se puede explicar porque nuestro
parental donante es considerado climatérico, aunque en menor grado que VED. En otros
trabajos previos se han descrito méas QTLs o genes mayores relacionados con climaterio (capa
de abscision, produccion de etileno, firmeza, etc.) que no se han detectado en la coleccién de
ILs presentada en esta tesis (Périn et al., 2002b, Moreno et al., 2008; Vegas et al., 2013; Leida
etal., 2015; Pereira, 2018), lo que refuerza la idea de la complejidad del proceso de maduracion
y su carécter poligénico. De hecho, se habla de un continuo en la variacion respecto al climaterio
en esta especie (Pereira, 2018). Los estudios mas recientes y con mayor relevancia se refieren
a los QTLs de los cromososmas 3y 6, ETHQB3.5 y ETHQV6.3, detectados en la poblacion de
ILs derivada de PS 'y SC (Vegas et al., 2013), y al QTL ETHQV8.1 del cromosoma 8 detectado
en la poblacion de RILs derivada de VED y PS (Pereira, 2018). La estrategia de mapeo fino ha
dado lugar a la identificacion de genes responsables en estas regiones genémicas implicadas en
la produccion de etileno: el previamente mencionado CmNAC-NOR (Rios et al., 2017) para
ETHQV6.3, los candidatos MELO3C011421 (funcion de regulacién) y MELO3C011413
(citocromo P450 78A5 KLUH) para el sub-QTL ETHQB3.5.1 (Pereira, 2018), y
MELO3C024518 (serina/treonina kinasa tipo CTR1) para ETHQV8.1 (Pereira, 2018). Por esta
razén, el mapeo fino de la regién del cromosoma 10 detectada en esta tesis resulta de gran

interés.

Por otra parte, nuestra coleccion de ILs ha permitido confirmar la genética del color de la pulpa
de meldn. Estudios previos establecian un control genético con dos loci implicados, uno en el
cromosoma 9 (CmOr) y otro en el cromosoma 8 (con los principales candidatos CmPPR1,
MELO3C003069 y MELO3C003097, Tzuri et al., 2015; Galpaz et al., 2018; Zhao et al., 2019).
El gen CmOr (MELO3C005449, cromosoma 9) tiene dos alelos, uno dominante CmOr™ y otro
recesivo CmOr. La presencia del alelo dominante (como ocurre en nuestro parental VED)
confiere pulpa naranja independenientemente de la constitucion genética del locus del
cromosoma 8, ya que es epistatico de este. Cuando el alelo recesivo del gen CmOr esta presente
(como ocurre en MAK), el color de la pulpa depende del locus del cromosoma 8. En este hay
también dos alelos, el dominante Chr8™ confiere color blanco a la pulpa (como ocurre en MAK)

y el recesivo Chr8Chr8 color verde.

En nuestra coleccion, las ILs MAK_2-1y MAK?9-2, con introgresion de MAK en el cromosoma

9y fondo VED en el 8, presentaron color de pulpa verde. En estudios adicionales realizados al
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margen de esta tesis, mediante el cruce y posterior autofecundacién de MAK_9-2 con la IL de
pulpa naranja MAK_8-2 (fondo VED en el cromosoma 9 e introgresion MAK en cromosoma
8) se pudieron obtener individuos de pulpa blanca con los alelos MAK en los cromosomas 8 y
9. El color de la pulpa de estas ILs se ha visto en el andlisis de aromas que afecta al patron de

metabolitos derivados de carotenoides.

En relacion con el color interno de la corteza, destacaron las ILs MAK 6-1, MAK 8-2 y
MAK 12-1 por presentar un color amarillo diferente al resto. Una de las principales proteinas
responsables de esta coloracion en la corteza es el flavonoide naringenin chalcona (Tadmor et
al., 2010; Feder et al., 2015), cuya acumulacion se ve regulada por la proteina F-Box con
dominio Kelch que codifica el gen CmKFB (MELO3C011980, cromosoma 10). Ninguno de los
genes descritos por Feder et al. (2015) se sitGan en las introgresiones comunes de estas ILs que
se corresponden con regiones en los cromosomas 5y 8 (cir5.1 y cir8). En estudios realizados
al margen de la presente tesis se ha determinado que estas ILs no tienen nangerine chalcona y
que si cambian en su patrén de carotenos. De hecho, seglin el GBS estas ILs presentan genotipo
VED en el cromosoma 9, pero genotipo MAK en el cromosoma 8 y esto es posiblemente el
origen del color amarillo, en lugar de verde (como se encuentra en VED) de la capa interna de
la corteza. Sera necesario estudiar con mas detalle como se ve alterado el patron de carotenoides
en pulpa de estas lineas. Lo que esta claro es que proporcionan un nuevo fenotipo de color
interno distinto al de VED.

Por Gltimo, y mas relacionado con la calidad organoléptica, también se han detectado QTLs
para azucares y sélidos solubles. En este sentido, la IL MAK_10-1, ademas de presentar un
bloqueo en el climaterio, también mostré un QTL Unico en el cromosoma 10 (ssc.10) donde los
alelos MAK aumentaban el contenido en solidos solubles. Esto resulta novedoso porque hasta
ahora no se habia observado en ninguna poblacion segregante un aumento de azucares por parte
del parental donante, normalmente tipos exéticos. En nuestro caso, el parental MAK es un
genotipo que presenta un alto contenido en azlcares dentro de la subespecie agrestis. Una de
las lineas mas interesantes que se describen en este capitulo de la tesis es precisamente esta IL,
MAK_10-1, por lo que decidimos profundizar mas en ella realizando los ensayos expuestos en

el capitulo 3.
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‘MAK 10’: una linea de mejora tipo Charentais de larga vida.

Como se ha comentado en parrafos anteriores, la IL MAK _10-1 presento, junto con la linea
MAK 7-2, una caracteristica potencialmente interesante como es el bloqueo de climaterio, lo
que se puede traducir en una mayor vida postcosecha. Esta caracteristica resulta de gran interés
para el mercado, y por este motivo se decidid llevar a cabo una caracterizacion méas completa
de una de estas lineas con el fin de analizar con mayor precision las diferencias en este proceso
de maduracion respecto al parental VED, principalmente en relacion a tiempos de maduracion,
la evolucion de pardmetros de calidad, como el contenido de azucares y acidos en la pulpa, y la
evolucion de ciertas caracteristicas en postcosecha. El bloqueo del climaterio mencionado
conlleva la ausencia de la produccion de etileno autocatalitico durante la maduracion (Burger
et al., 2010) y, por tanto, también afecta a caracteres etileno dependientes implicados en la
calidad del fruto como son la produccion de aroma, la dureza de la pulpa y la degradacién de
clorofila (Pech et al., 2008). De hecho, tanto MAK_10-1 como MAK_7-2 presentaron frutos
con ausencia de aroma y mayor dureza de la pulpa, ademas de la ausencia de la capa de
abscision. Por otra parte, en relacion a un caracter etileno independiente, la IL MAK_10-1
también presentd una caracteristica importante para el mercado como es un alto contenido en

solidos solubles, mayor que ‘Vedrantais’ (ya mostrado en el capitulo 2).

La comparaciéon de la evolucion temporal entre los frutos de MAK_10-1y VED (tomados cada
5 dias desde los 30 dias postpolinizacion) desde el punto de vista de la maduracion, morfologia
y calidad del fruto (capitulo 3) aportd resultados interesantes. En primer lugar, la firmeza de la
pulpa de MAK 10-1 se mantuvo constante durante todo el proceso de maduracion, a diferencia
de VED que presentd un perfil de firmeza tipico de frutos climatéricos (Rose et al., 1998). Esto
es debido a que MAK _10-1 presenta un retraso en la maduracion del fruto, lo cual permite que
ademas de no reblandecerse la pulpa, el fruto pueda permanecer mas tiempo en la planta y por
tanto pueda a su vez acumular mas azucares. Por lo tanto, se sugiere que podria deberse a un
efecto pleiotrépico del aumento del tiempo de maduraciéon en planta. MAK 10-1 tiene la
ventaja de mantener constante la firmeza de la pulpa durante la maduracién en planta y permite
la posibilidad de dedicir aumentar el contenido en sélidos solubles manteniendo el fruto en
planta durante mas tiempo, ya que en el momento optimo de recoleccion de VED (cuando
comienza a aparecer la capa de abscision) MAK _10-1 presenta unos valores de sélidos solubles
algo inferiores. Por otra parte, el perfil de los contenidos de glucosa, fructosa y sacarosa resultd
similar en MAK_10-1 y VED, con la diferencia que el contenido maximo de estos azucares
aparecio a los 5-10 dias después en MAK _10-1, apoyando la hipotesis del efecto pleiotropico

que tiene la maduracidn tardia en planta.
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En cuanto al comportamiento de maduracion postcosecha, se pudo observar como el descenso
de la firmeza de la pulpa fue mucho maés répido en VED que en MAK_10-1. De forma que
frutos MAK_10-1 cosechados al mismo tiempo presentaban una mayor firmeza de la pulpa que
VED 10 dias después de su almacenamiento. En postcosecha, el descenso de azucares de frutos
MAK 10-1 fue mucho mas lento que para los frutos VED, independientemente del momento
de cosecha y los dias postcosecha. Zhang et al. (2015), describieron un aumento de sélidos
solubles al inicio de la postcosecha hasta alcanzar su maximo a los siete dias postcosecha en
frutos tipo ‘Makuwa’. El analisis detallado de azucares realizado en esta tesis mostré un
descenso de hexosas y un aumento de mas del doble del contenido en sacarosa de MAK_10-1
respecto a VED, lo que resulté en un mayor contenido en equivalentes de sacarosa que
determinan el dulzor. Del mismo modo, Liu et al. (2012) mostr6 un descenso del contenido en
hexosas y un aumento de sacarosa durante el almacenamiento de frutos tipo ‘Makuwa’. En
general, el contenido diferencial de azlcares en el fruto de melon puede deberse a diferencias
en la acumulacion de azucares o a diferencias en el metabolismo de éstos. Mientras VED
estabiliza sus niveles de sacarosa después de la sintesis autocatalitica de etileno, MAK _10-1 al
carecer de sintesis autocatalitica de etileno continda incrementando el contenido en este azUcar,
que es el mas relacionado con el dulzor. En este sentido, la IL MAK _10-1 puede considerarase
como un ejemplo de variacién enmascarada, ya que los alelos MAK conducen a un contenido
en azucares mucho mayor cuando estan en otro fondo genético como VED (12,76 vs 15,68
°Brix, en VED y MAK 10-1 respectivamente).

Esta descripcion mas profunda de MAK_10-1, no solo se realizo respecto del comportamiento
durante la maduracién y sus caracteristicas de fruto, sino que también conllevd un andlisis mas
detallado de las regiones gendmicas implicadas y de posibles genes candidatos a la luz de estos
fenotipados. El genotipado GBS acotdé mejor la region solapante entre la introgresion del
cromosoma 10 de MAK_10-1 y la de la IL con fenotipo similar MAK_7-2 (1,335,417-
2,206,788 pb). En esta region compartida por ambas ILs, se localiza el gen MELO3C012215
(NAC domain-containing protein) relacionado con la regulacion transcripcional de etileno. La
funcionalidad bioldgica de las proteinas NAC es muy variable, afectando al crecimiento de la
planta y desarrollo de diversas estructuras vegetales (Duval et al., 2002; Hibara et al., 2003), al
metabolismo de la pared celular (Zhong et al., 2006), la respuesta a estrés bioticos y abidticos
y a la senescencia (Guo y Gan, 2006; Rios et al., 2017). Sin embargo, y aunque de este gen
concreto MELO3C012215 no se tiene mucha informacion, estudios previos en melén han
relacionado la induccion del climaterio con un factor de transcripcion de dominio NAC
(CmNAC-NOR, MELO3C016540; Rios et al., 2017), lo que hace pensar que este gen puede ser

un buen gen candidato que explique el bloqueo del climaterio. La base de datos Melonet-DB
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para el estudio de la gendmica funcional en meldn (https://melonet-db.dna.affrc.go.jp/ap/mvw;

Yano et al., 2018), localiza el mayor nivel de expresion de este gen en apices, ovario y fruto,

principalmente en los primeros estadios, lo que en principio es coherente con nuestra hipotesis.

Ademaés del gen MELO3C012215, detectamos dos genes mas relacionados con el proceso de
produccion de etileno, ambos se localizan en una region gendmica Gnica de MAK_10-1 en el
cromosoma 10. Por un lado, detectamos el gen MELO3C012390 el cual se trata de otro gen con
dominio NAC (NAC domain-containing protein 53-like), que como hemos visto anteriormente
podria estar relacionado con la senescencia del fruto y el gen MELO3C012332 (Basic-lucine
zipper transcription factor family protein) perteneciente a la familia de factores de transcripcion
HD-Zip relacionados con la regulacién del etileno y la sefializacién durante la maduracion del
fruto. La deteccion de estos dos genes, MELO3C012332 (expresion alta en apices, estigma y
ovario de acuerdo con el atlas de expresion de la base de datos Melonet-DB) y MELO3C012390
(expresion alta en pétalos, anteras, estigma, ovario y fruto; Melonet-DB), en MAK_10-1y del
gen MELO3C012215 en MAK _10-1y MAK-7-2, nos hace pensar en la diferencia de gradacion
de climaterio entre ambas ILs debido al caracter poligénico de la produccion de etileno en frutos
climatéricos, de forma que estos tres genes podrian estar relacionados en el proceso,
especialmente MELO3C012215 y MELO3C012390 que se expresan en fruto. Seria interesante
en un futuro realizar un mapeo fino en de la region y estudiar la existencia del polimorfismo

real en estos genes en los parentales, asi como su expresion.

Por otra parte, en la region de la introgresion de MAK _10-1 también se localiza el gen CmSPP2
(Sucrose-P phosphatase 2, MELO3C012320) implicado en el metabolismo de azUcares (Leida
et al., 2015; Saladié et al., 2015), el cual puede ser un gen candidato que explique el QTL
detectado ssc.10 en esta IL. La base de datos Melonet-DB localiza el mayor nivel de expresion
de este gen en hojas principalmente. Esta region solapa con el QTL SSCQU10.1 detectado por
Pereira et al (2018), en el que contrariamente a nuestros resultados, los alelos VED

incrementaban el contenido en solidos solubles frente a los alelos PS.

Estos ensayos han confirmado ciertas ventajas de esta linea respecto a VED, especialmente para
el transporte y comercializacién internacional como son la mayor vida postcosecha y la mayor
firmeza de la pulpa debida al bloqueo del climaterio, y el incremento en sélidos solubles debido
principalmente al mayor contenido en sacarosa. En contraposicion, presenta la posible
desventaja de la ausencia de aroma tan caracteristica de este tipo de melones, como se ha
determinado en el capitulo 4, por lo que probablemete podria ser una linea muy interesante para

mercados donde no se aprecie tanto esa caracteristica de los tipos ‘Vedrantais’.
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Estudio de los compuestos organicos volatiles de la coleccion de ILs en distintos ambientes.

Ademas del estudio mas detallado del climaterio y la acumulacion de azucares gracias a la IL
MAK 10-1, la coleccion de ILs desarrollada en esta tesis nos permitié estudiar otro aspecto
fundamental relacionado con la calidad como es el perfil aromatico del fruto, estudio que se
describe en el capitulo 4. En este trabajo se realizd un analisis preliminar de compuestos
organicos volatiles (VOCs) presentes en 25 de las ILs, y en dos ambientes, con el fin de estudiar
los efectos de las introgresiones respecto al perfil aromatico de los parentales, principalmente
de VED. El objetivo altimo de este estudio es la deteccion de regiones gendmicas involucradas
en la produccion de VOCs, no s6lo con el fin de investigar posibles nuevos perfiles aromaticos
de interés en fondo ‘Vedrantais’ sino con el fin de poder desarrollar lineas premejora en las que
no se vea especialmente afectado el aroma tan caracteristico de este genotipo cuando se
introgresan ciertas regiones con otros fines de mejora. Este puede ser el caso de la incorporacion
del gen cmvl de resistencia a CMV (Cucumber mosaic virus) procedente de MAK que se
localiza en el cromosoma 12 (CmVPS41, MELO3C004827: 9.310.816 — 9.339.767 pb; Pascual
etal., 2019). La IL MAK _12-1 contiene una introgresion MAK en esta region (3,9 -15,8 Mpb),
ademas de dos introgresiones adicionales de acuerdo con el genotipado GBS, por lo que seria
interesante por su resistencia al virus. Sin embargo, si ve afectado su perfil aromatico respecto
a VED, con menor contenido en alquil ésteres (los mayoritarios en VED) y apocarotenoides, y
mayor contenido en alcoholes y acetato ésteres, asi como en compuestos tipicos de MAK como
el eugenol, por lo que resulta interesante conocer estos efectos por las implicaciones para la
obtencion de una variedad final en un futuro programa de mejora. Por tanto, cabe destacar la
importancia de este ensayo presentado en el capitulo 4, pues, ademas, aunque existen muchos
trabajos de deteccion de compuestos volatiles, tanto en meldn como en otras especies, s6lo unos
pocos se han centrado en el estudio de las regiones gendmicas involucradas empleando una
poblacion de mejora, como los trabajos de Freilich et al. (2015) en mel6on, Rambla et al. (2017)
en tomate o Sanchez et al. (2014) en melocoton. El conocimiento de los genes y las enzimas
implicadas en la biosintesis de compuestos aromaticos es un foco de interés en los ultimos afios
precisamente por sus implicaciones en la calidad del fruto (Gonda et al., 2016; Gonda et al
2018; Tuan et al., 2019).

El estudio cualitativo y cuantitativo de compuestos volatiles presenta una complejidad
importante que hay que tener en cuenta. Los factores que influyen en el perfil aromatico de un
fruto son diversos: desde el propio cultivar (Gonda et al., 2016), la maduracion del fruto (Dos-
Santos et al., 2013), el efecto ambiental (Beaulieu et al., 2006; Chaparro-Torres et al., 2016), a

la propia toma de muestras y los métodos de deteccion utilizados (EI Hadi et al., 2013). Por
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esto, se trata de datos dificiles de extrapolar para otros genotipos e incluso dentro del mismo

genotipo para diferentes ambientes o bajo diferentes tratamientos o condiciones.

La coleccion de ILs desarrollada en esta tesis parte de dos parentales con perfiles aromaticos
distintos, que previamente se habian caracterizado como parte de una coleccion nuclear (Esteras
et al., 2018). En términos generales, VED, como la mayoria de frutos climatéricos, presenta un
alto contenido en ésteres, seguido de alcoholes y aldehidos (Beaulieu y Grimm 2001; Aubert y
Bourger 2004; Esteras et al., 2018); y MAK, presenta un perfil aromatico intermedio entre tipos
climatéricos y no climatéricos, con un alto contenido en ésteres teniendo en cuenta que
pertenece a la subsp. agrestis, aunque menor que VED (Li et al., 2016; Esteras et al., 2018).
Nuestros resultados confirmaron esta reduccion en volatiles en MAK, principalmente para
alquil ésteres y apocarotenoides. A su vez, la evaluacion del hibrido F1 sugiere la dominancia
genética de los alelos MAK frente a los VED, lo que también se reflejé en los frutos de las ILs
donde las introgresiones MAK tuvieron un efecto negativo en la produccion de VOCs. Este
efecto, esperado al tratarse de un cruce entre una variedad aromatica y una no tan aromatica,
podria explicarse por un control genético poligénico con genes implicados en diferentes
regiones del genoma. So6lo un pequefio grupo de ILs resulté mas similar a VED que al parental
donante MAK de acuerdo a su perfil aromatico. Por otra parte, para determinados compuestos
se observd una segregacion transgresiva, ya que en algunas ILs y/o en la F1 se detectaron
compuestos no presentes en los parentales o fuera del rango de éstos. Freilich et al. (2015),
evaluando una poblacion de RILs derivada del genotipo ‘Dulce’, grupo Cantalupensis, y PI
414723, grupo Momordica, observo también este hecho para algunos metabolitos. En otros
cultivos como tomate o melocotdn también se ha descrito este efecto (Eduardo et al., 2013;
Rambla et al., 2017). Como en este trabajo de Eduardo et al. (2013), en nuestro ensayo se
evidencid una influencia ambiental notable para algunos VOCs. Aun asi, la tendencia de
determinadas ILs fue similar en ambos ambientes y permitio el analisis de las introgresiones en

relacion con el perfil de VOCs.

En las ILs con un perfil aromatico méas parecido a MAK, se han localizado en sus introgresiones
genes relacionados con la produccion de aldehidos (lipooxigenasas), alcoholes (alcohol
deshidrogenasas, ADH), y ésteres (alcohol acil transferasas, AAT), sugiriendo un blogueo de
la produccién y sintesis de determinados compuestos que las asemeja al parental donante.
MAK_6-1 es la IL con mayor numero de introgresiones (7), lo que se postula como la causa de
que sea la linea con una composicion en VOCs mas parecida a MAK. Sin embargo, otras lineas
con alto porcentaje de genoma recurrente también han mostrado tendencia a perfiles aromaticos

similares a MAK.
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Entre las ILs més interesantes, cabe mencionar MAK _1-1, por su mayor contenido en eugenol,
y en cuya principal introgresion en el cromosoma 1 se encuentran genes candidatos como
MELO3C024967 (farnesil pirofosfato sintasa, CmFPPS1), enzima implicada en la sintesis de
terpenoides, 0 MELO3C024886 (4-coumarate:CoA ligase, 4CL), enzima relacionada con la
sintesis de eugenol (Rastogi et al., 2013). En base a la informacién del transcriptoma del tipo
aromatico japonés Harukei (Melonet-DB; Yano et al., 2018), estos genes se expresan
principalmente en semilla, aunque también en ovario y fruto (MELO3C024967), y en raiz,
pétalos y anteras (MELO3C024886). Ademas, Atkinson et al. (2016) mencionan la importancia
del eugenol en tomate relacionada con la defensa a TYLCV (Tomato yellow leaf curl virus) y
la actividad antifungica y antimicrobiana contra patdgenos humanos. Por estos motivos, seria
de enorme importancia profundizar en el estudio de los genes implicados en la acumulacion de
eugenol de MAK _1-1 para aumentar el valor nutricional de los frutos. En cambio, MAK 4-1
se caracterizd, como MAK 6-1, por una gran reduccién en alquil ésteres, aunque con altos
niveles de ésteres acetato. En su introgresion del cromosoma 4 también se han localizado genes
candidatos implicados en la sintesis de aldehidos (MELO3C003373, MELO3C003454) o en la
sintesis de ésteres via L-fenilalanina (MELO3C003803, CmBAMT). Estos genes se expresan en
ovario, fruto y en postcosecha, por lo que pueden ser buenos candidatos (Melonet-DB). La IL
MAK 4-3 destacd por su alto contenido en aldehidos, que porporcionan olor a verde, a la vez
que en apocarotenoides, tipicos de VED. Esta IL presenta pulpa naranja, como la mayoria de la
coleccidn a excepcion de MAK 2-1y MAK 9-2. El hecho de haber encontrado que estas dos
ILs son las que presentan menos apocarotenoides sugiere que el contenido en estos volatiles
depende de la presencia de carotenoides, sustratos de las enzimas CCD implicadas en la
degradacion de éstos (Gonda et al., 2016), aunque la diferencia observada entre las diversas
lineas de pulpa naranja requiere de mayor estudio. Este hecho puede considerarse como un
efecto pleiotropico de la expresion del alelo MAK del gen CmOr en la produccion de volatiles

apocarotenoides.

En lo que respecta al otro gen implicado en la coloracién de la pulpa, el del locus del cromsoma
8, se estudiaron con mas detalle las ILs MAK_6-1, MAK 8-2, y MAK 12-1 por presentar el
alelo CmOr_VED y genotipo MAK en el cromosoma 8, lo que les confiere pulpa naranja, pero
corteza interna amarilla como se ha descrito anteriormente. Aunque para estas lineas el
contenido en apocarotenoides haya sido mayor que en las ILs de pulpa verde pero
significativamente menor que en el resto, la existencia de unas pocas ILs con valores similares
hace descartar un efecto claro de este gen, por lo que en esta tesis se propone la existencia de
otros genes implicados. En este sentido, la introgresion de la linea MAK_7-2 presenta varios

208



Capitulo 5: Discusién general
genes candidatos relacionados con la sintesis de carotenoides como genes PSY (fitoeno sintasas)

y PDS (fitoeno desaturasas) entre otros (Tuan et al., 2019).

Otro posible efecto pleiotropico afecta a las ILs previamente descritas en los capitulos 2 y 3
como no climatéricas o con el climaterio bloqueado o parcialmente bloqueado (MAK_10-1y
MAK 7-2). Estas lineas presentaron niveles bajos de los VOCs més importantes en VED
(ésteres, principalmente alquil ésteres, y apocarotenoides; Spadafora et al., 2019), aunque su
perfil aromatico tampoco es similar al de melones de tipo no climatérico como los del grupo
Ibericus. Este ultimo grupo se caracteriza por tener una alta presencia de alcoholes y adehidos
(Gonda et al., 2016), aunque en nuestro caso estos compuestos tienen poca influencia en el
perfil aromatico de estas dos ILs. Estos resultados nos indican que el climatério intermedio de
MAK no es suficiente para bloguear completamente la sintesis de volatiles como en melones
no climatericos, pero de acuerdo con Ayub et al. (1998), el etileno controla la sintesis de muchos
de los aromas mas perceptibles, ya que nuestras ILs no presentan aroma externo en la
maduracion en comparacion con VED. Este cambio en el perfil de volatiles de MAK_7-2 y
MAK 10-1 puede deberse al retraso en la maduracion de estos frutos, aungque también se
sugieren algunos genes candidatos que se encuentran en la introgresion de MAK_7-2 en el
cromosoma 7, como las aminotransferasas MELO3C025614, MELO3C025613 (CmArAT1) y
MELO3C017688 (CmAAT4). De éstas, MELO3C025613 se expresa principalmente en corteza
en postcosecha, ademas de anteras y estigma, y MELO3C017688 en fruto en postcosecha
(Melonet-DB), por lo que potencialmente son mas interesantes.

En general, este analisis de compuestos aromaticos ha demostrado que las introgresiones MAK
tienen un efecto negativo en la produccion de volatiles y que hay numerosas regiones genémicas
posiblemente implicadas por lo que se pone de manifiesto la necesidad de estudiar con mayor
profundidad estas regiones candidatas para superar la dificultad en la recuperacion de

determinados perfiles arométicos en los programas de mejora.

Los trabajos presentados en esta tesis suponen un paso mas en el aprovechamiento de la
variabilidad intraespecifica del meldn y en el conocimiento de las regiones gendémicas y genes
implicados en caracteres de importancia comercial como son la morfologia de fruto, el tipo de
maduracion y el perfil aromatico. Ademas, se describen algunas lineas con caracteristicas

interesantes para el mercado.

209






CONCLUSIONES






1)

2)

3)

4)

Conclusiones

CONCLUSIONES

Se ha caracterizado la primera coleccion de 27 lineas de introgresion de melon desarrollada
partir del cultivar ‘Ginsen makuwa’ (susbp. melo, grupo Makuwa, Pl 420176) en el fondo
genético del cultivar ‘Vedrantais’ tipo ‘Charentais’ (subsp. melo, grupo Cantalupensis).
Mediante el genotipado de alta densidad (GBS), se han validado las introgresiones detectadas
mediante la tecnologia Agena BioScience, reduciéndose su tamafio en algun caso, y se han
detectado nuevas introgresiones no-diana, que se pretenden eliminar en un futuro. La coleccion
presenta una media de 2,7 introgresiones/IL y 2,25 ILs/cromosoma, con un promedio de
recuperacion del fondo genético ‘Vedrantais’ del 94 %. El genoma donante ‘Ginsen makuwa’

representa una cobertura del 96,8 %.

Con el genotipado de Agena BioScience y GBS y los datos de fenotipado se han identificado
74 QTLs consistentes en al menos 2 localidades. De éstos, 3 QTLs estan relacionados con
aspectos de floracion, 4 con la precocidad de maduracién del fruto, 33 con aspectos
morfolégicos (forma del fruto, reticulado y espesor de la corteza), 12 con el proceso de
maduracion (presencia de aroma, capa de abscision, firmeza de la pulpa), 16 con el color de la

pulpa, 5 con el color interno de la corteza 'y 1 con el contenido en sélidos solubles.

Se han obtenido ILs con caracteristicas interesantes desde el punto de vista de la calidad del
fruto, relacionadas con la morfologia del fruto, el color de la pulpa y de la parte interna de la
corteza y el proceso de maduracién. Entre otras, destacan las ILs MAK _2-1, MAK 11-1y
MAK 11-2,ylas ILs MAK_1-1y MAK_6-2 que desarrollan frutos de mayor o menor tamario,
respectivamente. Asi mismo, son de interés las ILs MAK _2-1, MAK_9-2 que producen frutos
tipo ‘Charentais’, pero de pulpa verde, y MAK_6-1, MAK_8-2 y MAK _12-1 que presentan
color amarillo de la parte interna de la corteza, lo que le da un aspecto diferente al fruto. En
relacién con el proceso de maduracion del fruto, las ILs MAK_7-2 y MAK 10-1 tienen
alterado el proceso de maduracién climatérica, produciendo frutos que no forman capa de

abscision, de pulpa mas firme y sin aroma externo.

El estudio en profundidad de la IL MAK_10-1 confirmé su interés para ser empleada en
programas de mejora. El bloqueo del climaterio en esta linea, posiblemente causado por el
alelo MAK en el gen MELO3C012215 (NAC domain-containing protein), va asociado a un

aumento en la firmeza de la pulpa y del contenido en solidos solubles, tanto en el punto de
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madurez como en postcosecha. Estas caracteristicas permiten una mejor adaptacion a mercados

internacionales, que requieren de transportes a largas distancias.

El anélisis de compuestos volatiles en la coleccion de ILs ha demostrado que las introgresiones
MAK, en general, disminuyen la produccién de volatiles. Esto pone de manifiesto la dificultad
de recuperacion de determinados perfiles aromaticos en los programas de mejora cuando se
emplean estas fuentes exoticas para la mejora del melon de tipo ‘Charentais’. La asociacion
genotipo-perfil aromético en cada una de las ILs ha permitido la identificacion preliminar de
genes candidatos relacionados con el perfil de volatiles en esta poblacion. Entre los principales
candidatos destacan, el gen MELO3C024886 (4-coumarate:CoA ligase), relacionado con la
produccion de eugenol, el gen MELO3C030975 (Branched-chain-amino-acid
aminotransferase), relacionado con la produccion de aldehidos, y el gen CmCRTISO1
(MELO3C009571, carotenoid isomerase), relacionado con la acumulacion de carotenoides.
Ademas, hemos comprobado como el perfil aromatico de la IL MAK _7-2, con retraso de la
maduracion del fruto, es distinto, no solo del perfil del parental climaterico del que se derivo,
sino también del perfil tipico de los melones no climatéricos, mostrando una acumulacion
intermedia de alquil ésteres, principales compuestos del perfil aromatico de los melones

climatéricos.
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Anexo 1. Listado de todos los QTLs detectados con el test Dunnet después de utilizar el genotipado de
alta densidad GBS. Caréacter, nombre del QTL, cromosoma, posicién inicial y final del QTL (v3.6.1) e
IL portadora del QTL. Codificacion de los caracteres: NMaF30 y NFeF30 (nimero flores masculinas y
femeninas 30 dias después de la apertura de la primera flor), Dmat (dias hasta la madurez), FW (peso
del fruto), FL (longitu del fruto), FD (diametro del fruto), Fs (forma del fruto), FF (firmeza de la pulpa),
AL (capa de abscision), AR (aroma), Rth (espesor de la corteza), Net (reticulado), FCHI, FCa, FCb

(parametros de color de la pulpa), CIR (color interno de la corteza), SSC (contenido de solidos solubles),

SUC, GLUC y FRUC (contenido de sacarosa, glucosa y fructosa).

Trait |QTL_Name| Chr | Start position | End position IL
NMaF30 | nmaf30.5 5 26,609,894 29,173,008 MAK_5-2
nfef30.6.1 6
NFeF30 6,259,917 33,562,398 MAK_6-2
nfef30.6.2 6 14,432,968 33,562,398
dmat.1 1 30,909,230 33,782,220 MAK_1-2
Dmat dmat.6.1 6 6,259,919 6,486,554 MAK_6-2
dmat.6.2 6 6,795,308 6,795,308 MAK_1-2;MAK_6-2
dmat.6.3 6 14,432,968 33,562,398 MAK_6-2
fw.1.1 1 6,788,002 12,811,365 MAK 1.1
fw.1.2 1 17,028,733 28,575,759 -
fw.2.1 2 1,279,456 1,421,480
=5 e MAK_2-1
FW fw.2.2 2 2,304,328 2,618,468 -
fw.6.1 6 6,259,919 6,486,554 MAK 6-2
fw.6.2 6 14,432,968 33,562,398 -
fw.11 11 35,032 4,758,755 MAK_11-1
fl.1.1 1
6,788,002 12,811,365 MAK_1-1
fl.1.2 1 17,028,733 28,575,759
fl.2.1 2 1,279,456 1,421,480 MAK_2-1
fl.2.2 2 2,304,328 2,618,468 MAK_2-1
fl.5 5 27,346 718,027 MAK_11-1; MAK_11-2
FL
f1.6.1 6 6,259,919 6,486,554 MAK 6-2
f1.6.2 6 14,432,968 33,562,398 -
fl.7 7 2,701,809 27,623,981 MAK_7-2
fl.11.1 11 35,032 4,758,755 MAK_11-1
fl.11.2 11 13,759,029 30,531,404 MAR 114
o R e MAK_11-2
fd.1.1 1 6,788,002 12,811,365 MAK 1.1
fd.1.2 1 17,028,733 28,575,759 -
fd.2.1 2 1,279,456 1,421,480 MAK_2-1
D fd.2.2 2 2,304,328 2,618,468 MAK_2-1
fd.5 5 26,609,896 29,173,010 MAK_5-2
fd.6.1 6 6,259,919 6,486,554 MAK 6-2
fd.6.2 6 14,432,968 33,562,398 -
fd.11 11 35,032 4,758,755 MAK_11-1
FS fs.7 7 2,701,809 27,623,981 MAK_7-2
FE ff.7 7 2,701,809 27,623,981 MAK_7-2
ff.10.1 10 424,009 1,278,243 MAK_10-1
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f.10.2 10 1,335,418 2,206,789 MAK_7-2;MAK_10-1
f£.10.3 10 2,241,044 3,196,156 MAK_7-2
al.7 7 2,701,809 27,623,981 MAK_7-2
AL al.10.1 10 424,009 1,278,243 MAK_10-1
al.10.2 10 1,335,418 2,206,789 MAK _7-2;MAK_10-1
al.10.3 10 2,241,044 3,196,156 MAK_7-2
ar.7 7 2,701,809 27,623,981 MAK_7-2
AR ar.10.1 10 424,009 1,278,243 MAK_10-1
ar.10.2 10 1,335,418 2,206,789 MAK_7-2;MAK_10-1
ar.10.3 10 2,241,044 3,196,156 MAK_7-2
rth.2 2 25,247 417 26,521,668 MAK_2-3
RTh rth.6.1 6 6,259,919 6,486,554 MAK 6-2
rth.6.2 6 14,432,968 33,562,398 -
net.5 5 26,609,896 29,173,010 MAK_5-2
Net net.6.1 6 6,259,919 6,486,554 MAK 622
net.6.2 6 14,432,968 33,562,398 -
net.7 7 2,701,441 27,623,981 MAK_7-2
fchl.2.1 2 1,279,456 1,421,480 MAK 2-1
fchl.2.2 2 2,304,328 2,618,468 -
fchl.6 6 2,177,862 5,247,161 MAK_6-1
FCHI fchl.8 8 21,279,832 21,279,832 MAK_8-2
fchl.9.1 9 1,732,613 16,861,024 MAK 9-2
fchl.9.2 9 17,229,960 21,387,824 -
fchl.9.3 9 21,547,872 25,241,435 MAK_2-1;MAK_9-2
fca.2.1 2 1,279,456 1,421,480 MAK 2-1
fca.2.2 2 2,304,328 2,618,468 -
FCa fca.9.1 9 1,732,613 16,861,024 MAK 9-2
fca.9.2 9 17,229,960 21,387,824 -
fca.9.3 9 21,547,872 25,241,435 MAK_2-1;MAK_9-2
fch.2 2 25,247 417 26,521,668 MAK_2-3
FCh fch.9.1 9 1,732,613 16,861,024 MAK 9-2
fch.9.2 9 17,229,960 21,387,824 -
fch.9.3 9 21,547,872 25,241,435 MAK_2-1;MAK_9-2
) MAK_6-1; MAK_8-2;
cir.5.1 5 4,729,568 4,762,899 MAK_12-1
CIR cir.5.2 5 4,868,183 4,868,183 MAK_6-1; MAK_8-2
cir.6 6 2,177,862 5,247,161 MAK_6-1
cir.8 8 21,279,832 21,279,832 MAK_8-2
cir.12 12 3,998,400 13,933,620 MAK_12-1
SSC ssc.10 10 424,009 1,011,683 MAK_10-1
suc.1 1 30,909,230 33,782,220 MAK_1-2
suc.5.1 5 26,609,896 29,173,010 MAK_5-2
suC MAK_11-1
suc.5.2 5 26,856 717,332 MAK 112
suc.10 10 424,009 1,011,683 MAK_10-1
gluc.1 1 30,909,230 33,782,220 MAK_1-2
gluc.5.1 5 26,609,896 29,173,010 MAK_5-2
MAK_11-1
GLUC gluc.5.2 5 26,856 717,332 MAK 112
gluc.11.1 11 35,032 4,758,755 MAK_11-1
MAK_11-1
gluc.11.2 11 13,759,029 30,531,404 MAK 112
FRUC fruc.5.1 5 26,609,896 29,173,010 MAK_5-2
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MAK_11-1
fruc.5.2 5 26,856 717,332 MAK 112
fruc.0 | 10 424,009 1,011,683 MAK_10-1
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