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Resumen

El objetivo principal de este trabajo ha sido desarrollar y explotar nuevas
herramientas genémicas en habas para desvelar a nivel molecular posibles
mecanismos de defensa frente al hongo patdgeno Ascochyta fabae y la planta paréasita
Orobanche crenata, causantes de grandes pérdidas en su produccion. Se ha
pretendido ampliar la informacion genética sobre dichos mecanismos de resistencia e
identificar posibles genes candidatos donde desarrollar marcadores diagndstico que
permitan extrapolar los resultados de QTL estables entre poblaciones y facilitar la

seleccion precoz de materiales en sus programas de mejora.

Para conseguir estos fines, se han empleado distintas herramientas
gendmicas (estructural, comparada y funcional). Asi, en el capitulo Il, se han utilizado
la genémica estructural y la macrosintenia existente entre leguminosas, para saturar
dos de los mapas genéticos disponibles por el grupo con marcadores relacionados con
la resistencia a ambos patdgenos, descritos en otras leguminosas. Dicha saturacion, ha
permitido refinar la posicion de los QTLs existentes e identificar marcadores
estrechamente ligados que podrian facilitar el proceso de seleccién. Ademas, el
genotipado de estos nuevos marcadores ha ayudado al desarrollo de un mapa

consenso para este cultivo.

En el capitulo IlI, utilizando herramientas de gendmica funcional, se ha
tratado de profundizar en las rutas implicadas en la interaccién planta-patégeno e
identificar potenciales genes de resistencia que pudieran ser Ultiles en la mejora
asistida por marcadores. Para ello se ha caracterizado el transcriptoma de dos lineas
parentales (29H y VVf136) sometidas a la infeccion por A. fabae y obtenido sus perfiles
de expresion génica. Aparte de proporcionar nueva informacion genémica, el estudio
han revelado una amplia variedad de posibles mecanismos y rutas implicadas. El gran
ntimero SNPs e InDels identificados en los transcritos ofrece, ademas, una posibilidad
rentable de saturar los mapas disponibles y de identificar genes responsables de la
resistencia. Para finalizar, en el capitulo 1V, se ha genotipado un conjunto de SNPs
expresados diferencialmente entre ambos parentales, relacionados con mecanismos de
resistencia. Ello ha permitido situar nuevos marcadores méas robustos y transferibles
(SNPs y ESTs) dentro de los intervalos de confianza de los QTLs de resistencia ya
descritos, facilitando su comparacién con otras poblaciones de habas y con otras

leguminosas.







Summary

The main objective of this work has been to develop and exploit new
genomic tools in faba bean in order to reveal at molecular level possible defense
mechanisms against the pathogenic fungus Ascochyta fabae and the parasitic plant
Orobanche crenata, causing severe yield losses in this crop. The approach aimed to
expand the genetic information on the resistance mechanisms involved and to identify
possible candidate genes useful to develop diagnostic markers for validation of stable
QTL among populations and for the efficient selection of superior materials in

breeding programs.

To achieve these ends, different genomic tools (structural, comparative and
functional) have been applied. Thus, in Chapter Il, both the structural genomics and
the synteny among legumes have been exploited to saturate two of the genetic maps
available by the group using markers related with the resistance to both pathogens,
described in other legumes. The saturation allowed to refine the position of the
underlying QTLs and to identify closely linked markers that could facilitate the
selection process. In addition, the new markers were used as a bridge to develop a

consensus map in this crop.

In Chapter Il1, functional genomics tools have been applied to gain insight
into the pathways involved in the plant-pathogen interactions and to identify potential
resistance genes to be further used in marker assisted selection. The faba bean
transcriptome from leaves of two lines (29H and Vf136) subjected to A. fabae
infection were characterized.in order to obtain its gene expression profiles. Apart
from providing new genomic information, the study has revealed a wide variety of
possible mechanisms and pathways involved. The large number of SNPs and InDels
identified in the transcripts also offers a cost-effective way to saturate available maps
and to identify genes responsible for resistance. Finally, in chapter 1V, a set of
differentially expressed SNPs between both parental lines, related with resistance
mechanisms has been genotyped. The approach has allowed placing more robust and
transferable markers (SNPs and ESTs) within the confidence intervals of the
resistance QTLs already described, facilitating their comparison among faba bean and

legume species.







Nota: A fin de establecer una coherencia formal a lo largo del presente documento, se
han uniformado las referencias y se han editado los trabajos originales, eliminando de
los mismos el apartado de referencias, el cual ha sido agrupado al final del
documento.







indice de contenidos

Capitulo I. INTRODUCCION GENERAL ........cooevceeeeerceteeeseeeeesereeeee e en e enenen, 1
1.1, El CUltiVO de Nabas ........cooiiieiiiiiiseer e 2
1.1.1. Origen Y CaraCteriStiCas ..........coceeererrervruerereeenieerenensieesessesssseseneens 2
1.1.2. Importancia econdmica del CUltivo ..........cccocevevieiiciicicccec 4
1.1.3. Limitaciones del cultivo de habas ............c.ccoceveiiiininiiiiiee 6
1.2. El papel de la Mejora en el cultivo de habas............ccccoeeveiiiiieieie i, 7
1.2.1. ASCOChYTa fahae .......c.covivviiiiiiiicciec e 7
1.2.2. Orobanche Crenata ..........ccoeieieieieiee e 8
1.2.3. Mecanismos moleculares de resistencia a patégenos en plantas ...... 11
1.3. Seleccion asistida por marcadores (MAS) .......ccoveriiincieneeee e 14
1.4. Empleo de herramientas genémicas en la Mejora de las leguminosas................ 16
1.4.1. GenOMICa ESLIUCTUNAl ........cccoiuiiiieieieese e 17
1.4.1.1. Mapa genético de habas ..........ccoceeervirieiinence e 18
1.4.2. Genomica comparada Y SINTENIA .......ccccoveerereneerineiree e 22
1.4.2.1. Medicago truncatula como especie modelo en leguminosas.22
1.4.3. GenOmica fUNCIONA .........ccoovviiiiiiicece e 26
.......1.4.3.1. Tecnologias de secuenciacion de nueva generacion y
DIOINFOIMALICA ....oveeiee s 28
....... 11.4.3.2. Aplicaciones de la NGS en la genética y mejora vegetal ....30
1.5, HIpOteSiS Y ODJELIVOS ...t 32

Capitulo 1. Saturacién de los mapas de habas disponibles mediante herramientas de

Genomica estructural y comparativa (SINtENIA) .........ccoovvrereienieie e 3
TLL, INEFOAUCCION ..ot 35
11.2. MaterialeS Y METOUOS .....c.viveiireiiieieeeiei ettt 39
11.2.1. Material Vegetal ..........cccoeiriiriiiiiecee e 39
11.2.2. Andlisis de marcadores MoIeCUIAres ............ccccovrirnrciiieeieninnnnes 39
11.2.2.1. Extraccion de ADN gendmicCo .........ccoocevveereereneninerenenns 39

11.2.2.2. Andlisis de ESTs (Expressed Sequence Tags) y UniTags....40
11.2.3. Construccion del mapa de ligamiento en la poblacion RIL y

ANALISIS 08 QTS .cuviiiiieiieiieie ettt 49
11.3. ReSUltadoS Y DISCUSION .......cvrviuiieeiiiieiriee sttt 51
11.3.1. Marcadores polimorficos en V. faba ..., 51

11.3.2. Nuevos mapas de ligamiento y analisis de QTLs implicados en la
resistencia a O. crenata, O. foetida y A. fabae en habas............c.cccceeenne. 56
11.3.2.1. Poblacion 29H X VFL36........ccvvviiviiiieieescce e 56
11.3.2.2. Poblacion V6 X V136 ......ccccovreirciieieeeee e 61

11.4. ReSUMEN Y CONCIUSIONES ....c.ooviviiieiiiieirieisisieee et 68




Capitulo I11. Large-Scale Transcriptome Analysis in Faba Bean (Vicia faba L.)
under Ascochyta fabae INfECtioN ..o 73

THEL. ADSEIACT ..ttt e ettt e e et e e e et e e e s ba e e e e taae e e sabeeesbeeaeanns

111.2. Introduction............cceccune.

111.3. Material and methods
111.3.1 Plant material and A. fabae inoculation

111.3.2. RNA extraction, library preparation and DNA sequencing ............ 79
111.3.3. Sequence pre-processing, de novo assembly and annotation.......... 80
HL.3.4. Variant analySes.........ccccoviiiiviirieieiee s 81
111.3.5. Differential gene expression and functional enrichment................. 81
111.3.6. Expression profiles via RT-gPCR.........cccoiiiiiiniiceeeee 81

T4, RESUIES .t 82
111.4.1. A new faba bean transCriptome ...........cccvevnnerniiinei e 82
111.4.2. Functional classification of the V. faba transcriptome.................... 84
111.4.3. Sequence similarity of V. faba transcripts with other plants........... 86
111.4.4. Discovery of SNPs and InDels variants............c.cocooveinieniennnn,
111.4.5. Transcripts involved in blight resistance ............ccccccceeeune.
111.4.6. Validation of Transcriptome by RT-QPCR

L5, DISCUSSION ..ottt

111.6. Conclusions...........cccueeuee..
111.7. Acknowledgement

Capitulo V. Saturation mapping of regions determining resistance to Ascochyta

blight and broomrape in faba bean using transcriptome-based SNP genotyping ........ 95
IV.LL ADSTFACT .o 97
IV.2. INEFOAUCTION ..ot 99
1V.3. Material and MEethods .........coccvvviiiiiiiiici 101
IV.3.1. Plant material ..........ccooveiiniiniiiicc e 101
1V.3.2. SNP selection and genotyping........ccccoeevrveennerinieiineenseseenee 101
1V.3.3. Linkage map construction and QTL analysis .........c.ccoceverervrinnenn 102
1V.3.4. Field trials and Resistance SCOrNG .......cccoevvneriniiieinieseeeee 103
IV 4L RESUIS. ... 104
1 1V.4.1. SNP selection and genotyping.........ccoceeererereninienenenienereeeneene 104
IV.4.2. Linkage analySiS .......ccuvueiriiriiieiiieisieeneeess e 105
1V.4.3. QTL analysis for Ascochyta fabae...........ccoceoeiiiiiiiiiicii 106
IV.4.4. QTL analysis for Orobanche sp ... 108
IV.5. DISCUSSION ...ttt 111
IV.5.1.Genetic linkage mapping and synteny analysis ............ccccceceveeinnenn 111
IV.5.2. QTL detection and candidate genes identification.............c.c.cc.o..... 112
1V.6. ACKNOWIEAGEMENLS ...ttt 117
Capitulo V. DISCUSION GENETAL ..o 119
Capitulo VI CONCIUSIONES ......cceiiiiiiiiiiieisieie ettt 129

Capitulo VI Bibliografia ..o 133




Anexos: Otras publicaciones y comunicaciones del autor .............cccccocveviieievicnciecnenn, 163

Anexo I. Satovic S, Avila CM, Cruz-lzquierdo S, Diaz-Ruiz R, Garcia-Ruiz GM,
Palomino C, Gutiérrez-Leiva N, Vitale S, Ocafia-Moral S, Gutiérrez MV, Cubero

Jl and Torres AM (2013). A reference consensus genetic map for molecular

markers and economically important traits in faba bean (Vicia faba L.). BMC
GENOMICS, 141932 oottt e et e et e e sttt e s s bt e e s sbae e s aaaees 165
Anexo Il. Seoane P, Ocafia S, Carmona R, Bautista R, Madrid E, Torrres A,

Claros G. (2016). AutoFlow, a versatile workflow engine illustrated by assembling

an optimised de novo transcriptome for a non-model species, such as Faba Bean
(Vicia faba). Current Bioinformatics 11(4): 440-450.........ccccocevveiviviieiienesieieeeenn, 181
Anexo I11. Comunicaciones en congresos y conferencias ..........ccccocevcevceveeceennae 193







indice de figuras

Capitulo I. Introduccion general.

Figura 1. Principales caracteristicas de una planta de V. faba: (a) planta
completa mostrando distintas inflorescencias, (b) forma de la hoja, (c) vainay
FrULO Y (d) FIOFES .. e

Figura 2. Tipos de haba segun el tamafio de la semilla (Cubero, 1974) ............
Figura 3. Cromosomas de Vicia faba (Chapman, 1983) ..........ccccocevvevviiiiiiennns
Figura 4. Zonas de produccion mundial de habas (FAOSTAT, 2014)...............

Figura 5. Serie historica de la produccion en toneladas (linea roja) y del area
cosechada en hectareas (linea azul) del cultivo de habas en Espafa
(FAOSTAT, 2014 .....ooevooeeeeeeeeneeeeeeeeeeeseseeeseesseeesesessess s ssesseensssesss s

Figura 6. Lesiones en hojas (a), tallo (b), vainas (c) y semillas (d) causadas
POr ASCOChYLA fADAE ......eoviieiicicee e e

Figura 7. Plantas de O. crenata parasitando a Vicia faba ..........c.c.ccocovereinnn.

Figura 8. a) Activacion de la inmunidad activada por PAMPs o PTI mediante
el reconocimiento de PAMPs/MAMPs por receptores PRRs de la planta. b)
Susceptibilidad desencadenada por un efector (ETS) producido por el
patégeno que suprime PTI. ¢) Activacién de la inmunidad desencadenada por
efector (ETI) al ser reconocido especificamente por proteinas de resistencia de
la planta (Fuente: Pieterse et al. 2009). .........ceiurirerierineireie e

Figura 9. Esquema con los principales componentes que actdan en las rutas
de sefializacion del &cido salicilico (SA), &cido jasmdnico (JA) y etileno (ET).
a) SA origina la monomerizacion de NPR1 en citosol y su transporte al ndcleo
para interaccionar con factores de transcripcion (TGAs/ WRKYS) y expresar
genes que codifican proteinas relacionadas con la patogénesis (PRs).
WRKY70 actlia como interruptor molecular entre la via del SA 'y la de JA. b)
En la ruta del JA, la proteina JAZ interacciona con factores de transcripcion
MYC2 y ERF1 responsables de la expresion de genes de defensa y de integrar
las sefiales de las rutas del JA y el ET. C) El etileno activa una cascada de
quinasas MAPK, cuya sefial es transmitida a EIN2 que evita la degradacion
del factor de transcripcion EIN3. Su acumulacion activa a ERF1 que regula la
expresion génica (Fuente: Pieterse et al. 2009). .......cooevervrerireienrienee e

Figura 10. Relaciones filogenéticas de la subfamilia Papilionoideae. Fuente:
Zhu et al. 2005. A la derecha de las especies estd indicado el ndmero
cromosémico (N) y el tamafio del genoma expresado en Mpb, MA = Millones

12

13




Figura 11. Mapa consenso simplificado de ocho leguminosas. La figura esta
basada en la publicaciones de Choi et al. (2004b) con modificaciones de Zhu
et al. (2005). Mt, Medicago truncatula; Ms, Medicago sativa; Lj, Lotus
japonicus; Ps, Pisum sativum; Ca, Cicer arinetum; Vr, Vigna radiata; Pv,
Phaseolus vulgaris; Gm, Glycine max. Sy L son el brazo corto y largo de cada
cromosoma en M. truncatula. Los bloques sinténicos estan dibujados a escala
basandose en la distancia genétiCa .........c.ccovveerieerereisei e s

Figura 12. Estudios y herramientas que engloba el uso de la genémica
FUNCIONAL ...

Figure 13. Esquema de los estudios de genémica estructural, comparativa y
funcional aplicados durante el desarrollo de esta tesis para la saturacion del
mapa Y la identificacion de genes candidatos de resistencia a jopo y Ascochyta
fabae €N haADES......c.ooeicec s

Capitulo 1l. Saturacion de los mapas de habas disponibles mediante
herramientas de Gendmica estructural y comparativa (sintenia)

Figura 1. Representacion esquematica de bloques de sintenia entre
cromosomas y segmentos cromosémicos de M. truncatula (Mt) y leguminosas
grano tradicionales; Guisante (Pisum sativum, Ps), habas (Vicia faba, Vf),
garbanzo (Cicer arietinum, Ca) y lentejas (Lens culinaris, Lc). Las barras que
representan las regiones cromosdmicas homélogas de Medicago y guisante se
muestran con la misma intensidad o patrén de grises. Las flechas indican la
orientacién de los cromosomas (brazo corto - brazo largo) en el caso de
Medicago. Los blogques en habas, garbanzo y lenteja estan representados por
barras en blanco. Las barras no reflejan los tamafios relativos de los segmentos
cromosémicos o cromosomicos Yy los puntos de rotura de los cromosomas se
indican de modo aproximado. Fuente: Kalo et al. 2011 con modificaciones. La
figura integra datos de Choi et al. 2004, Kalo et al. 2004, Zhu et al. 2005,
Nelson et al. 2006, Phan et al. 2006, Ellwood et al. 2008, Nayak et al. 2010,
Cruz-lzquierdo et al. 2012 y Satovic et al. 2013 .........cccooiviiiriceeeee

Figura 2. Nuevo mapa de ligamiento y QTLs para resistencia a A. fabae (Af),
O. crenata (Oc) y O. foetida (Of) en la poblacion 29H x Vf136. En rojo se
distinguen los 8 marcadores mapeados en este estudio. La linea punteada
separa los GL que no han podido ser asignados a cromosomas (CR)
BSPECITICOS. 1.ttt et

Figura 3. Nuevo mapa de ligamiento y QTLs para la resistencia a A. fabae
(Af), O. crenata (Oc) y O. foetida (Of) en la poblacion RIL V6 x Vf136..........

Capitulo I11. Large-Scale Transcriptome Analysis in Faba Bean (Vicia faba L.)
under Ascochyta fabae Infection

Figura 1. Venn diagram depicting the number of overlapping sequences and
unique genes present among the three transcriptomes. KT: transcriptome
developed by Kaur et al. (2012); PT: lllumina reads from the present study;




ET: enriched transcriptome (lllumina reads and database sequences) ................ 85

Figura 2. Distribution of the GO categories assigned to the faba bean
transcriptome. Unique transcripts were annotated in three categories:
biological process, cellular components and molecular functions....................... 86

Figura 3. Analysis of the kinetics of 4 transcripts analyzed by RT-gPCR in
the resistant and susceptible genotype. (a) LEA-18; (b) Transcription factor
NAI1; (c) Jasmonate O-methyltransferase; (d) F-box/LRR-repeat protein
At3g59200 analyzed at 4, 8 and 12 hours after inoculation with A. fabae.
Relative mRNA quantification was performed using ACT1 and CYP2, as
reference genes for NOrmMalization ..o 89

Capitulo V. Saturation mapping of regions determining resistance to
Ascochyta blight and broomrape in faba bean using transcriptome-based SNP

genotyping

Figura 1. Genetic map and summary of the Orobanche crenata and Ascochyta
fabae resistance QTL in the faba bean RIL population derived from the cross
29H x Vf136. O. crenata QTLs were named using the initials Oc followed by
a number assigned in previous works and the identifier for each location (Eg,
Egypt and Cor, Cdrdoba). For Cordoba analyses, a season identifier was also
included (06, season 2006/2007; 07, season 2007/2008; 08, season
2008/2009). In the case of A. fabae, the QTLs were named considering the
experiment (field, isolate Co99 in growth chamber, isolate Lo98 in growth
chamber) and trait (DSL, disease severity on leaves; DSS, disease severity on
stems; DSP, disease severity on pods). QTL positions are represented as 2-
[0 BN -V TSSOSO 109







indice de Tablas

Capitulo I. Introduccién general.

Tabla 1: Principales QTLs para resistencia a Ascochyta fabae detectados en
poblaciones F2 y RILs de habas en los cruzamientos V6 x Vf136 y 29H x Vf136.... 20

Tabla 2: Principales QTLs para resistencia a Orobanche crenata y Orobanche
foetida detectados en poblaciones F2 y RIL de habas en los cruzamientos Vf6 x

VTL36 Y 29H X VFL36.....oiiiiciiiiiii 21

Capitulo I1. Saturacion de los mapas de habas disponibles mediante herramientas de
Genomica estructural y comparativa (sintenia)

Tabla 1. Mezcla de reaccion de PCR para los diferentes marcadores .............c.ccc....... 41
Tabla 2. Condiciones de amplificacion de PCR para marcadores ESTS ...........cc........ 42
Tabla 3. Condiciones de amplificacion de PCR para marcadores UniTags de lenteja 42
Tabla 4. Condiciones de amplificacion de PCR para marcadores UniTags de habas.. 42

Tabla 5. Condiciones de amplificacion de PCR para los marcadores de garbanzo .... 42

Tabla 6. Marcadores moleculares analizados en los cruzamientos V6 x V{136 y
29H x V136 en poblaciones RILS en V. faba...........ccccooiiiiiiiniiiiieeeeee, 44

Tabla 7. Relacién de enzimas utilizadas para desarrollar marcadores CAPs.
Secuencias diana y temperatura (°C) de corte de cada una de ellas ..........c.cccceeveernnne. 49

Tabla 8. Resultado de los 116 marcadores analizados en las poblaciones RILs V6 x
VFL36 Y 29H X VFL36 ..ot 52

Tabla 9. Listado de los 27 marcadores moleculares genotipados en las poblaciones
V6 x Vf136 y 29H x V136 y metodologias para la deteccion del polimorfismo....... 54

Tabla 10. Posicidn en el mapa de los marcadores genotipados en la poblacion 29H x
R 4 T USSR PTOPTPRTROIN 56

Tabla 11. Grupos de ligamiento (GL), asignacion a cromosomas Yy distribucion de
marcadores en el mapa 29H X VIL36 ..ot 57

Tabla 12. QTLs detectados para resistencia a A. fabae (Af), O. foetida (Of) y O.
crenata (Oc) en la poblacion RIL 29H x V{136 de habas por analisis de intervalos
(IM). El LOD critico fue determinado usando el analisis de permutaciones en todos
10S AMDIENTES. ..o 60

Tabla 13. Marcadores moleculares genotipados y ligados en la poblacion Vf6 x




Tabla 14. Grupos de ligamiento (GL), asignacién a cromosomas, caracteristicas y
distribucion en el mapa V6 X VFL36 .......ccooeviiiiieiicecece s 63

Tabla 15. QTLs detectados para resistencia a A. fabae (Af), O. foetida (Of) y O.
crenata (Oc) en la poblacion RIL V{6 x V136 mediante analisis de intervalos (IM) 67

Capitulo I11. Large-Scale Transcriptome Analysis in Faba Bean (Vicia faba L.)
under Ascochyta fabae Infection

Table 1. Primer pairs designed to validate RNAseq data by RT-qPCR and number
of reads detected in each of the faba bean genotypes. ........ccccevvevieieiiiivciesiccece, 82

Table 2. Summary of the attributes assemblies obtained using three different
datasets after the analysis using Full-LengtherNext. Transcriptomes of Kaur et al.
[23] and version 1.0 were analysed with older releases of Full-LengtherNext, while
the current transcriptome (version 1.1) was analysed with a new release of this
SOTEWAIE. ...ttt ettt sttt ne et 84

Capitulo VI. Saturation mapping of regions determining resistance to Ascochyta
blight and broomrape in faba bean using transcriptome-based SNP genotyping

Table 1. Origin and characteristics of the SNPs assayed in the faba bean RIL
POPUIAtION VI29H X VFL36 ..ot 104

Table 2. Linkage groups, chromosome (Chr.) assignation and marker distribution in
the 29H X WVFL36 MAP.....cueeiiiiiteiiteee s 105

Table 3. Putative QTLs for O. crenata (Oc) and A. fabae (Af) detected in the faba
bean cross 29H x V136 by Interval mapping (IM) analysis..........ccoccveerirenciniininncns 107










Capitulo |

INTRODUCCION GENERAL

Las leguminosas representan una de las familias mas numerosas e importantes en la
agricultura, incluyendo mas de 650 géneros y 18.000 especies que destacan por su
gran valor nutritivo (Doyle, 2000). La familia abarca desde plantas herbaceas hasta
grandes arboles (Doyle y Luckow 2003; Lewis et al. 2005) teniendo maltiples usos en

agricultura (leguminosas grano, cultivos horticolas o leguminosas forrajeras). Son
consideradas cultivos mejorantes del terreno por su capacidad para fijar nitrégeno
atmosférico mediante complejas interacciones con bacterias del género Rhizobium
(hasta 100-120 Kg N/ha, en el caso concreto de las habas) jugando un papel
importante en la rotacion de cultivos (Ghaham y Vance 2003; Garg y Geetanjali 2009;
Udvardi y Poole 2013).

Nutricionalmente, las leguminosas son una fuente principal de proteina vegetal
(entre un 20 y un 40%) ricas ademas en carbohidratos, fibra, vitaminas y minerales
esenciales para la dieta humana y la alimentacién animal. Su composicion en
aminoacidos esenciales, ricos en lisina y pobres en los de tipo azufrado y triptéfano
(Wang et al. 2003), las hace complementarias a los cereales. En concreto, las habas,
cuentan con un contenido de proteina en grano seco cercano al 30%, una alta
proporcion de lisina y una buena palatabilidad para su empleo como pienso en
rumiantes y ganado de carne en general. Como planta horticola, su destino es para
consumo humano, aprovechandose vainas y granos en industrias transformadoras para
enlatado y congelado (Nadal et al. 2004). Estudios recientes han demostrado que
ciertos compuestos antinutricionales (Roy et al. 2010), que reducen su valor biolégico
tienen, sin embargo, efectos beneficiosos para la salud como son los compuestos
bioactivos (Muzquiz et al. 2012) que reducen ciertos tipos de cancer, activan
mecanismos de defensa, tienen propiedades anti-inflamatorias, reducen la
hipertension, poseen efecto antioxidante o mejoran la obesidad. También se ha
demostrado que dietas ricas en proteinas con bajo contenido en metionina, como lo
son las proteinas de leguminosas, retardan el envejecimiento (McCarty et al. 2009) y
que compuestos como la 3,4-dihidroxifenilalanina (L-DOPA) son un importante
principio activo en la industria farmacéutica para combatir la enfermedad del

Parkinson, la hipertension, el fallo renal o la cirrosis (Rabey et al. 1993; Randhir et al.
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2002). Otro de los muchos beneficios de las leguminosas es su aplicacion como abono
sideral 0 como cultivo trampa para uno de sus mayores patdgenos, la planta paréasita
Orobanche crenata (Nadal et al. 2004).

El cultivo de las leguminosas, junto con el de los cereales, es uno de los mas
antiguos y ha estado presente en la agricultura desde sus origenes. Uno de los
principales centros de origen de muchas leguminosas (habas, garbanzos, guisantes,
lentejas, yeros, etc.) es el Proximo Oriente, donde se practica su cultivo desde casi los
comienzos de la agricultura (Abbo et al. 2003). En la agricultura mediterranea, y
desde los tiempos de los romanos, la rotacién cereal-leguminosa se ha venido
realizando de una forma tradicional por los beneficios que aportan estas Ultimas,
incrementando la fertilidad del suelo, mejorando su estructura y contribuyendo al

saneamiento de otros cultivos al romper sus ciclos de enfermedades y plagas.

1.1. El cultivo de habas.
1.1.1. Origen y caracteristicas.

Las habas (Vicia faba L.) son plantas anuales, alogamas y diploides (2n=2x=12).
Pertenecen a la familia Fabaceae, tribu Vicieae, genero Vicia y especie V. faba
(Cronquist, 1981). Fueron unas de las primeras leguminosas domesticadas por el
hombre al inicio de la agricultura. Tanto su origen exacto como su antecesor silvestre
se desconocen, concluyendo algunos autores que la especie, probablemente, es
originaria del Cercano Oriente (Cubero, 1974) o Asia Central (Ladizinski, 1975)
desde donde se extendié al Mediterrdneo y posteriormente al resto del mundo.
Actualmente, se considera que la forma primitiva mas cercana al extinguido

progenitor silvestre es el grupo paucijuga (Cubero, 1974).

V. faba es una especie anual, erecta y glabra (Figura 1a). Presenta una fuerte
raiz primaria muy desarrollada y numerosas raices secundarias y terciarias
responsables de formar nédulos que se asocian simbidticamente con Rhizobium
leguminosarum para fijar nitrogeno atmosférico (Nutman, 1976; Beck y Duc 1991).
Sus hojas son compuestas, alternas, sin zarcillos y formadas por foliolos con un borde
recto o ligeramente ondulado de color verde-grisdceo (Figura 1b). Las estipulas
dentadas estan provistas de un nectario y muestran una mancha oscura. Las flores se

agrupan en inflorescencias axilares de 1 hasta 12 flores y cada flor contiene un pétalo
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grande llamado estandarte y dos pétalos de igual tamafio conocidos como alas. Los
pétalos normalmente son blancos con una mancha negra-purpurea en las alas (Figura
1d).

Figura 1. Principales caracteristicas de una planta de V. faba: (a) planta completa mostrando
distintas inflorescencias, (b) forma de la hoja, (c) vainay fruto y (d) flores.

Su fruto es carnoso, de color verde-pardo; siendo el nimero de semillas por
vaina variable (hasta 8-10 granos en algunos cultivares major) (Figura 1c). Sus
semillas son ricas en proteinas (alrededor del 30 %), carbohidratos, fibra, vitaminas y
minerales. Segln el tamafio de la semilla son cuatro los tipos botanicos existentes:
paucijuga, minor, equina y major (Cubero, 1974) (Figura 2). La semilla de paucijuga
pesa entre 0.31-0.40 gr, la minor 0.41-0.60 gr, la equina 0.61-1.10 y la major 1.11-
1.70 gr. Las semillas grandes (major) emergieron en los paises Mediterrdneos y
China, las de tamafio medio (equina) en el Este y Norte de Africa, mientras que las

semillas pequefias (minor) son tipicas del Norte de Europa (Duc, 1997).

Figura 2. Tipos de haba segun el tamafio de la semilla (Cubero, 1974).
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El genoma de V. faba es citogenéticamente uno de los mejor caracterizados
entre las plantas. V. faba es una planta diploide con una dotacién cromosémica de 2n
= 12, formada por seis grandes cromosomas (Figura. 3) de los cuales, cinco son
acrocéntricos y uno metacéntrico y de mayor tamafio (15 um) (Chapman, 1983). El
tamafio de los cromosomas y el contenido de ADN por nlcleo en esta especie es casi
el doble (13.000 Mbps) que en otras del genero Vicia (Chooi, 1971; Lawes et al.
1983; Raina y Ogihara 1995; Bennett et al. 1995). Es 25 veces mayor que el de la
especie modelo Medicago truncatula y presenta una alta proporcion de ADN
repetitivo (Flavell et al. 1974) lo que ha retrasado los avances genéticos y el

desarrollo de herramientas gendmicas en esta especie.

HUL

VI

Figura 3. Cromosomas de Vicia faba (Chapman, 1983).

1.1.2. Importancia econémica del cultivo.

Tradicionalmente las habas se han cultivado en la cuenca Mediterrdnea, Oriente
Medio, China y América Latina aunque actualmente est4 logrando especial relevancia
en Australia, Europa y América del Norte (Figura 4). En 2014, la superficie mundial
de habas cultivada superé los 2 millones de hectareas (has), con una produccion total
de unos 4,14 millones de toneladas, lo que hace que sea la cuarta leguminosa grano
mas importante tras el garbanzo, el guisante y la lenteja (FAOSTAT, 2014). Los
mayores productores mundiales son China, Etiopia, Australia y Francia. Espafia se
encuentra en decimoquinto lugar en cuanto a produccion, lo que representa casi un

1% de la produccion mundial total.
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Figura 4. Zonas de produccion mundial de habas (FAOSTAT, 2014).

En Espafia, la superficie destinada al cultivo es de 23.155 ha, alcanzado una
produccion de 38.934 toneladas (FAOSTAT, 2014). Tanto la superficie cultivada
como la produccién han ido fluctuando en los dltimos 20 afios (Figura 5). Estas
fluctuaciones se han debido principalmente al abandono de las rotaciones leguminosa-
cereal al cambiar las practicas agricolas y a la disponibilidad de fertilizantes
nitrogenados relativamente baratos que parecian ser mas eficientes en mejorar los
rendimientos. EI aumento significativo de la superficie de cultivo durante el periodo
2001 al 2005, estuvo influenciado por las ayudas de la UE a las leguminosas
(Reforma de Politica Agraria Comunitaria de 2003), pero cayd posteriormente hasta
niveles de 1994. Este hecho evidencia la dependencia de nuestro pais de las ayudas
externas a la produccion y por tanto de las normas de la PAC que se apliquen en cada
momento. Asi, la agricultura intensiva espafiola y europea actual, basada
principalmente en la rotacion oleaginosa-cereal, ha generado una total dependencia de
las importaciones de proteinas vegetales. La produccion de proteina vegetal de la UE
ocupa sélo el 3% de sus tierras de cultivo, lo que cubre apenas el 30% de nuestra
demanda de proteaginosas para piensos. Resulta absurdo, sin embargo, que debamos

importar el 70 % de proteinas vegetales en su mayor parte de Estados Unidos, Méjico
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0 Argentina, con unos costes energéticos y econdmicos inasumibles en una sociedad

moderna.
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Figura 5. Serie histérica de la produccién en toneladas (linea roja) y del area cosechada en
hectareas (linea azul) del cultivo de habas en Espafia (FAOSTAT, 2014).

1.1.3. Limitaciones del cultivo de habas.

Tradicionalmente el cultivo de habas se ha caracterizado por la baja estabilidad de su
rendimiento. Entre los principales factores que afectan a la produccion del cultivo y a
la calidad de la semilla, se encuentran estreses abioticos como la sequia, las heladas y
las altas temperaturas y bidticos como el jopo (Orobanche crenata), una fanerégama
parasita muy extendida en toda la cuenca Mediterranea y hongos patdgenos como
Ascochyta fabae, Uromyces viciae-fabae (causante de la roya) o Botrytis fabae que
produce la denominada botritis 0 mancha chocolate. La frecuencia con la que ocurren
estos estreses y su severidad es variable dependiendo de las condiciones climéticas y
de la zona geografica en la que se cultive. Por lo tanto, los principales objetivos de
mejora en habas incluyen la mejora de la calidad de semillas y la resistencia o
tolerancia a estreses bidticos y abioticos (Sal, 1983; Bond et al. 1994; Sillero et al.
2010).
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1.2. El papel de la Mejora en el cultivo de habas.

La mejora vegetal ha sido una de las tecnologias que se ha desarrollado con mayor
éxito en la agricultura moderna, dando lugar a grandes cambios en la calidad,
estructura y adaptacion de los cultivos a su entorno, mejorando su potencial genético
e incrementado su rendimiento. Aunque algunos esfuerzos realizados han tenido poco
éxito, la mayoria de las modificaciones genéticas de los cultivos logradas mediante

mejora clasica han sido muy positivas e importantes (Lee, 1995).

Como se ha mencionado anteriormente, al igual que para el resto de cultivos,
el principal objetivo de la mejora en habas es incrementar y estabilizar su rendimiento
mediante el desarrollo de cultivos adaptados a los estreses desarrollados en cada
ambiente. Entre los factores limitantes en la produccion y rendimiento de esta especie
estan la susceptibilidad al hongo patdgeno A. fabae y a la planta parasita Orobanche
crenata.

1.2.1. Ascochyta fabae.

Se trata de un hongo aéreo causante de una de las enfermedades flingicas
(ascoquitosis) mas comunes del cultivo en todo el mundo (Gaunt, 1983). El hongo es
responsable de pérdidas del rendimiento tanto de peso como de calidad de las
semillas, entre el 30 y el 40%, pudiendo llegar incluso al 90% en cultivos muy
susceptibles (Hanounik y Robertson 1989). El patdégeno ataca a todas las partes aéreas
de la planta causando necrosis y colapso tisular. Los sintomas consisten en lesiones
circulares de color marrén oscuro que evolucionan a necrosis en hojas, tallos, vainas y

semillas (Figura 6).

(b)

Figura 6. Lesiones en hojas (a), tallo (b), vainas (c) y semillas (d) causadas por Ascohyta
fabae.
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El patogeno es capaz de infectar la semilla, por lo que una de las medidas de
control de la enfermedad es el uso de semillas libres de in6culo (Beaumont, 1950;
Hewett, 1973; Kharbanda y Bernier 1979; Gaunt y Liew 1981; Kaiser, 1997). Sin
embargo, la existencia de otras fuentes de indculo, como restos de cultivo infectados,
requiere medidas de control adicionales como son la rotacion de cultivos o el uso de
productos quimicos (Jiménez-Diaz et al. 1998). Frente a ello el empleo de variedades
resistentes, se considera la forma mas efectiva para el control de la enfermedad a

largo plazo.

Se han identificado varias fuentes de resistencia que se estan utilizando en
programas de mejora (Bond y Pope 1980; Tivoli et al. 1988; Hanounik y Robertson
1989; Rashid et al. 1991a, b; Ondrej, 1993; Sillero et al. 2001) pero a dia de hoy aln

se desconoce en detalle, su base genética.

1.2.2. Orobanche crenata.

Planta holoparasita (Figura 7) caracterizada por carecer de una raiz verdadera, no
realizar fotosintesis, tener haustorios especializados y nutrirse del xilema y floema de
la planta parasitada (Young et al. 1999; Nickrent, 2002). Entre los cultivos que
parasita se encuentran habas, garbanzos, lentejas, arvejas, guisantes, apio y zanahoria
(Sauerborn, 1991; Eizenberg et al. 2001; Rubiales et al. 2003). Se distribuye
extensamente a través de la cuenca mediterranea, especialmente en el norte y el este
de Africa (Rubiales y Fernandez-Aparicio 2012) ocasionando grandes pérdidas en
estos cultivos (Cubero, 1983; Mesa-Garcia y Garcia-Torres 1984; Parker y Riches
1993). En habas, se estiman pérdidas en la produccion entre 5 y 95%, dependiendo de

la fecha de siembra y el nivel de infestacion (Rubiales et al. 2006).

La infeccion comienza con el crecimiento de la radicula de la semilla
germinada hacia la raiz de la planta hospedante, penetrando en ella por la epidermis y
el cortex con ayuda de enzimas hidroliticas hasta ubicarse en el sistema vascular y
formar el haustorio. Seguidamente, el haustorio se diferencia en noédulos que crecen
hasta desarrollar raices simples que daran lugar a raices secundarias y que seran las
que absorban los nutrientes y el agua de la planta hospedadora. A partir de este
momento, el jopo emerge del suelo y crece rapidamente hasta llegar al estado de

floracion y produccion de semillas (Lépez-Granados y Garcia-Torres 2002). Sus
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semillas son pequefias (0.3 x 0.2 mm) y su nimero puede ascender a mas de 200,000
por planta (Parker y Riches 1993) pudiendo tener una longevidad en el suelo de unos
14 afios (Lépez-Granados y Garcia-Torres 1999). La germinacién se ve afectada por
el grado de humedad, la temperatura del suelo y la intensidad de la luz (Parker y
Riches 1993; Lopez-Granados y Garcia-Torres 1993; Manschadi et al. 2001) y ocurre
cuando la semilla se encuentra a menos de 1 cm de distancia de la raiz donde contacta
con los exudados radiculares generados por la planta hospedadora (L6pez-Granados y
Garcia-Torres 2002).

Figura 7. Plantas de O. crenata parasitando a Vicia faba.

Para hacer frente al ataque de jopo, se han investigado diversas medidas de
control, destacando el control quimico con glifosato (Parker y Riches 1993; Parker,
1994; Lopez-Granados y Garcia-Torres 1998), la solarizacion del suelo (Mauromicale
et al. 2001), la rotacion de cultivos (Al-Menoufi, 1994), el cambio de fecha de
siembra (LApez-Granados y Garcia-Torres 1998; Rubiales et al. 2003), la fertilizacion
(Pieterse, 1991), la inundacién del terreno (Zahran, 1982) y el control bioldgico
(Linke et al. 1992). A pesar de todos estos estudios, la aplicacion de estos métodos de
control por separado mostrd resultados no satisfactorios y se recomienda la
integracién de diferentes métodos. Garcia-Torres y Lopez-Granados (1991) integran
la aplicacion de herbicidas, el cambio de la fecha de siembra y la rotacion de cultivos
para reducir la infeccion de jopo en terrenos agricolas. A partir de todas estas

investigaciones se concluye que la mejora genética es el método mas econémico y
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eficiente para el control de jopo (Lépez-Granados y Garcia-Torres 2002; Pérez-de-
Luque et al. 2007).

La resistencia contra jopo es de naturaleza compleja, dificil de evaluar y de
baja heredabilidad lo que convierte el proceso de mejora en una tarea muy dificil
(Rubiales, 2003). En habas se ha observado que la resistencia puede estar
correlacionada con el tamafio de la semilla, de forma que semillas de tamafio pequefio
tienden a ser mas resistentes a jopo que semillas mas grandes (Cubero, 1973), aunque
hasta la fecha, no se han identificado ninguna fuente de resistencia completa se han
obtenido lineas que muestran resistencia incompleta (Pérez-de-Luque et al. 2010)
como Vf172 (Cubero, 1973), con resistencia parcial pero sin caracteristicas
agronémicas deseables, la linea F402 (Nassib et al. 1982) con alto nivel de resistencia
a jopo y con caracteristicas agronémicas favorables, la linea Giza 402 resistente tanto
en condiciones de invernadero como de campo Yy estable en diferentes ambientes
(Valle del Nilo, La Costa de Siria y Andalucia al Sur de Espafia) y la linea V{1071
utilizada en Andalucia como fuente de resistencia para desarrollar lineas de interes en
los programas de mejora (Cubero, 1991; Sillero et al. 1999). Actualmente la variedad
Baraca, derivada de Vf1071, caracterizada por su buena adaptacion, altos
rendimientos y tolerancia al ataque de jopo es una de las mas utilizadas

comercialmente.

Ademas de O. crenata, otras especies de jopo son cada vez mas importantes
en ciertas areas. Orobanche foetida Poir., distribuida ampliamente en la cuenca
mediterranea y que inicialmente solo parasitaba huéspedes silvestres (Pujadas-Salva,
1999), ha atacado intensamente campos de habas y garbanzos en la region de Beja,
Tanez (Kharrat et al. 1992), produciendo pérdidas de rendimiento entre 66 y 83%
(Kharrat, 1999) y en Marruecos (Rubiales et al. 2005). Estos hechos hacen que se
considere la importancia de esta especie y se evite su propagacion por su cercania

geografica a Andalucia donde aun parasita a especies silvestres.

Tanto para A. fabae como para O. crenata el uso de fuentes de resistencia en
programas de mejora se puede ver condicionado por factores como la variabilidad
patogénica del agente causal. En muchas ocasiones se puede observar una interaccion
diferencial entre los genotipos del agente causal de una enfermedad y los de la especie
hospedadora. Ello marca la necesidad de conocer el espectro racial del patégeno en

cada zona de cultivo a fin de elegir las fuentes de resistencia mas idoneas para el

-10 -



Capitulo |

desarrollo de nuevas variedades resistentes. Por otra parte, la seleccion de genotipos
interesantes dentro de cada programa, conlleva tediosos procesos de inoculacién y
evaluacion, tareas que se agravan por la dificultad de establecer las condiciones
Optimas para el desarrollo de la enfermedad dependiendo, ademas, de la
disponibilidad del patégeno en cada momento. Por otra parte, si se esta seleccionando
frente a diversos patotipos del agente causal, la situacidn se vera agravada ya que

habria que proceder a la inoculacién y evaluacion con cada uno de ellos.

1.2.3. Mecanismos moleculares de resistencia a patdgenos en plantas.

En la naturaleza, las plantas estdn expuestas al ataque de diversos patogenos
(bacterias, virus, hongos, insectos) que perjudican su desarrollo y produccién (Boyd
et al. 2013). Para defenderse, las plantas han desarrollado mecanismos que les
permiten reconocer, detener y contrarrestar la infeccion (Walbot, 1985; Durrant y
Dong, 2004). El conocimiento molecular de estos mecanismos y la identificacion de

genes de resistencia es de gran interés en los programas de mejora.

Para acceder al interior de la planta, el microorganismo debe atravesar
diferentes barreras fisicas (superficie de hojas, raices, pared celular) y quimicas como
fenoles, lignina, taninos, saponinas, antocianinas, flavonoides, lectinas, glucanasas,
quitinasas (Kliebeinstein, 2004) que actian como mecanismos de defensa frente a
diversos patdgenos (Heath, 2000). Modificaciones en la composiciéon de la pared
celular (lignificacion o defectos en su composicion) dificultan la penetracién de
patdgenos (Bechinger et al. 1999, Vogel et al. 2002; 2004) y favorecen la resistencia

en la planta.

Una vez en el interior de la planta, se activa la inmunidad iniciada por PAMPs
(PTI, del inglés PAMP triggered immunity) (Jones y Dangl, 2006; Boller y Felix,
2009; Figura 8a) donde receptores (PRRs) de la superficie extracelular de la planta
reconocen MAMPs (patrones moleculares asociados a microorganismos como
quitina, ergosterol, flagelina o peptidoglucanos), ausentes en plantas (Boller y He,
2009) y DAMPs o patrones moleculares asociados a lesiones originadas por el
patdgeno al intentar atravesar la pared celular (De Lorenzo et al. 2011; Boyd et al.
2013). Este reconocimiento da lugar a una serie de reacciones intracelulares donde

aumenta la concentracién de Ca®* y se activan cascadas de proteinas MAPK, que
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producen cambios en la fosforilacion de proteinas (Peck et al. 2001), activacion
génica (Zipfel et al. 2004, 2008), produccion de especies reactivas del oxigeno,
biosintesis de etileno (Spanu et al. 1994), endocitosis de receptores (He et al. 2007;
Kwon et al. 2008; Boller y Felix, 2009) y deposicion de callosa (Gomez-Gémez et al.
1999) para reforzar la pared celular en los sitios de infeccién y evitar la propagacién

del patégeno.

a b c
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Figura 8. a) Activacion de la inmunidad activada por PAMPs o PTI mediante el
reconocimiento de PAMPS/MAMPs por receptores PRRs de la planta. b) Susceptibilidad
desencadenada por un efector (ETS) producido por el patdgeno que suprime PTI. c) Activacion
de la inmunidad desencadenada por efector (ETI) al ser reconocido especificamente por
proteinas de resistencia de la planta (Fuente: Pieterse et al. 2009).

Algunos patégenos logran evadir o suprimir la PTI mediante la sintesis de
efectores (Bent y Mackey, 2007) que modifican proteinas de la planta y mimetizan el
efecto de sus hormonas (Jones y Dangl, 2006). Este mecanismo se conoce como
susceptibilidad desencadenada por efector o ETS (Figura 8b). Frente a este
mecanismo, la planta evoluciona y desarrolla la inmunidad activada por efector (ETI,
Figura 8c), una respuesta mas especializada, rapida y fuerte que PTI (Jones y Dangl,
2006; Chisholm et al. 2006) capaz de detectar efectores (fitotoxinas y factores
proteicos) mediante proteinas de resistencia tipo NB-LRR de la planta. Entre las
respuestas de defensa se produce un aumento del flujo de Ca®", la alcalinizacion del

espacio extracelular, actividad proteinquinasa, expresion de genes y sintesis de
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especies reactivas de oxigeno (ROS), oxido nitrico (NO) y de hormonas (acido
salicilico (SA), acido jasmonico (JA) y etileno (ET)), reforzamiento de la pared
celular, lignificacion, deposicion de calosa, produccién de agentes antimicrobianos y

activacion de la respuesta hipersensible (HR).

Entre las moléculas sefializadoras implicadas en las rutas de transduccién de
sefiales destacan el SA, JAy ET (Pieterse et al. 2009; Figura 9). La induccion de estas
rutas depende del tipo de patégeno, de forma que en respuesta a patdgenos
necrotrofos (destruyen células huésped para alimentarse) se induce la ruta JA/ET y
frente a biotrofos (obtienen nutrientes de células vivas) o hemibiotrofos (dependiendo
del estado de su ciclo, son biotrofos o necrotrofos) la ruta del SA (Thaler y Bostock
2004).

SA *** JA ET E
Ruta SA ‘ Ruta JA Ruta ET
* 9(1
Aredox @
NPR1 /
NPR1  [ypRqCitosel ---qF- -mﬁl """""""""""""" EIN2
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! ) — i e ERFL
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‘L Genes de respuestaa Genes de respuestaa
JA(PDF1) ET(PDF1, PR)
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Figura 9. Esquema de los principales componentes que actlan en las rutas de
sefializacion del acido salicilico (SA), acido jasménico (JA) y etileno (ET). a) SA origina la
monomerizacion de NPR1 en citosol y su transporte al ncleo para interaccionar con factores
de transcripcion (TGAs/ WRKYSs) y expresar genes que codifican proteinas relacionadas con la
patogénesis (PRs). WRKY70 actia como interruptor molecular entre la via del SA y la del JA.
b) En la ruta del JA, la proteina JAZ interacciona con factores de transcripcion MYC2 y ERF1
responsables de la expresion de genes de defensa y de integrar las sefiales de las rutas del JA'y
el ET. C) El etileno activa una cascada de quinasas MAPK, cuya sefial es transmitida a EIN2
que evita la degradacion del factor de transcripcion EIN3. Su acumulacion activa a ERF1 que

regula la expresion génica. _| indica inhibicion de la ruta, *indica activacion de la ruta.
Fuente: Pieterse et al. 2009.
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Aungue la comunicacién cruzada entre las vias de sefializacion hormonal
proporciona a la planta una gran capacidad reguladora que puede adaptar su respuesta
de defensa a diferentes tipos de atacantes, los patdgenos han evolucionado con
potentes efectores que alteran la red de sefiales, manipulan las defensas y pueden
llegar a suprimir la ETI (Alfano y Collmer, 2004; Kamoun, 2007). Si el patégeno
suprime este tipo de inmunidad y la planta no es capaz de detectarlo se nutrirg,
dispersara y dara lugar a la llamada susceptibilidad activada por efector (ETS) (Jones
y Dangl, 2006).

1.3. Seleccion asistida por marcadores (MAS).

El objetivo principal de la mejora clésica es obtener nuevas combinaciones genéticas
a partir de la seleccion de los mejores fenotipos de una progenie obtenidos tras
realizar uno o varios cruzamientos. Este tipo de mejora ha sido muy eficaz a lo largo
de la historia, sin embargo, presenta algunos inconvenientes tales como la influencia
del ambiente sobre el fenotipo, el alto coste de los procesos de fenotipado, el gran
tiempo invertido en el proceso de seleccién y la dificultad de evaluacion de ciertos

caracteres como son los caracteres poligénicos o cuantitativos.

La mayor parte de los caracteres de interés agronémico, incluyendo la
resistencia a enfermedades, son de naturaleza cuantitativa, es decir, muestran amplias
distribuciones fenotipicas mas o menos continuas. Estos caracteres estan controlados
por una importante cantidad de genes sujetos a la influencia del ambiente. Su
diseccidn genética es una tarea ardua y costosa, por lo que las estrategias de la mejora
genética tradicional se centraron en aproximaciones estadisticas mediante el estudio
de correlaciones entre parientes para estimar la heredabilidad, el pardmetro que
permite predecir la respuesta a la seleccion. A pesar de esta dificultad, desde la
década de los 90, los marcadores moleculares han permitido una diseccién mas
detallada de la base genética de los caracteres cuantitativos o QTLs (Quantitative
Trait Loci), pudiéndose detectar los efectos genéticos mas notables de un carécter
mediante el rastreo con mapas genéticos (Collard et al. 2005). Para ello se evaldan las
asociaciones estadisticas entre los marcadores de un mapa y los fenotipos del caracter
bajo estudio, teniendo en cuenta que los genes/marcadores localizados en la

proximidad en los genomas tienden a transmitirse juntos. Empleando marcadores en
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la seleccion del caracter se elimina el efecto ambiental, aumentando la repuesta a la
seleccion de genes de importancia econémica, pero de herencia compleja (Collard y
Mackill 2008; Xu y Crouch 2008).

Asi desde la década de los 90 (Lander y Botstein, 1989), los marcadores
moleculares han demostrado ser eficientes para la detecciéon de genes y QTLs de
interés mediante la denominada seleccidn asistida por marcadores 0 MAS (Marker
Assisted Selection). La MAS fue desarrollada para evitar los inconvenientes de la
mejora clésica, originando un cambio en el criterio de seleccion, que pas6é de una
seleccion de fenotipos a una seleccion de marcadores ligados a genes de interés. Entre
sus principales ventajas destacan la sencillez, el ahorro de tiempo al seleccionar los
genotipos durante los primeros estadios de desarrollo de la planta y la fiabilidad del
proceso. Ademas no se encuentra afectada por condiciones ambientales, facilita la
seleccion de varios caracteres de forma simultanea y puede ser utilizada tanto para
caracteres cualitativos como cuantitativos (Francia et al. 2005). En el caso de la
resistencia a patdgenos puede sustituir los procesos de inoculacion y evaluacion en
generaciones avanzadas del programa de mejora. EI empleo de dichos marcadores,
puede facilitar la seleccion simultanea frente a varias enfermedades o frente a varios

patotipos de la misma enfermedad con un gran ahorro de tiempo y dinero.

Para que un marcador sea utilizado en MAS debe ser fiable, facilmente
intercambiable y preferiblemente codominante, permitiendo distinguir individuos
homocigotos de heterocigotos en la progenie. Se pueden considerar buenos
marcadores aquellos que se encuentran ligados a distancias menores de 5 cM del
cardcter que se desea seleccionar (Collard et al. 2005). El éxito de la MAS para
caracteres agronémicamente importantes como son la resistencia a enfermedades y
los rasgos de calidad, depende de la identificacion de los genes responsables o
relacionados con dichos caracteres y que puedan ser utilizados para el desarrollo de
marcadores diagnostico (Hospital, 2009). Este tipo de marcadores presentan ventajas
sobre los marcadores estrechamente ligados a un caracter, como son la ausencia de
fenémenos de recombinacion entre el marcador y el gen que controla el carécter, por

lo que no se producen errores en el proceso de seleccion.
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Diferentes tipos de marcadores moleculares han sido utilizados en MAS
(Collard et al 2008): RFLPs (Restriction Fragment Lenght Polymorphisms), RAPDs
(Random Amplified polymorphic DNA), AFLPs (Amplified Fragment Length
Polymorphism), SSRs (Simple Sequence Repeats), SCARs (Sequence Characterized
Amplified Regions), CAPS (Cleaned Amplified Polymorphic Sequences), STSs
(Sequence-Tagged Sites), ESTs (Expressed Sequence Tags), SSCPs (Single-Strand
Conformation Polymorphism) y SNPs (Single Nucleotide Polymorphisms). Los SNPs
son la mas reciente generacion de marcadores moleculares. Se basan en la
identificacion de la sustitucion de un nucledtido por otro y representan dos alelos
simples. En plantas su frecuencia es de uno cada 100-300 bp pares de bases (Edwards
et al., 2007; Xu, 2010). Tradicionalmente la identificacién de SNPs se ha realizado
mediante digestion con enzimas de restriccion seguida de electroforesis. En la
actualidad, el analisis de SNPs se puede realizar a gran escala y a un coste muy
competitivo mediante diversas técnicas de Gltima generacion (Affymetrix, IHlumina
Agilent, Sequenom, etc.). El desarrollo de plataformas de genotipado como por
ejemplo la TagMan/Kaspar (LGC/KBiosciences), o el sistema de MassArray-
Sequenom hacen posible explorar la variabilidad genética de SNPs de forma eficiente
y asequible, lo que posibilita la identificacion de asociaciones para la deteccién de

genes candidatos relacionados con caracteres de interés en mejora.

1.4. Empleo de herramientas genémicas en la Mejora de las leguminosas.

Desde el redescubrimiento de las leyes de Mendel hasta la actualidad, avances en
Genética Molecular como el descubrimiento de las enzimas de restriccion o el
desarrollo de técnicas como la PCR, han repercutido enormemente en la mejora
genética vegetal. Recientemente, la irrupcion de nuevas tecnologias de secuenciacion,
junto con el progresivo abaratamiento de los costes de genotipado estan propiciando
un cambio de escenario. A la publicacién del primer genoma vegetal secuenciado
(The Arabidopsis thaliana Genome Iniciative 2000) le siguieron el de otras muchas
especies modelo. Dentro de la familia de las leguminosas (Fabaceae), ademas de los
genomas de cuatro especies modelo: Medicago truncatula (Young et al. 2011), Lotus
japonicus (Sato et al. 2008), Phaseolus vulgaris (Schmutz et al. 2014) y Cajanus
cajan (Varshney et al. 2012), ya se dispone de genomas mas o menos completos de

otras especies, como la soja (Schmutz et al. 2010) y el garbanzo (Jain et al. 2013;
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Varshney et al. 2013) y estan en marcha la secuenciacion de otros. Los avances
mencionados han permitido un mayor desarrollo genémico y tecnoldgico en
herramientas moleculares y bioinformaticas que han revolucionado la mejora y
aportado un mejor conocimiento de las especies estudiadas y de sus procesos

bioldgicos (Echenique et al. 2004).

Para abordar distintos problemas biolégicos la genémica se subdivide en
distintas areas de conocimiento como la genomica estructural, la genémica
comparativa y la gendmica funcional. Aunque exploten herramientas distintas todas
tienen un objetivo comdn, generar informacidon exacta para identificar genes de
interés y poder entender mejor los procesos biolégicos en los que estan implicados. Si
bien de forma mas lenta que en otras especies vegetales, las leguminosas y en
particular las habas, han ido incorporando herramientas para el rastreo genémico
mediante la saturacion de sus mapas genéticos (Satovic et al. 2013; Duc et al. 2015;
Webb et al. 2016), la identificacion de genes candidatos mediante estrategias de
gendmica comparada (Zhu et al 2005; Choi et al. 2004; Avila et al. 2007; Gujaria-
Verma et al. 2014) o andlisis de expresién (Madrid et al. 2010; 2012) génica y méas
recientemente, la utilizacién de nuevas tecnologias de secuenciacién masiva que estan
incrementando los recursos gendémicos de forma exponencial (Kaur et al. 2012; Ocafia
et al. 2015; Ray et al. 2015).

1.4.1. Genbmica estructural.

La gendmica estructural se centra en la caracterizacién y localizacion de secuencias
génicas. Uno de los primeros pasos para caracterizar un genoma suele ser la obtencién
de mapas genéticos (mapas de ligamiento) que indican la localizacion aproximada de
genes de interés respecto a otros conocidos. Estos mapas se basan en la frecuencia de
recombinacion, cuyo valor dependera de que los genes estén o no ligados, de forma
que si la frecuencia de recombinacion entre dos loci es mayor al 50% estaran
localizados en cromosomas diferentes o muy separados en el mismo cromosoma;
mientras que si la frecuencia de recombinacion es menor del 50%, los loci estan
ligados, muy préximos en el mismo cromosoma y perteneceran al mismo grupo de

ligamiento.
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1.4.1.1. Mapa genético de habas.

Tradicionalmente los mapas genéticos han sido el método para detectar marcadores
ligados a caracteres cualitativos y cuantitativos de importancia agronémica que
puedan ser utilizados en programas de mejora para seleccionar genotipos de interés.
Han sido fundamentales para el desarrollo de mapas fisicos y para la secuenciacién de
genomas completos. Actualmente, y a pesar de las limitaciones bioldgicas de las
habas, como son el gran tamafio de su genoma y la alta proporcion de elementos de
ADN repetitivo, se dispone de mapas genéticos que han permitido localizar genes y
QTLs que controlan la resistencia a diferentes patdgenos como el jopo (Roman et al.
2002; Diaz-Ruiz et al. 2009; 2010; Gutiérrez et al. 2013), A. fabae (Roman et al.
2003; Avila et al. 2004; Diaz-Ruiz et al. 2009; Kaur et al. 2014; Atienza et al. 2016) y
la roya (Avila et al. 2003). También se dispone de mapas genéticos donde se localizan
las regiones que controlan otras caracteristicas agronémicas, como, la fecha de
floracion, el rendimiento y la adaptacion a la sequia (Cruz-lzquierdo et al. 2012;
Khazaei et al. 2014). Toda esta informacion ha dado origen al desarrollo de dos
mapas consenso que facilitan el mapeo comparativo y la transferencia de informacion
con el resto de leguminosas (Satovic et al. 2013; Wehb et al. 2016). Sin embargo, se
requiere mejorar la saturacion de estos mapas para identificar marcadores
estrechamente vinculados y determinar la posicion exacta de QTLs de interés
agronoémico. Este ha sido uno de los objetivos desarrollados en esta tesis con el fin de
identificar genes candidatos para el control de la resistencia a A. fabae y jopo en las
poblaciones de habas Vf6 x Vfl36 y mas profundamente en la poblacion 29H x
Vf136.

A pesar de los avances recientes, ha sido muy dificil disefiar marcadores
moleculares sobre genes responsables de caracteres de interés agronémico en habas.
Solo se han descrito marcadores asociados al gen TFL-1, responsable del crecimiento
determinado en habas (Avila et al. 2006; 2007) y al gen TTG-1 responsable de la
ausencia de taninos en semillas (Webb et al. 2016), ambos caracteres de tipo
monogénico. Aln no se tienen referencias de marcadores diagndstico para caracteres
poligénicos responsables de la resistencia a estreses bi6ticos como la resistencia a
patdégenos, debido a que las regiones gendmicas que controlan estos caracteres

todavia no estan bien caracterizadas y requieren una mayor saturacion.
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En las tablas 1 y 2 pueden verse los diferentes QTLs identificados para el
control de la resistencia a A. fabae, O. crenata y O. foetida en los dos cruzamientos
(Vf6 x Vf136 y 29H x Vf136) de habas que van ocupar esta tesis. Algunos de estos
QTLs han sido validados tanto en poblaciones F2 como en lineas avanzadas o RILs
(Recombinant Inbred Lines). De los diferentes QTLs localizados para A. fabae (Tabla
1), solo han podido validarse en F2 y RILs, Afl y Af2 en el cruzamiento V6 x V136
y Af3 en 29H x Vf136. Ademas Afl (Roman et al. 2003, Diaz-Ruiz et al. (2009a)
identificado en la poblacion Vf6 x V136 y Af3 (Avila et al. 2004, Atienza et al. 2016)
identificado en la poblacion 29H x Vf136 estan asignados al cromosoma Il y podrian
corresponder a las mismas regiones genémicas. Lo mismo ocurre con Af2 (Roman et
al. 2003, Diaz-Ruiz et al. (2009a) identificado en la poblacion V6 x V{136 y Af4
(Avila et al. 2004, Atienza et al. 2016) presente en la poblacion 29H x V{136,
asignados ambos al cromosoma 1.

Para la resistencia a O. crenata (Tabla 2), han podido validarse Oc2 y Oc3 en
las poblaciones F2 y RILs del cruzamiento Vf6 x Vfl36 mientras que en el
cruzamiento 29H x Vf136 se han validado en diferentes ambientes Oc7 y Oc8. En
este caso, Oc2, identificado en la poblacion Vf6 x Vf136 (Romén et al. 2002; Diaz-
Ruiz et al. 2009) y Oc7 detectado en 29H x Vf136 (Gutiérrez et al. 2013) estan
asignados al cromosoma V1 y podrian corresponder a las mismas regiones genoémicas.
La falta de marcadores comunes en ambas poblaciones dificulta estas comparaciones
por lo que la saturacién de estas zonas con marcadores comunes y los avances en
sintenia con especies modelo estan ayudando a aclarar estas hipétesis.

Las perspectivas de MAS para la resistencia a Ascochyta y jopo es identificar
los genes responsables y desarrollar marcadores diagnostico que permitan extrapolar
los resultados de QTL estables de unas poblaciones a otras y faciliten la seleccion de
materiales en los programas de mejora.
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Tabla 1: Principales QTLs para resistencia a Ascochyta fabae detectados en poblaciones F2 y
RILs de habas en los cruzamientos V6 x V136 y 29H xVf136.

QTL Experimento g:ﬁggﬁg;(; %T_/ Referencia
Afl C095_DSL Vf6xVf136 (F2) 1l Romaén et al. 2003
Af2 C0O95_DSL 1
Afl C095_DSL 1l
Afl C095_DSS Vf6xVf136 (RILS) 1l Diaz-Ruiz et al. 2009
Af2 C0O95_DSL 1
Af2 C095_DSS I
Af3 C099_DSL 29H xVf136 (F2) 11 Avila et al. 2004
Af3 LO98_DSL 11
Af3 C099_DSS 1l
Af3 LO98_DSS 1
Af4 C099_DSL 1
Af4 LO98_DSL 1]

Af4 C099_DSS 1
Af4 LO98_DSS 1
Af5 C099_DSL Lg15
Af5 C099_DSS Lgl5
Af6 LO98_DSL Lg12
Af7 LO98_DSS Lg3
Af7 LO98_DSL Lg3
Af8 LO98_DSS Lgl4

- field_DSL 29H xVf136 (RILs) 1 Atienza et al. 2016

- C099_DSL 1

- L0O98_DSL 1

Af3 field_DSL I
Af3 field_DSP 11
Af3 field_DSS 11
Af3 C099_DSL 11
Af3 LO98_DSL 11
Af3 L0O98_DSS 1

- field_DSP Vi

Af: Resistencia a Ascochyta fabae; QTL: quantitative trait locus; CR: cromosoma; GL: grupo
de ligamiento; DSL: Severidad de la infeccion de Ascochyta fabae en hojas; DSS: Severidad de
la infeccion de Ascochyta fabae en tallo; DSP: Severidad de la infeccion de Ascochyta fabae en
vaina; C095, CO99 y LO98: Cepas de A. fabae obtenidas en Cordoba (CO) y Logrofio (LO).
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Tabla 2: Principales QTLs para resistencia a Orobanche crenata y Orobanche foetida
detectados en poblaciones F2 y RIL de habas en los cruzamientos V6 x V{136 y 29H xVf136.

Cruzamiento

QTL Localidad y Ao (Generacion) CR/GL Referencia
O.crenata
Ocl Cérdoba 1997/08 V{6xVf136 (F2) LG03 Roman et al. 2002
Oc2 Coérdoba 1997/08 VI
Oc3 Cérdoba 1997/08 1l
Oc2 Cérdoba 2003/04 V6xVf136 (RILs) VI Diaz-Ruiz et al. 2010
Oc2 Mengibar 2004/05 VI
Oc3 Cérdoba 2003/04 1l
Oc3 Cérdoba 2004/05 1l
Oc4 Cérdoba 2004/05 |
Oc5 Mengibar 2004/05 |
Oc6_C3 Cérdoba 2003/04 V{6xVf136 (RILS) | Diaz-Ruiz et al. 2009
Ocl4_C3 Cordoba 2003/04 1 Satovic et al. 2013
Ocl5_M4 Mengibar 2004/05 1
Ocl6_C4 Cérdoba 2004/05 \%
Oc7 Cérdoba 2006/07 29H xVf136 (RILs) VI Gutiérrez et al. 2013
Oc7 Coérdoba 2007/08 VI
Oc7 Coérdoba 2008/09 VI
Oc8 Cérdoba 2006/07 \%
Oc8 Coérdoba 2007/08 \%
Oc9 Coérdoba 2008/09 |
Ocl10 Kafr El-Sheikh 2007/08 1
Ocll Kafr EI-Sheikh 2007/08 |
Oc12 Kafr EI-Sheikh2007/08 LG8
Oc13 Kafr El-Sheikh 2007/08 |
O. foetida
Of1 Beja 2003/04 V6xVf136 (RILs) | Diaz-Ruiz et al. 2010
Of2 Beja 2004/05 1
Of3 Beja 2006/07 29H xVf136 (RILs) \% Gutiérrez et al. 2013
Of4 Beja 2006/07 |
(03 Beja 2006/07 LG29

Oc: Resistencia a Orobanche crenata; Of: Resistencia a Orobanche foetida; QTL: quantitative
trait locus; CR: cromosoma; GL: grupo de ligamiento.
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1.4.2. Genémica comparada y sintenia.

El mapeo comparativo y el andlisis de secuencias gendmicas confirma que la
organizacion de los genes dentro de los genomas ha permanecido muy conservada a
lo largo de la evolucion. Parece que todos los seres vivos estan relacionados,
descienden de un ancestro comun y utilizan grupos génicos parecidos para realizar las
funciones celulares basicas, como los mecanismos de replicacién, transcripcién y
traduccion. La gendmica comparativa hace uso de esta informacion, permitiendo
establecer las posibles relaciones estructurales y funcionales entre una especie modelo
y las especies cultivadas relacionadas, de forma que resulta posible predecir
caracteres no observados en una especie sobre la base de los existentes en especies
evolutivamente proximas (Weeden et al. 1992; Menancio-Hautea et al. 1993). De esta
forma es posible descubrir nuevos genes, conocer las relaciones entre organismos y su
ambiente, reducir el coste e incrementar la eficiencia en la mejora genética vegetal
(Phan et al. 2006). Este campo utiliza una amplia gama de técnicas y recursos,
incluyendo la construccion y utilizacion de bases de datos que contengan secuencias
nucleotidicas y aminoacidicas, técnicas citogenéticas de cartografia génica como la

hibridacién in situ fluorescente (FISH) y métodos experimentales (mutagénesis).

En genémica comparada, sintenia es sinénimo de colinearidad y ambos
hacen referencia al grado de conservacion en el contenido de genes, el orden y la
orientacion de los mismos entre cromosomas de distintas especies 0 cromosomas no
homélogos de una misma especie. El desarrollo de especies modelo han permitido
utilizar la gendmica comparada para estudiar enfermedades e interacciones entre
genes en procesos basicos, transferir informacion a especies de interés agronémico y
desarrollar estudios de sintenia a gran escala (Gepts et al. 2005). En leguminosas, la
transferencia de conocimiento entre especies de interés agronémico estd ampliamente
documentada a partir del uso de marcadores moleculares basados en regiones
conservadas entre especies (Choi et al. 2004b; Kald et al. 2004; Zhu et al. 2005;
Ellwood et al. 2008).

1.4.2.1 Medicago truncatula como especie modelo en leguminosas.

La importancia de las especies modelo se centra en el origen comln de genes

conservados en diferentes especies a lo largo de la evolucion. En biologia, el uso de
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especies modelo es necesario para comprender mejor cualquier proceso bioldgico.
Entre sus ventajas respecto a especies cultivadas, estdn su facil conservacion y
manipulacion en laboratorio, su ciclo de vida corto, su gran nimero de descendientes,
la disponibilidad de variabilidad fenotipica y genotipica, la observacion facil de
fenotipos y la disponibilidad de técnicas de estudio cada vez mas desarrolladas. M.
truncatula junto a L. japonicus fueron considerados en los 90, organismos modelo
para leguminosas (Cook et al. 1997; Cook, 1999). La presente introduccion se
centrard en la especie modelo M. truncatula, al haber sido la utilizada en este trabajo

por su mayor cercania al género Vicia.

Medicago es una leguminosa que pertenece al filo Galeoide, tribu Trifoliae y
que presenta todas las ventajas como especie modelo, citadas anteriormente. Se trata
de una especie diploide (2n=16) (Zhu et al. 2005), autbgama, con un genoma pequefio
(<550 Mb), que produce numerosas semillas y presenta un ciclo de generacién menor
a 3 meses, lo que la convierte en una herramienta muy Util tanto para estudios
genéticos como gendémicos (Cook, 1999, Young et al. 2005). Todas estas
caracteristicas la convirtieron en un modelo para estudios de genémica funcional y
estructural, desarrollindose numerosas herramientas gendémicas como mapas
genéticos saturados (Thoquet et al. 2002; Choi et al. 2004), mapas fisicos (Young et
al. 2005; Mun et al. 2006), bibliotecas de cromosomas artificiales bacterianos (BAC),
286.176 ESTs (Expressed Sequence Tag), “chips” desarrollados por Afimetrix® o la

secuenciacion de su genoma por un Consorcio Internacional (Young et al. 2011).

La estrecha relacién filogenética entre M. truncatula y otras leguminosas
como Pisum sativum, Lens culinaris, C. arietinum o V. faba (Figura 11) y el
desarrollo de herramientas genéticas y gendmicas en esta planta convierten a
Medicago en un organismo muy atractivo para aumentar el conocimiento sobre

caracteres agronémicos importantes en especies proximas (Denarie, 2002).

Asi, el uso de las herramientas gendmicas y moleculares disponibles en la
planta modelo, permiten no solo la investigacion de los procesos basicos importantes
en leguminosas, sino también la transferencia de esa informacion a especies de interés
agronoémico, utilizando lo que se denomina sintenia, es decir, la colinealidad en la
organizacion gendmica de diferentes especies. Esta colinealidad permite identificar
genes ortdlogos (genes que estan presentes en diferentes especies y que proceden de

un gen ancestral comdn por especiacion), lo que resulta esencial para la prediccion
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fiable de la funcion de genes de interés en especies donde el conocimiento a nivel

genémico y transcriptémico es mucho mas escaso y complicado de conseguir.

Tribu Género Especie N Genoma Filo
(Mbp)
Lens Lens culinaris 7 4116 =
25-29 MA
Viceae —E Vicia Vicia faba 6 13.059
Pisum Pisum sativum 7 4,337
37-33M Melilotus  Melilotus officinalis 8 1,103 .
) 2
Trifolium  Trifolium pratense 7 6837 E—,
Trifolieae Medicago Medicago sativa 8 1,715 3
Medicago truncatula 8 466
v Cicereae Cicer Cicer arietinum 8 931
3« ) )
g < Loteae Lotus Lotus japonicus 8 466
S &
T | 4142MA ‘
g~ o Phaseolus Phaseolus vulgaris 11 588 m
L Phaseoleae Vigha Vigna radiata 11 515 %
Glycine  Glycine max 20 1,108 ] £

Figura 10. Relaciones filogenéticas de la subfamilia Papilionoideae. Fuente: Zhu et al. 2005. A
la derecha de las especies esta indicado el nimero cromosémico (N) y el tamafio del genoma
expresado en Mpb, MA = Millones de afios.

En leguminosas, el primer estudio exhaustivo de macrosintenia fue realizado
por Choi et al. (2004 a y b) que utilizo a M. truncatula como especie modelo y aportd
la primera representacion del grado de sintenia existente entre leguminosas siendo
bastante elevada dentro de los filos Galegoide y Phaseoloide y disminuyendo al
comparar leguminosas de diferente filo, aunque persiste un cierto grado de
conservacion. Posteriormente Zhu et al. (2005) aumentaron el nimero de especies

estudiadas y modificaron el mapa consenso existente (Figura 11).

Diferentes estudios han mostrado la colinealidad entre M. truncatula y otras
especies como con Arabidopsis (Zhu et al. 2003) y las leguminosas: M. sativa (Choi
et al. 2004a y b); G. max (Mudge et al. 2005); L. angustifolium (Nelson et al. 2006);
L. japonicus, (Cannon et al. 2006); L culinaris y L. albus (Phan et al. 2006, 2007). La
aplicacion de la sintenia para identificar genes en otras especies ha proporcionado ya
buenos resultados. Yang et al. (2008) describieron mediante paseo cromosémico

(“map-based cloning”) un gen de resistencia a anthracnosis en alfalfa utilizando
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informacion génica obtenida en M. truncatula. Wang et al. (2008) empleé dos
mutantes florales de guisante para identificar genes candidatos en L. japonicus.
Finalmente, Madrid et al. (2012), utilizaron la misma aproximacién para caracterizar
un gen en garbanzo localizado en el pico de un QTL asociado a resistencia a
Ascochyta blight. Estos articulos ilustran cdmo la informacion genética de las
especies modelo resulta Util en la identificacion y caracterizacion de genes en otras

especies cultivadas.

Figura 11. Mapa consenso simplificado de ocho leguminosas. La figura estd basada en la
publicaciones de Choi et al. (2004b) con modificaciones de Zhu et al. (2005). Mt, Medicago
truncatula; Ms, Medicago sativa; Lj, Lotus japonicus; Ps, Pisum sativum; Ca, Cicer arinetum;
Vr, Vigna radiata; Pv, Phaseolus vulgaris; Gm, Glycine max. Sy L son el brazo corto y largo
de cada cromosoma en M. truncatula. Los bloques sinténicos estan dibujados a escala
basandose en la distancia genética.
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A pesar de las limitaciones citadas anteriormente en V. faba: genoma 25
veces mayor que la especie modelo M. truncatula, gran cantidad de ADN repetitivo y
falta de marcadores robustos y transferibles en sus mapas de ligamiento, el desarrollo
de técnicas moleculares y bioinformaticas junto a la informacién disponible de
especies filogenéticamente cercanas, ha permitido el mapeo comparativo con M.
truncatula, P. sativum y L. culinaris y la identificacién de regiones homdlogas
responsables de caracteres agronémicos de interés (Gutiérrez, 2007; Ellwood et al.
2008; Cruz Izquierdo et al. 2012; Webb et al. 2016).

1.4.3. Genémica Funcional.

En las Gltimas décadas, se han desarrollado numerosos marcadores moleculares para
los méas importantes cultivos. Estos marcadores han servido para construir mapas
genéticos e identificar genes o QTLs para futuras estrategias de MAS. Junto al
tradicional mapeo de QTLs, recientemente se aplican nuevos enfoques como el
TILLING (Targeting Induced Local Lesions in Genomes) que permite la
identificacion de una mutacion en un gen concreto, el mapeo por asociacion o la
gendmica funcional, entre otros (Varshney et al. 2013; Libault and Dickstein 2013;
Pandey et al. 2016).

La gendémica funcional estudia aspectos relativos a la funcion e interacciones
entre genes y proteinas. Mientras los estudios clasicos sélo permitian estudiar la
variacion de la expresién gen a gen, la gendmica funcional moderna ha revolucionado
este proceso. Previamente, para identificar la funcion y propiedades de una proteina
se tenia que aislar y sintetizar mediante la prediccion de la secuencia de aminoacidos
a partir de la secuencia de nucle6tidos de un gen. Este proceso largo y costoso se ha
optimizado enormemente con el desarrollo de tecnologias de alto rendimiento (high
throughput) y métodos bioinformaticos que permiten analizar gran cantidad de genes
simultaneamente e identificar su funcién a partir de su secuencia. Este tipo de analisis
se conoce como analisis transcriptomico global y proporciona una percepcion de las
funciones bioldgicas del genoma, a través del analisis automatizado de su expresian.
Para ello se combinan metodologias experimentales de secuenciacion a gran escala

con el andlisis estadistico o computacional de los resultados (Hieter y Boguski, 1997).
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Entre las aplicaciones de la gendmica funcional destacan la caracterizacion
de transcriptomas especificos de tejidos, el estudio de patrones de expresion génica
asociados a procesos celulares y el estudio de las alteraciones en los perfiles de
expresién en procesos patoldgicos (infecciones). Entre sus métodos de analisis cabe
destacar: Northern Blot, PCR cuantitativa, differential display, microarrays, el
desarrollo de librerias substractivas mediante SSH (suppression subtractive
hybridization), SAGE (serial analisis de la expresion génica) y su versién mejorada
SuperSAGE vy la secuenciacién masiva de librerias de cDNA o RNA-Seq.

Genémica Funcional J

/1

Gendémica Transcriptémica Proteémica Metabolémica
(ADN) (ARN) (Proteinas) (Metabolitos)
®

13 BRIV ..s.:h«l?*

*ARNse: * Espectroscopia de
erariviion vt *Cromatografia liquida resonancia magnética

Py *
ADN genémico .N",'Z':a"av *Espectrometria de Masas nuclear
* q
‘Anotacién *Espectrometria de Masas

e = *Secuencias ARNm ’ s : Identificacién de
Secuencias de genes *Nivel de expresion ARNm Secuencias de proteinas S bolites

Figural2. Estudios y herramientas que engloba el uso de la gendmica funcional.

Todas estas técnicas han proporcionado enormes bases de datos de
secuencias de proteinas (muchas de funcion desconocida) que han permitido evaluar y
estudiar la célula o el organismo como un sistema para llegar a comprender mejor los

procesos biologicos desarrollados en su interior (Mittler y Shulaev 2013).
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1.4.3.1. Tecnologias de secuenciacién de nueva generacién vy

bioinformatica.

En los dltimos afios han tenido lugar avances espectaculares en la velocidad,
capacidades y abaratamiento de la tecnologia de secuenciacion de genomas. Frente a
la tecnologia convencional de secuenciacion Sanger, la secuenciacién masiva permite
hoy en dia obtener millones de secuencias de ADN a una velocidad sin precedentes y
a un coste cada vez mas reducido. Ello unido a la disponibilidad de analisis
bioinformaticos a gran escala, estd revolucionando los estudios de gendmica

funcional.

Con la secuenciacién de nueva generacidon (next generation sequencing
[NGS]), se ha logrado que el nimero de bases que se pueden secuenciar por el mismo
precio haya crecido exponencialmente (Egan et al. 2012). Las nuevas plataformas
pueden secuenciar millones de fragmentos de ADN de forma paralela a un precio por
base mucho més barato y permiten detectar todos los tipos de variacién genémica en
un Unico experimento, incluyendo mutaciones puntuales, pequefias inserciones y
deleciones y también variantes estructurales tanto equilibradas (inversiones y

traslocaciones) como desequilibradas (deleciones o duplicaciones).

Las tecnologias de NGS utilizadas mayoritariamente por la comunidad
cientifica son: el 454 GSFlex de Roche, el Genome Analyzer o HiSeq de Illumina y el
SOLID de Life Technologies (Varhsney et al. 2009). Difieren en varios aspectos pero
el esquema principal de trabajo es conceptualmente similar para todas ellas. EI ADN
se fragmenta y mediante ligacién se le afiaden secuencias adaptadoras a los extremos.
Los fragmentos de ADN se amplifican clonalmente y se agrupan (clustering) para ser
utilizados como entidades a secuenciar. La secuenciacion se realiza entonces
alternando ciclos de terminacion reversible ciclica (cyclic reversible termination
[CRT]) donde se utiliza terminadores reversibles para incorporar nucleétidos
marcados con fluorescencia que a continuacién son «fotografiados» en la toma de
imagenes y posteriormente procesados. Las secuencias cortas producidas por el
instrumento a partir de los extremos del ADN con los adaptadores se denominan
lecturas o “reads”. Dichas secuencias son mas cortas que las obtenidas mediante el
tradicional método Sanger, un hecho que dificulta el ensamblaje y andlisis de datos.
Ademaés de secuencia de ADN cortas, estas tecnologias pueden generar archivos de

datos del tamafio de terabytes (10' bytes) en cada lectura lo que incrementa
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enormemente los requerimientos de recursos informaticos en los laboratorios de

secuenciacion (Exposito et al 2016).

Aungue ya se dispone de herramientas bioinformaticas y algoritmos, los
esfuerzos hoy en dia se dirigen principalmente a mejorar la precisién de los
alineamientos de los datos de distintos laboratorios, por lo que hay necesidad de
herramientas bioinformaticas o plataformas que faciliten el andlisis de la secuencias
de NGS de modo més eficiente, fiable y facil.

Las ciencias informaticas estan tomando una relevancia crucial en la NGS ya
que sus capacidades son esenciales para manejar y analizar una cantidad de datos sin
precedentes que un ordenador comdn no puede manejar. Para que un analisis de datos
tenga sentido bioldgico se debe incorporar al sistema toda la informacion relevante
que exista. Aunque para algunas plataformas ya existen programas para el manejo y
andlisis de datos, las tareas mas complejas requieren de una persona con
conocimientos en bioinformatica que pueda integrar la informacion disponible en las
distintas bases de datos y los conocimientos en ciencias computacionales. La
creciente complejidad que representa encontrar informacion util en un “laberinto” de
datos ha generado el desarrollo de técnicas que integran la informacion dispersa,
gestionan bases de datos, las seleccionan automaticamente, evallan su calidad, y
facilitan su accesibilidad para los investigadores. En este sentido la bioinformatica,
ofrece la capacidad de comparar y relacionar la informacién genética con una
finalidad deductiva, ofreciendo respuestas que no parecen obvias a la vista de los
resultados experimentales. Todas estas tecnologias vienen justificadas por la
necesidad de tratar informacién masiva, con enfoques integrados como las requeridas
en estudios de gendmica funcional, o expresién multigénica como los tratados en este

estudio.
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1.4.3.2. Aplicaciones de la NGS en genética y mejora vegetal.

Las tecnologias NGS permiten generar recursos genomicos con aplicaciones
potenciales en genética y mejora incluyendo el desarrollo de marcadores moleculares,
el mapeo de QTLs y la identificacion de genes candidatos. En este trabajo, la
secuenciacion del transcriptoma de genotipos parentales contrastados utilizando NGS,
ha proporcionado una nueva bateria de transcriptos donde se han identificado
marcadores moleculares basados en SNPs (Figura 13), aumentando en gran medida el
nimero de marcadores SNPs localizados directamente en genes. Entre otras
aplicaciones, estos marcadores pueden ser utilizados para construir mapas genéticos,
identificar QTLs y comprobar la introgresion de un caracter tras un cruzamiento.
Marcadores asociados a QTLs que controlan un caracter de interés son Utiles en la
seleccion de la progenie portadora de alelos favorables a través de la seleccion
asistida por marcadores (MAS) vy el desarrollo de marcadores diagndstico. Asi, la
secuenciacion de los genes que se estdn expresando en un momento concreto y en dos
genotipos que difieren para un caracter, puede ser utilizada para identificar genes
candidatos implicados o asociados con el caricter. EI mapeo de estos genes
candidatos, junto con el fenotipado de las poblaciones segregantes (RILSs) obtenidas a
partir de los genotipos contrastantes, proporcionan QTLs de expresion (eQTLs) y los
marcadores asociados a estos QTLs, por lo tanto, pueden llegar a ser marcadores
perfectos para MAS. Otras aplicaciones importantes de la NGS se encuentran en la
genética de asociacion o genética de poblaciones, donde genomas o mezcla de
productos de PCR de miles de genes candidatos pueden ser secuenciados en cientos
de individuos. Los datos de secuencia asi obtenidos, pueden ser utilizados para
identificar SNPs o haplotipos entre genes o genomas para su uso en dichos campos.
Las tecnologias NGS son también especialmente adecuadas para la resecuenciacion
de genomas, la secuenciacion “de novo” de especies sin genoma de referencia, mapeo
por asociacion usando poblaciones naturales asi como en genética de poblaciones y

biologia evolutiva (Varshney et al. 2009).
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Programa de mejora genética (MAS) en habas

Figura 13. Esquema de los estudios de gendmica estructural, comparativa y funcional
aplicados durante el desarrollo de este trabajo de tesis para la saturacion del mapa y la
identificacion de genes candidatos de resistencia a jopo y Ascochyta fabae en habas.

-31-



Capitulo |

1.5. Hipdtesis y Objetivos.

El desarrollo de marcadores moleculares basados en estudios de genémica estructural,
comparada y funcional ha abierto una nueva etapa en los programas de mejora
tradicionales. El objetivo general de esta tesis ha sido aplicar distintas herramientas
gendémicas para identificar genes candidatos y posibles rutas metabdlicas implicadas
en la resistencia a jopo y Ascochyta en habas y facilitar el desarrollo de marcadores

para la seleccion asistida por marcadores o MAS.

Para ello se han abordado los siguientes objetivos concretos:

1. Empleo de herramientas de genémica estructural y comparada (sintenia) para
mejorar los mapas genéticos disponibles, desarrollar un mapa consenso del
cultivo (Anexo 1), refinar la posicion de QTLs de interés e identificar

marcadores ligados, Utiles en seleccion (Capitulo I1).

2. Ampliar los datos genémicos del cultivo mediante la caracterizacion de un
nuevo transcriptoma derivado de las lineas parentales 29H y Vf136

sometidas a la infeccién por el hongo Ascochyta fabae (Capitulo I11).

3. Genotipado de SNPs presentes en transcritos mediante plataformas de
genotipado masivo, mapeo y andlisis de QTLs a fin de identificar candidatos

que colocalicen o saturen QTLs de resistencia estables (Capitulo 1V).
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Capitulo I

11.1. INTRODUCCION.

Vicia faba es una especie diploide (2n = 2x = 12) con uno de los genomas mas
grandes entre las leguminosas (~ 13.000 Mb) y con mas del 85% de ADN repetitivo
(Flavell et al. 1974). El gran tamafio de su genoma y el desconocimiento de su
secuencia dificultan la saturacién de sus mapas genéticos y la identificacién de
marcadores ligados a caracteres de interés. En consecuencia, el desarrollo de nuevas
variedades utilizando nuevas tecnologias como la mejora asistida por marcadores
(MAS) no es posible y en la actualidad el desarrollo de nuevas variedades requiere un
proceso mas largo y complejo que en otros cultivos con mas recursos genémicos.

La integracion de distintas herramientas y metodologias como el analisis
genético mendeliano, la elaboracién de mapas genéticos saturados y la secuenciacion
de genomas, ha revelado la existencia de ordenaciones lineales de genes localizados
en distintas regiones cromosomicas, que se encuentran conservadas entre especies
mas o menos préximas filogenéticamente (Zhu et al. 2005). Esta colinealidad se
denomina sintenia y permite identificar genes ort6logos (genes que estan presentes en
diferentes especies y que proceden de un gen ancestral comun por especiacion), lo
que resulta esencial para la prediccion fiable de la funcién de genes de interés en
especies donde el conocimiento a nivel genémico y transcriptomico es mucho mas
complicado. En este contexto se sitla lo que se conoce como gendémica comparativa
que se centra en el estudio de las similitudes y diferencias en la estructura,
organizacion y funcidn de los genes entre genomas de distintas especies; de forma que
resulta posible predecir caracteres no observados en una especie sobre la base de los
existentes en especies evolutivamente proximas (Zhu et al. 2005). Asimismo, es
posible utilizar la informacion surgida de la secuenciacién de especies modelo para la
identificacion y caracterizacion de genes en otras especies de interés. Tanto la
informacién posicional obtenida de los mapas genéticos como la informacion
funcional pueden ser utilizadas para la mejora de especies de interés agricola con
menos avances genémicos.

Los primeros mapas comparativos se desarrollaron entre especies de la
familia de las solanaceas. Bonierbale et al. (1998) demostraron que marcadores de
cDNA estaban en gran medida alineados en 12 de los cromosomas de tomate y patata,
mientras que en pimiento se observaba una mayor propension a la reordenacion. Los

estudios realizados en la familia de las gramineas son quizas los mas desarrollados.
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Empleando RFLPs (restriction fragment length polymorphism) desarrollados en una
especie, se crearon mapas genéticos en especies cercanas y se desarrollaron mapas
comparativos entre mas de 7 especies de gramineas (Devos y Gale, 1997). Ello
demostr6 que el nimero y orden de los genes en estas especies estd muy conservado.
En leguminosas, las herramientas gendémicas desarrolladas en la especie modelo
Medicago truncatula han permitido no sélo la investigacidn de sus procesos basicos,
sino la transferencia de esa informacion a especies de interés agronémico (Figura 1),
utilizando lo que se denomina sintenia, es decir, la colinealidad en la organizacion
genémica de diferentes especies (Choi et al. 2004 a; b; Nelson et al. 2006; Phan et al.
2006; 2007; Zhu et al. 2005). Algunos ejemplos incluyen la comparacién de M.
truncatula con alfalfa, guisantes, garbanzos, soja, frijol, mungo, lentejas, altramuces y
habas (Choi et al. 2004, 2006; Kald et al. 2004; Zhu et al. 2005; Nelson et al. 2006;
Phan et al. 2006, 2007 b; Aubert et al. 2006; Ellwood et al. 2008; Nayak et al. 2010;
Cruz-lzquierdo et al. 2012 y Satovic et al 2013).
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Figura 1. Representacion esquematica de bloques de sintenia entre cromosomas y segmentos
cromosémicos de M. truncatula (Mt) y leguminosas grano tradicionales; Guisante (Pisum
sativum, Ps), habas (Vicia faba, Vf), garbanzo (Cicer arietinum, Ca) y lentejas (Lens culinaris,
Lc). Las barras que representan las regiones cromosomicas homélogas de Medicago y guisante
se muestran con la misma intensidad o patrén de grises. Las flechas indican la orientacion de
los cromosomas (brazo corto - brazo largo) en el caso de Medicago. Los bloques en habas,
garbanzo y lenteja estan representados por barras en blanco. Las barras no reflejan los tamafios
relativos de los segmentos cromosdémicos o cromosomicos y los puntos de rotura de los
cromosomas se indican de modo aproximado. Fuente: Kalo et al. 2011 con modificaciones. La
figura integra datos de Choi et al. 2004, Kal6 et al. 2004, Zhu et al. 2005, Nelson et al. 20086,
Phan et al. 2006, Ellwood et al. 2008, Nayak et al. 2010, Cruz-lzquierdo et al. 2012 y Satovic et
al. 2013.
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Los primeros marcadores empleados en los mapas de habas, al igual que en
otras especies de leguminosas, eran anénimos (ej. RAPDs o Random Amplified
Polimorphic DNA) y dificiles de transferir entre laboratorios y/o mapas genéticos. Sin
embargo, el empleo posterior de marcadores desarrollados en secuencias expresadas,
como los ESTs (Expressed Sequenced Tags), permitié establecer un marco mundial
de gendmica comparada entre las leguminosas (Frugoli y Harris, 2001). Los ESTs son
herramientas esenciales en la bisqueda de un gen de interés. El valor de dichas
secuencias fue expuesto por primera vez por Adams et al. (1991) al argumentar que
serian la forma mas eficiente y rentable de etiquetar la mayoria de los genes de un
organismo, mucho antes de que su secuencia completa estuviera disponible. Este tipo
de marcador tiene el atractivo adicional de centrarse s6lo en las partes mas
conservadas de los genomas y en secuencias que probablemente tienen una
importancia funcional. Por lo tanto, los EST pueden ser utilizados como una fuente
para la identificacion de genes candidatos y QTLs implicados en el control de
caracteres deseados. Dado que las estructuras gendmicas estan altamente conservadas,
el mapeo de genes candidatos de especies modelo podria ayudar a identificar los
genes responsables en otros cultivos (Pflieger et al. 2001; Gao et al. 2004).

Pese a las perspectivas descritas, los resultados de distintos estudios han
suscitado cuestiones sobre la naturaleza predictiva de los mapas comparativos. Kilian
et al. (1997) fueron los primeros en intentar clonar un gen en una especie basandose
en la posicion detallada y la informacién sobre su secuencia (microsintenia) en una
region homologa en otro género. Aunque los segmentos cromosémicos en cebada
(Hordeum vulgare) y arroz (Oryza sativa) eran claramente homélogos en la regién
portadora de gen de resistencia a la roya del tallo en cebada (Rpgl), el gen
responsable no pudo identificarse en el lugar previsto en arroz. Este estudio mostro
las limitaciones de la aplicacion de mapas comparativos para el aislamiento de genes,
aunque es evidente su utilidad para saturar regiones homdlogas en especies
relacionadas.

Un creciente nimero de estudios en leguminosas empleando marcadores
ESTs, ha demostrado la extensa sintenia existente entre especies modelo y cultivadas
(Zhu et al. 2005; Choi et al. 2004, Kald et al. 2004, Nelson et al. 2006, Phan et al.
2006, Ellwood et al. 2008, Nayak et al. 2010; Satovic et al 2013). De hecho, la
aplicacion de la sintenia a la identificacion de genes en especies no modelo esta

comenzando a dar resultados. Asi, Yang et al. (2008) describieron mediante paseo
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cromosomico (“map-based cloning”) un gen de resistencia a anthracnosis en alfalfa
(M. sativa) utilizando informacion génica de M. truncatula. Wang et al. (2008)
identificaron un gen candidato responsable de dos mutantes florares de guisante,
usando informacion genémica de otra especie modelo, L. japonicus. Estos articulos
ilustran cémo la informacion genética de las especies modelo resulta dtil en la
identificacion y caracterizacion de genes en especies cultivadas.

Con este trabajo se pretende contribuir al desarrollo del mapa consenso en
habas que pueda ser de utilidad para saturar regiones especificas e identificar genes
responsables de la variabilidad de caracteres de interés mediante la estrategia de genes
candidatos. Los objetivos concretos fueron:

1. Saturar los mapas desarrollados en las poblaciones RILs de dos
cruzamientos (29H x V{136 y V{6 x Vf136) de habas que segregan para
resistencia a Ascochyta y jopo con marcadores génicos o ESTs procedentes
de diferentes leguminosas.

2. Actualizar y refinar la posicion de QTLs que controlan la resistencia a
ambos patdgenos, identificados en estudios precedentes.

3. Construir un mapa de referencia para integrar la informacién gendmica

disponible por el grupo.
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11.2. MATERIALES Y METODOS.

11.2.1. Material vegetal.

Se emplearon dos poblaciones de lineas recombinantes (RILS) de habas, derivadas de
los cruzamientos Vf6 x V{136 y 29H x V136 formadas por 165 y 119 individuos,
respectivamente. Los parentales femeninos Vf6 y 29H han sido descritos como
resistentes a Ascochyta fabae en varios estudios (Tivoli et al. 1998; Maurin et al.
1992; Bond et al. 1994; Sillero et al. 2001) y susceptibles a jopo. El parental
masculino Vf136 pertenece a la coleccion de germoplasma del Centro IFAPA
Alameda del Obispo de Coérdoba (Espafia). V136 es resistente a jopo y susceptible a
Ascochyta (Roméan et al. 2003; Diaz-Ruiz et al. 2009, 2010; Avila et al. 2004;
Gutiérrez et al. 2013) y procede de la seleccion realizada en Cordoba en la
descendencia del cruzamiento de Vf1071 x Alameda (Cubero et al. 1992). V1071
deriva, a su vez, de la linea egipcia F402 fuente primaria de resistencia a este

patégeno.

11.2.2. Analisis de marcadores moleculares.

11.2.2.1. Extraccion de ADN gendmico.

La extraccion de ADN gendmico se realizd a partir de hojas tiernas tanto de
parentales, como de individuos de las poblaciones RIL, siguiendo la metodologia
descrita por Torres et al. (1993), y que se detalla a continuacion.

Cada muestra se colocé en un mortero con nitrégeno liquido y se trituré con
un mazo en la campana extractora. Se afiadié 1 ml de tampdn de extraccion (CTAB)
modificado con mercaptoetanol (0.4%) y una pizca de bisulfito sédico. En tubos
eppendorf de 1.5 ml se mezclaron 100 ul de cloroformo : octanol (24:1) y el
contenido de los morteros. Las muestras se incubaron al bafio maria a 65°C durante 30
minutos y se dejaron enfriar a temperatura ambiente durante 15 minutos. A cada tubo
se le afiadi6 1 ml de cloroformo : octanol y se agitd hasta obtener una emulsion
homogénea, la cual se centrifugd durante cinco minutos a 7000 revoluciones por
minuto (rpm). El sobrenadante se depositd en tubos eppendorf, y se afiadié 1 ml de
etanol (95%). Las muestras se colocaron en un congelador a —20°C durante 10
minutos. En una nueva tanda de tubos se depositd 1 ml de etanol al 75% (0.2 M Na-

Acetato), en los que se lavan los filamentos de ADN recogidos con una pipeta pasteur
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a modo de gancho. Tras 5-10 minutos de lavado disolvimos el ADN en tampén TE
(EDTA) pH 8. Finalmente, la digestion de ARN se realiz6 afiadiendo 0.7 unidades de
RNAsa y manteniendo las muestras a 37°C un minimo de tres horas. La solucién
stock fue guardada en un congelador a -80°C.

En un espectrofotometro (UV-Visible Spectrophotometer, Model Evolution
500) se determind la concentracion de ADN y se realizd la diluciéon del ADN stock
hasta concentraciones de trabajo de 30 ng/ul (29H x Vf136) y 50 ng/ul (Vf6 x
V/f136).

11.2.2.2. Analisis de ESTs (Expressed Sequence Tags) y UniTags.
Se analizaron 116 marcadores ESTs procedentes de guisante (Pisum
sativum), M. truncatula, lenteja (Lens culinaris), garbanzo (Cicer arietinum) y habas

(V. faba). El nimero y origen de cada uno de ellos se describe a continuacion:

- 22 marcadores genotipados en la poblacion V6 x V{27 de habas
(Ellwood et al. 2008; Cruz-lzquierdo et al. 2012) con el objetivo de
disponer de marcadores comunes en los distintos fondos genéticos
implicados en los cruzamientos.

- 12 marcadores relacionados con la resistencia a A. fabae en guisante
(Prioul et al. 2007).

- 23 marcadores de M. truncatula (Choi et al. 2004) seleccionados por
situarse en regiones homdlogas a los cromosomas II, 11l, V y VI de
habas portadores de QTLs importantes y estables que controlan la
resistencia a A. fabae (Il y HI), jopo (Il y VI) y la precocidad en
floracion (V).

- 18 UniTags diferencialmente expresados tras el analisis con SuperSage
de la interaccién Ascochyta-lenteja (Garcia et al 2012; 2016).

- 24 UniTags diferencialmente expresados tras el analisis con SuperSage
de la interaccion Ascochyta-habas validados por gPCR (Madrid et al.
2013).

- 14 marcadores asociados al QTL3 y GL2, de garbanzo asociados con la
resistencia a Ascochyta rabiei.

- 3 marcadores de garbanzo ligados al caracter fecha de floracion.
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Para cada cebador se probo su amplificacion y posible polimorfismo entre
los parentales (29H, Vf6 y Vf136) y cinco individuos de las dos poblaciones RIL (V6
x V136 y 29H x Vf136). En caso de mostrar polimorfismo el marcador se genotip6
en el resto de la poblacion.

La mezcla de reaccion para la amplificacion del ADN de los diferentes

cebadores se detallada en la Tabla 1.

Tabla 1. Mezcla de reaccion de PCR para los diferentes marcadores.

b

Mezcla de Reaccion ui? ul ul®
ADN 2 2 2
Buffer (10x) 2 1 1
MgCI2 (25 mM) 0,8 0,4 05
dNTP (10 mM) 16 0,2 0,4
Cebador Fw (10 pM) 0,6 0,2 04
Cebador Rev (10 uM) 0,6 0,2 04
Taq polimerasa (5 u/ pl) 0,2 0,04 0,05
Agua estéril 14,2 5,96 5,25
Volumen final 22 10 10

(%) ESTs Ellwood et al. 2008, Prioul et al. 2007, Choi et al. 2004.
(*) UniTags de lenteja.
() UniTags de habas (Madrid et al. 2013) y marcadores de garbanzo.

Las condiciones de amplificacién se optimizaron probando distintos
parametros hasta obtener amplicones claros, variando la temperatura de hibridacion
en funcién del cebador utilizado (Tablas 2-5). La reaccion de amplificacion se realiz6
en termocicladores PCR Eppendorf AG® y BIO-RAD T100. Todos los marcadores se
visualizaron en geles de agarosa al 2%, con una mezcla de NUSIEVE y SEAKEM en
buffer 1IXTBE. La electroforesis se inicié a 80 V y transcurridos 5 minutos, los geles
se cubrieron de tampo6n y se increment6 el voltaje a 150 V. La tincion del gel se
realiz6 en 250 ml de agua destilada con 3 pl de bromuro de etidio. Pasados 20
minutos de tincion, se observaron las bandas con luz ultravioleta y se fotografiaron

los geles.
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Tabla 2. Condiciones de amplificacion de PCR para marcadores ESTSs.

Fase Temperatura (°C) Tiempo (min) Ciclos
Inicio 95 5
Desnaturalizacién 95 1
Hibridacion* 50-60 1 X 40
Extension 72 2
Extension final 72 8
Enfriamiento 4 o0

* La temperatura de hibridacion se cambié de acuerdo al cebador utilizado.

Tabla 3. Condiciones de amplificacion de PCR para marcadores UniTags de lenteja.

Fase Temperatura (°C) Tiempo (min) Ciclos
Inicio 94 5
Desnaturalizacién 94 307
Hibridacion* 48-55 307 X 35
Extension 72 2
Extension final 72 10
Enfriamiento 4 o

* La temperatura de hibridacion se cambié de acuerdo al cebador utilizado

Tabla 4. Condiciones de amplificacion de PCR para marcadores UniTags de habas.

Fase Temperatura (°C) Tiempo (min) Ciclos
Inicio 95 5
Desnaturalizacién 95 307
Hibridacion 55 307 X 40
Extension 72 307
Extension final 72 10
Enfriamiento 4 o

Tabla 5. Condiciones de amplificacion de PCR para los marcadores de garbanzo (ein3, avr y
agr).

Fase Temperatura (°C) Tiempo (min) Ciclos
Inicio 95 1
Desnaturalizacién 95 307
Hibridacion* 48-62 307 X 35
Extension 72 1
Extension final 72 7
Enfriamiento 4 o

* La temperatura de hibridacion se cambié de acuerdo al cebador utilizado

-42 -



Capitulo I

Las caracteristicas de todos los marcadores analizados se detallan en la
Tabla 6 (a-e). Dependiendo del tipo de polimorfismo observado entre los parentales,
se emplearon distintos métodos para genotipar su correspondiente poblacién. Cuando
las parejas de cebadores revelaban diferencias de peso molecular (>10pb) el
polimorfismo ALP o “Amplicon Lenght Polymorphism”, se genotipo directamente
en geles de agarosa al 2%.

Los productos que resultaban monomorficos, se digirieron inicialmente con
la enzima que estuviera descripta para dicho marcador en cada uno de sus estudios
previos, y si aun asi, el marcador resultaba monomorfico se digeria con una bateria
de 10 enzimas de restriccién que reconocen secuencias de 4 a 5 pb (Tabla 7). La
digestion se realiz6 con 2 unidades (0,2 ul) de cada enzima en un volumen final de
25 pl. Los otros componentes fueron 12 ul de agua destilada estéril, 2,5 pl de buffer
especifico para cada enzima y 5-10 ul de producto amplificado de PCR. La
incubacion se realizé durante 12 horas en una estufa a 37°C. El polimorfismo se
observé cuando la banda inicial origino dos bandas de menor peso molecular,

obteniendo un marcador conocido como CAP (Cleaved Amplified Polymorphism).
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Tabla 6 (a). Marcadores moleculares analizados en las poblaciones RILs de los cruzamientos V6 x V136 y 29H x V{136 de V. faba.

Marcador Referencia Origen Forward primer sequence Reverse primer sequence
Anmts 37 Ellwood et al. 2008 V. faba GATTCCAGCATTCTTGTGTCGCC CATCCACTCCAAGTTACGTGGATC
cgP137FSNP Ellwood et al. 2008 V. faba TGTTAACCTCAGTTACTGCAACAGA AGGATGCAATCAAGCATATATCTTGA
CP450 Ellwood et al. 2008 V. faba AGTGTGAGATCAATGGTTATGTGATC CATCATCACCTTTCAATATTTGTCC
CPCB2 Ellwood et al. 2008 V. faba AGAAAGAGTGAAGTCTGTGGATCTACATC GGATGAACAGCCACACACCTAATGTAATC
Mtmt_Gen_00733_03_3 Ellwood et al. 2008 V. faba TGGGAAGAAAAGTGCTGCTT GCCTCGTTAATTGGTCTTCG
GLIP 99 Ellwood et al. 2008 V. faba ACAAGCAACCATGTTGGACA GAGCAGATCACCTCCTGGAC
Mtmt_Gen_00510 01 1 Ellwood et al. 2008 V. faba GTCAAGCTTGGGTGAATGGT TTGGATGCTTTCAACCATGA
Mtmt_Gen_01017_03_1 Ellwood et al. 2008 V. faba ATTGACTGCTGTGGTGGTGA CTTGCCCAATGGAAAGAAAA
Mtmt_Gen_01115_02_1 Ellwood et al. 2008 V. faba ATGAGCAAAGAAAGGCCAAA TACCAGCACGTGGTTGATGT
Mtmt_Gen_01965_03_1 Ellwood et al. 2008 V. faba TTGTTGCAAGCAATGGAGAG AAGAAGGCCAAGCAAGTTGA
GLPSNP Ellwood et al. 2008 V. faba GACTCAACACACTTGGTATATCTTTGGCTC TTATCCACTTGAAAGGCTTTGGTGAGAAC
HYPTE3SNP Ellwood et al. 2008 V. faba TCGTCTCATGGTGGAATCGTGATGGT TTCCTCCTTTAAACAAGCAAATTGGA
Lg 33 Ellwood et al. 2008 V. faba GCTGATATGAGGCGCGAAAGTG GCCCCGCAGAGGGCAGAGG
Lg 34 Ellwood et al. 2008 V. faba TGCCCTCTGCGGGGCAGG TTCTCCTCAGCCTCCCGTCG
Lup 36 Ellwood et al. 2008 V.faba  CTGATATCCATTCACCTCAAG AACACCTGGAAGTCCAACTA
PESR1 Ellwood et al. 2008 V. faba ACAAGCCTAGAAAATCCATTC CGATATGAGTGTACTCAATTTGTGGTC
RBPC_OSNP Ellwood et al. 2008 V. faba CCCCATCATGATGAGTGCTGGAGA TTGAGAAATCGTTACCGGTGACAATGATG
REPSNP Ellwood et al. 2008 V. faba GCCAATTTCCTCGTCGCTACTTC GCTAAAAGATTCATCTCCGGTATCCA
UNK 28 Ellwood et al. 2008 V. faba GTAGATTCAATTCAAGTGCGAAAGGCTTTC TACCAACCCATCAATGTTCTTCTAACTTTG
PsPRP 4A Prioul et al. 2007 P. sativum ACATACAATAACTACAACCC TCTCACTGTTACCTGAGCTCC
DRR 230 b Prioul et al. 2007 P. sativum ATGGAGAAGAAATCAMTAGC GTGCGCTTTGTTYYTRCAGTG
Hmm6 Prioul et al. 2007 P. sativum GGAGATATGTTCAAGTCTGT AGCAGTTCTTTCTAATGTACTC
1JB174 Prioul et al. 2007 P. sativum GACGACTCTTGCTACTGC ATGAAGTAGATGAGGTAT
1JB91 Prioul et al. 2007 P. sativum GACGACTCTTGCTACTGC TGAGGGAGACGGATCGGG
Peachi 21 Prioul et al. 2007 P. sativum CTTTCCCCAACTTCGCCAATAA TAGTCGAGAATGAAATGGTCTGAGA




Tabla 6 (b). Marcadores moleculares analizados en las poblaciones RILs de los cruzamientos V{6 x V136 y 29H x V136 de V. faba.

Marcador Referencia Origen Forward primer sequence Reverse primer sequence

PsDof 1 Prioul et al. 2007 P. sativum AAGCCTCAGCCGGAACAAGC TCCATTTCCAAGGAATAAACC
PsMnSOD Prioul et al. 2007 P. sativum GCTCTCGAACAGCTTCACGAT CTTTGGTGGTTCACCACCTCC
RGA2.97 Prioul et al. 2007 P. sativum TTAGGAACGAGGGAGCATAG ATTCTTTAGCCATTTCACGC

RGA2P Prioul et al. 2007 P. sativum GCTACTGCTTTGTATGCTA TCTTTTGTCAAGTATTAGTAA

RGA3P Prioul et al. 2007 P. sativum AGACGACTCTTGCTACTG GAGAGGAACTTGGTAAAC

RGA-G3A Prioul et al. 2007 P. sativum GTATGCTAGAATCTCTAATCA TGTCAAGTATATGTAACCACTC
Pis_Gen_6_3_1 Cruz-Izquierdo et al. 2012 P. sativum CTCCCTGCACCTTCTCTGTC ATCAAAGTTGTCTCCGACCG

psat_Est 00190 01 1 Cruz-lzquierdo et al. 2012 P. sativum GGGAACCTCTTGATCCCAAT CAGGTTGTTGAAGCTCCTGA
mtmt_GEN_01114 05_1  Cruz-lzquierdo et al. 2012 M. truncatula CTGGAGGGATGATGACTGGT TTGTAGAGCCATTGTCACGC

CAK Choi et al. 2004 M. truncatula  TTCAACCCCTCTGCGAACC CATCTATAGCAATTGCTGTTGTCATCT
CysPr 1 Choi et al. 2004 M. truncatula GAGAATTCAAAGAAGAAATTAAGACAAAGA GAAGAATTCATGGGGAGCAAAGT
DNABP Choi et al. 2004 M. truncatula CCCTATGAGCTTGGGTTTGTCT CTCATGGCATACGTGTTCAGC

DSl Choi et al. 2004 M. truncatula CCAAGACATCTTTGGTTTCATCC ACTGCAGAATCACTTGCCGAGTT
ENOLB Choi et al. 2004 M. truncatula TTCCATCAAGGCCCGTCAGA TTGCACCAACCCCATTCATT

EPS Choi et al. 2004 M. truncatula GCTGTTGTGGAAGGCAGTGG ACGACATACGGAACAGAAATCAGT
EST 718 Choi et al. 2004 M. truncatula CGGCGGCATGCTTAGTGG TCTTGGAATGCCTTTGAATGAATA
EST 948 Choi et al. 2004 M. truncatula GCAGGGGTTTCGCTCCAGTG AACTTAATGAATGATTGGAAGGTTTAGCG
HYPTE_116 Choi et al. 2004 M. truncatula AACACAGAGGTAGCGTTTGGTTTAT TCGGGTCAAGATCTCGTTCAA
KCOAT Choi et al. 2004 M. truncatula TGCTACTGCGGGTGGTAGATTTA CTCCAGCACCATCACTCACCT

MPP Choi et al. 2004 M. truncatula  TCCCCGAAACAATCCTCATCTG GCAAATGTGTAGCCCCAAAAGTTA
PCT Choi et al. 2004 M. truncatula TTGGCAAAAACGATAAACCTGT CACGGCACATCTGGAATAACTT
PRTS Choi et al. 2004 M. truncatula CATAGCTACTTGATCTGAAAACTTGACA TGGTGAACTTCACTACCATTACAACC
RNAH Choi et al. 2004 M. truncatula GCTTCCACCAGCTGATACACG TTAGCCCTAGCAAGAATGTCACTG
Te001 Choi et al. 2004 M. truncatula CGGCGCCGGAGATTACACTG AATCACAAACCCACCCAACATCTG




Tabla 6 (c). Marcadores moleculares analizados en las poblaciones RILs de los cruzamientos V{6 x V{136 y 29H x V136 de V. faba.

Marcador Referencia Origen Forward primer sequence Reverse primer sequence

TE-011 Choi et al. 2004 M. truncatula GGAGAGAAACCGGACTGAAGAAACA CAAGAAGAAGCCCTAGTCCTCCATT
Te013 Choi et al. 2004 M. truncatula TCCGCATGTACGAGTTCAAGATAAG AAATCACAAACCCACCCAACATC
TE-016 Choi et al. 2004 M. truncatula  TCCCCAGGCCTTACAAGATGATTAT AAACACTCCCACGTCGCACTAAG
TUP Choi et al. 2004 M. truncatula ~ GAATGGGATGCTATGGGAAGTG TGGATCAGTGGCACCATCTTTAT
UDPGD Choi et al. 2004 M. truncatula CAAAAGCGTTTCATCACTCATCTCT ATCGTCAAGGCCAGGTTCATAG
UNK16 Choi et al. 2004 M. truncatula CCTTCCAATATCCCTCCCACAT GAAGAAAATGATGAAAAGCCAAAAG
UNK21 Choi et al. 2004 M. truncatula TCGCCTCCATGTCCACCTC CGGCCTTGCTAAATCAGTCAG
UNK3 Choi et al. 2004 M. truncatula CACCGGAAATTCAACAGCAAC GACCTAGGCAACACAACTCCATTA
Ein3Fw2 Madrid et al. 2014 C. arietinum  TGCTCAACACCCTCTTGTCTCTCA TGGCCGTCTTCGGGAACTCCA
Ein3Fw3 Madrid et al. 2014 C.arietinum  TTCAGTGCATAAAGAGGTCCGCC TGGCCGTCTTCGGGAACTCCA
Ca2_Avr9 Madrid et al. 2014 C.arietinum  GACTCGCCACTCACTGACTCATCC CGCCGTCAACTGATCCACCGTC
Ca2_Ago Madrid et al. 2014 C. arietinum GGCGTCCTGTTGAAGGGAAGGG CAATGGGCACGTAAGTTGGCCT
P00023 Garcia et al. 2012; 2016. L. culinaris TGAAGCACCATCAGAAACCA TGGCACAGATGTGTCCTCTT
P00042 Garcia et al. 2012; 2016. L. culinaris TTGGCTCCACCCTATGATTC CGTGGCGTAACCCTAAAGTG
P00043 Garcia et al. 2012; 2016. L. culinaris GGCTCGCTCTTTCACTAACG TCTGGAACCCATGAAACCTT
P00046 Garcia et al. 2012; 2016. L. culinaris TATCTTCGTCGCAACCGTTA TGCCCCGCTCAAAATAGTTA
P00053 Garcia et al. 2012; 2016. L. culinaris TCATGGTGAAGACTGGCATC TTGTCGATATCTCCACCAAACA
P00073 Garcia et al. 2012; 2016. L. culinaris GTTAGTTGCTTCCGGCTCAG TGCGGTAATCAAATGGACAA
P00075 Garcia et al. 2012; 2016. L. culinaris CCCTCTTCCACCCTTCCTAC GTTGGATCAGGTTTGCCAGT
P00084 Garcia et al. 2012; 2016. L. culinaris TTGAATCAGCTTCCGCTTTT AAGCAGCAAAGACCCTAGCA
P00087 Garcia et al. 2012; 2016. L. culinaris AGCTCTTGATTTGGCTTCCA AGCAGCAGGTGCAGTTTCTT
P00088 Garcia et al. 2012; 2016. L. culinaris TTGGATGCTGCTAAGACTTTTC TTTCTTTTACATGTTTCGCTATCAA
P00098 Garcia et al. 2012; 2016. L. culinaris AAGATCGTGAAAGGGCTCAA GCTTCCACCAGCATTATTCC
P00179 Garcia et al. 2012; 2016. L. culinaris CGTTGAATTCGCAACTCGTA GGTTTCGCAGTTCTTTCAGC
P00260 Garcia et al. 2012; 2016. L. culinaris TATGGCTATGCTGCTCCTGA GTTTGGCCCATTCGATTAAA




Tabla 6 (d). Marcadores moleculares analizados en las poblaciones RILs de los cruzamientos V{6 x V136 y 29H x V136 de V. faba.

Marcador Referencia Origen Forward primer sequence Reverse primer sequence

P51982 Garcia et al. 2012; 2016. L. culinaris ATAATGCCGGTAATGCTGCT AGACGAGCATCAGCTGGAAC

P52010 Garcia et al. 2012; 2016. L. culinaris CCTCTTGGACTGCTCGTCTC CCATTGGATGCTCTTCATCA

P52014 Garcia et al. 2012; 2016. L. culinaris CATGCAGCAAGGTTTGACAT GCCTGAGCCGTCAAAGTT

P52052 Garcia et al. 2012; 2016. L. culinaris CATGGCTAACATCCAGAAGAAA CCACTTTTCTTGAGGCCAGA

P52059 Garcia et al. 2012; 2016. L. culinaris ATGACAGCAACGTCGTTTGA AAAACTTTGGTTGAACAAGAACG

ERTF Madrid et al. 2013 V. faba GAGTCCAACAAGGGTGGGGTCCA ATGGATGCGCCATGGCTAAAATGTC
HSP Madrid et al. 2013 V. faba TGGAGTTCAAGCGAATGGCAATGGAG AGAACACCATCTCTAACCAGTGCCT
Leu-TF Madrid et al. 2013 V. faba AGCCTACAACCATGACACAACTCCTT GCGGCTGCTGATCAGGCCAT

P450 Madrid et al. 2013 V. faba GCCTTTTGGTTTTGGAGGGAGAGCA GAGGAAGTCCATGACTAGGTCTAAGGG
WRKY58 Madrid et al. 2013 V. faba GAGGAGTGTTCTCGCGGACGA GCTGAAATCAGAAAACACCCCAAAACC
b-ZIP Madrid et al. 2013 V. faba ATTCCCCACCGGCCGCTTCT ACACCCACACGTGTAACCCTCCA

Tag 1 Madrid et al. 2013 V. faba AGGCTGCAAGTACCAGAGAACACTA ACTCAGAAACTGTGTGTAGAGTGTGGC
bcl2 Madrid et al. 2013 V. faba ACCCGCCCGGCAAGTCTATCA AGGACAAATCAAAGCTAGTGCTAGTGG
SerK Madrid et al. 2013 V. faba TGTCACCCAATCCACTTGCCAATAGC TGACGGAGCGTCATCAGTGTTC

AKR Madrid et al. 2013 V. faba CAGCTGAAGTCATGGCAGGCA AACAAGTAACTGGTGTGTTAGCTGCAT
ATP-Dep Madrid et al. 2013 V. faba GCTTCATCCGCTATGTTCTCCCC ATGATAGTCTACGGTATGAGGCACCTG
SerP Madrid et al. 2013 V. faba TGTTTCGCGGTTCACCACCTCC TGACTGCACCTCCTCCTCTTTCAG
U-box Madrid et al. 2013 V. faba GAAGGCCAACAGTATTCTCGAGAGGC TCTCACTCACTAAGCACTCACTAAGCA
ERTF-Rev2 Madrid et al. 2013 V. faba GAGTCCAACAAGGGTGGGGTCCA GCAGAAAGGGGATTCTCCTGTGG
AKR-Fw2 Madrid et al. 2013 V. faba CAGCTGAAGTCATGGCAGGCA GCGGCGGAACACTCTCAGGA

HSP-Fw2 Madrid et al. 2013 V. faba TGGAGTTCAAGCGAATGGCAATGGAG GGCAAAGCAGCATCAGTTGCCA
Bcl2_Rev2 Madrid et al. 2013 V. faba ACCCGCCCGGCAAGTCTATCA TGGGAGATGAGGCCAGGTGGA
bZip-Fw2 Madrid et al. 2013 V. faba ATTCCCCACCGGCCGCTTCT AGCCCCAAATTCTGGCCTCCG

gPCR1 Madrid et al. 2013 V. faba TGGCTGGGATTGCAATATCAACAGGAC TCGTATTGGAGCTTCGCAAGTTTCTCT
gPCR-3 Madrid et al. 2013 V. faba GCTGACGCCATGGTCACTTGGG AGCAGCAACCTCAGAAGCTTTGGT




Tabla 6 (e). Marcadores moleculares analizados en las poblaciones RILs de los cruzamientos V{6 x V{136 y 29H x V136 de V. faba.

Marcador Referencia Origen Forward primer sequence Reverse primer sequence

qPCR-4 Madrid et al. 2013 V. faba GGGACTCCTAAGAGGCCTAATGGACC  TGTCTCTCAATTTCAGGACCTGGCT
qPCR-6 Madrid et al. 2013 V. faba GAGGCTTATGGCTGTGGCTGCT CCAGCCCATGCAGACACCAATCC
gqPCR-7 Madrid et al. 2013 V. faba GGCCAAGATCATGGAGTGAACCTGC AGGTCATTGTGATTGGGTTTGAGAAGC
gPCR-8/SSA_5 Madrid et al. 2013 V. faba TGTTACAGCTTGTGTAAGGTGCATCGC TCCTTCACATGTCTGGACGTCGCT
Ca2_ABF5 Madrid et al. 2014 C. arietinum GGGAGCATGAATCTCGACGA ACCAGTTCATTATGGTAAGCCTG
Ca2_Ribncl Madrid et al. 2014 C. arietinum GCTTCGATCCTCCGACCCCGA CGCCAGGACCAGGGTGAGGT
Ca2_Ein3 Madrid et al. 2014 C. arietinum GGTACACTTGGGGAAGGGGA AAGGCATTTGGACTGCCTCA
Ca2_Rk Madrid et al. 2014 C. arietinum GCCGGAGAAGTCGAAGCGGG GGCCGTGCCGATGGAGAAGG
Ca2_ERTF Madrid et al. 2014 C. arietinum TCCACACCCCTTCCTCCTCCA CCCCCTCCACTTTGCAATTCTGAT
Ca2_ZnF Madrid et al. 2014 C. arietinum GTTTCAAGGTGAAGCCGTGC CCAGACCGAGCAGTTCCATC
Ca2_SerK Madrid et al. 2014 C. arietinum TGGCTCCGGAAGTCATTCAG TTCAATTGCAGACACGCCAA
Ca2_Transf Madrid et al. 2014 C. arietinum GTGTTAAAGCCAGGAGGCATGGT GTGCAGGCTTCTGGAATTTCCCAT
Ca2_SAP1 Madrid et al. 2014 C. arietinum GTGGAAGCATTGCTGGACCCC GGAGACTGCTGTGCTCCATGACC
CaLF1 T Millan (No publicado) C. arietinum AAGACAAGGCGGCTATGAGA GTGATTCTGGCCCAAGTGAT
CaLE1l T Millan (No publicado) C. arietinum AACCCGCTTATGTCGTTTTG GGTCCCCTTTTGGACATTTT
Ca2Calm Madrid et al. 2014 C. arietinum TGGCCGATCAGCTCACCGAT GGTTCTGTCCAAGCGACCGCA
CaDET2 T Millan (No publicado) C. arietinum GTGATTCTGGCCCAAGTGAT CCAAATGTGGCATCTGTTGT
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Tabla 7. Relacién de enzimas utilizadas para desarrollar marcadores CAPs. Secuencias diana y
temperatura (°C) de corte de cada una de ellas.

Enzima de Restriccion Secuencia diana Temperatura de Corte
Alul AG"CT 37°C
Fsp B I (Mae I) C TAG 37°C
Hind 11 A'AGCT'T 37°C
Hinf | G"ANT"C 37°C
Hpa II C'CG"G 37°C
Mbo | "GATC" 37°C
Rsa GT"AC 37°C
Ssi | (Aci 1) C'CGC 37°C
Tas | (TspEl) “AATT 37°C
Pfe | GMAWTC 37°C

11.2.3. Construccion del mapa de ligamiento en la poblacion RIL y analisis de
QTLs.

Para todos los marcadores genotipados en las dos poblaciones RIL la banda heredada
del parental materno se identificé con la letra A (alelo a) y la del paterno con la B
(alelo b). El ajuste de los marcadores analizados a la segregacion esperada en la

poblacién (1:1) se comprobé mediante la prueba x* (p>0.05) con n-1 grados de

fzi?_ef
< e _
Donde: x* = test de ajuste

i = clase genotipica i

n = nlmero total de las clases
0; = valores observados

e; = valores esperados

libertad, utilizando la férmula:

El mapa de ligamiento se elaboré afiadiendo los nuevos marcadores a la
matriz de datos disponible de estudios previos en ambas poblaciones (Diaz-Ruiz et al.
2009 a, b, 2010; Gutiérrez et al. 2013; Atienza et al. 2016; Satovic et al. 2013)
utilizando el programa JoinMap® version 4.1 (Van Ooijen, 2006) aun LOD de 4y 5
en la poblacion 29HxVf136 y Vf6xVfl36 respectivamente. Las fracciones de

recombinacion se convirtieron en centiMorgans (cM) utilizando la funcion de mapeo
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de Kosambi (1994). Los grupos de ligamiento se orientaron siempre que fue posible
en base a los marcadores comunes de mapas de ligamiento publicados previamente
(Diaz-Ruiz et al. 2009 a, b, 2010; Gutiérrez et al 2013; Atienza et al 2016; Satovic et
al 2013).

Para llevar a cabo el andlisis de QTLs se utilizaron evaluaciones previas
realizadas tanto en campo como en condiciones controladas para Orobanche y
Ascochyta. La poblaciéon RIL Fs Vf6xVVfl36 fue evaluada para resistencia a O.
crenata y O. foetida por Diaz-Ruiz et al. (2010; 2009b) durante dos campafias
(2002/2003 y 2003/2004) en campos infestado de Cérdoba y Mengibar y para O.
foetida en Beja y Loubna (TUnez). La evaluacion de la resistencia a A. fabae se
realizé a los 15 dias de la inoculacion, bajo condiciones controladas en cdmara de
crecimiento con el aislado CO95-01 originado en Cérdoba (Diaz-Ruiz et al. 2009 a).
La enfermedad se evalu6 como porcentaje de area sintomatica en hojas (DSL) y tallos
(DSS).

La otra poblacion RIL 29HxVf136 fue evaluada para la resistencia a O.
crenata durante tres campafias (2006/2007, 2007/2008 y 2008/2009) en ensayos de
campo en Cérdoba y Kafr EI-Sheikh (Egipto) durante 2007/2008 (Gutiérrez et al.
2013). Ademas, se evalud la resistencia para O. foetida en Beja (TUnez) durante dos
campafias (2006/2007 y 2007/2008). En esta poblacion también se evalué la
resistencia a A. fabae en plantulas desarrolladas en camara de cultivo e inoculadas con
las cepas CO99 y LO98, recogidas en Cordoba y Logrofio (Espafia), respectivamente
(Avila et al. 2004; Atienza et al. 2016). La enfermedad se evalué 15 dias después de
la inoculacién en hojas (DSL) y tallos (DSS) basandose en el porcentaje de area
sintomético. Posteriormente se evaludé la resistencia en la planta adulta en hojas
(DSL), tallos (DSS) y vainas (DSP) en ensayos de campo durante la campafia 2005-
06 en Cordoba y con un aislado local.

El analisis de QTL se realizd con el programa MapQTL® V5 (Van Qoijen
2006) empleando los datos fenotipicos disponibles para ambas poblaciones (Diaz-
Ruiz et al. 2009 a y b; 2010; Gutiérrez et al. 2013 y Atienza et al. 2016) y descritos
anteriormente. Para identificar QTL relacionados con la resistencia a estas dos
enfermedades se utiliz6 el método de intervalos simple (IM) en todos los grupos de
ligamiento. El valor de LOD para aceptar la existencia de un QTL fue estimado por el
analisis de permutaciones (Churchill y Doerge, 1994) utilizando 1000 permutaciones,

considerandose también QTL detectados en estudios previos cuya diferencia con el
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LOD critico fuera < 0.5. La posicion del QTL fue estimada con la localizacion del

maximo valor de LOD con un intervalo de confianza LOD-2 (Li 2011).

11.3. RESULTADOS Y DISCUSION.

11.3.1. Marcadores polimorficos en V. faba.

El objetivo de este trabajo, es saturar los mapas genéticos desarrollados en
estudios previos en dos poblaciones RILs de habas (V6 x Vf136 y 29H x Vf136) con
el mayor nimero de marcadores procedentes de diferentes leguminosas (P. sativum,
M. truncatula, L. culinaris, C. arietinum y V. faba) a fin de refinar la posicién de
QTLs que controlan la resistencia a Ascochyta y jopo causantes de importantes
pérdidas econémicas en el cultivo.

Un total de 116 marcadores moleculares fueron seleccionados para ser
genotipados en ambas poblaciones. Los resultados se detallan en la Tabla 8. De los
116 marcadores, sélo 27 (23%) mostraron buen polimorfismo y pudieron genotiparse
en una o ambas poblaciones RILs. Once de estos marcadores mostraron polimorfismo
directo tipo ALP (Amplified Lenght Polymorphism), uno mostré presencia/ausencia
de banda y 15 fueron sometidos a digestiones enzimaticas con el fin de desarrollar
marcadores tipo CAPs (Cleavage Amplified Polymorphism) (Tabla 9). El resto de
marcadores no pudieron incluirse en el andlisis por falta de amplificacién, por ser
marcadores monomorficos tras el corte con enzimas de restriccién o por no mostrar
un patrén de bandas repetible y fiable en las poblaciones.

De estos 27 marcadores, 12 se genotiparon en la poblacion 29H x V{136 y 22
en la Vf6 x Vf136. Siete fueron polimérficos en ambas poblaciones, cinco sélo en el
cruzamiento 29H x V136 y quince en el cruzamiento Vf6 x V{136 (Tabla 9). De los
siete nuevos marcadores comunes solo cuatro se ligaron a ambos mapas. Dichos
marcadores, junto a dos genotipados previamente (RGA3P y PisGen_6 3 1) en la
poblacién 29H x V136 y que en este estudio lo han sido en la V6 x V136, fueron

puntos de anclaje para comparar ambos mapas.
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Tabla 8. Resultado de los 116 marcadores analizados en las poblaciones RILs V6 x Vf136 y
29H x Vf136.

Marcador VIexVfl3e6  29hxVf136 Marcador VIexVfl36 29hxVf136
cgP137FSNP M X® P00098 X X
Mtmt_Gen_01017_03_1 X@ M P00179 M-I M-I
Mtmt_Gen_ 01965 03_1 X® M P00260 X M-ER
GLPSNP M M P51982 M-ER M-ER
REPSNP X® M P52010 M-ER M-ER
Mtmt_Gen_00510 01_1 M X® P52014 M-ER M-ER
Mtmt_Gen_01115_02_1 M X ® P52052 M-ER M-ER
HYPTE3SNP M M P52059 X M-ER
RBPC_OSNP M X@ ERTF M M
UNK 28 X® M-ER HSP M M
CPCB2 X X Leu-TF M M
Lg 33 M-ER M-ER P450 M M
PESR1 X M-ER WRKY58 M M
Lup 36 M-ER M-ER bzIP M M
GLIP 99 M-ER M-ER giatIESt—omgo— M-ER NG

mtmt_GEN_011

Lg 34 M M 14051 | I
CP450 M-ER M-ER CAK | I
Mtmt_Gen_00733 03_3 X@ M-ER CysPr1i | |
Anmts 37 X@ M-ER DNABP M-ER M-ER
PSPRP 4A | | DSI M-ER M-ER
1JB174 | 1 ENOLB M-ER M-ER
1JB91 I I EPS | I
RGA2.97 X@ X EST 718 | |
Hmm6 | | EST 948 M-ER M-ER
PsDof 1 | X® HYPTE116 M-ER X
DRR 230 b | X® KCOAT M-ER M-ER
PsMnSOD X® X® MPP | |
RGA-G3A X X PCT X®@ M-ER
Peachi 21 | | PRTS | I
RGA2P | | RNAH M-ER M-ER
RGA3P X X® Te001 | |
Pis_Gen 6 3 1 X@ X® TE-011 | |
UDPGD M-I M-I Te013 M M
UNK16 M-ER M-ER TE-016 M-ER M-ER
UNK21 M-I M-I TUP | |
UNK3 M-I M-I Ca2_ERTF M-I M-I
Ein3Fw2 M-I M-I Ca2_ZnF M-I M-I
Ein3Fw3 M-I M-I Ca2_SerK M-I M-I
Avr M-I M-I Ca2_Transf X X
AgR M-I M-I Ca2Calm M-1 M-1
P00023 X M-I Tag 1 M M
P00042 X M-ER bcl2 M M
P00043 M-ER M-ER Serk M M
P00046 M-I M-I AKR M M
P00053 M-I M-I ATP-Dep M M
P00073 M-ER M-ER SerP M M
P00075 X M-ER U-box M M
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Tabla 8 (continuacion). Resultado de los 116 marcadores analizados en las poblaciones RILs
V6 x Vf136 y 29H x Vf136.

Marcador V{exVvf136 29HxVf136 Marcador  Vf6xVf136 29HxVf136

P00084 M M ERTF-Rev2 M M
P00087 M-ER M-ER AKR-Fw2 M M
P00088 M M HSP-Fw2 M M
Bcl2_Rev2 M M Ca2_ABF5 M-ER M-ER
bZip-Fw2 M M Ca2_Ribncl MI M-I
gPCR1 Mi Mi Ca2_Ein3 Ml M-I
gPCR-3 M M Ca2_Rk M-ER M-ER
gqPCR-4 M M Ca2_SAP1 Ml M-I
qPCR-6 M M CalLF1 M M
gPCR-7 M M CalLEl M M
SSAf 5 X@ M-I CaDET2 X X
X Marcador genotipado. En negrita se destacan los realizados en este trabajo.
X@ Marcador genotipado en la poblacion y publicado en un mapa consenso (Satovic et al. 2013).
X® Marcador genotipado en estudios previos.

M Marcador monomaérfico (andlisis en parentales y 5 individuos de la poblacion).

M-ER Marcador monomadrfico tras cortar con una bateria de 10 enzimas de restriccion.
| Marcador con amplificacion imprecisa.
M-I Marcador monomorfico y con amplificacion imprecisa.

A pesar de los intentos para incrementar la especificidad y mejorar la
amplificacion del resto de marcadores analizados (modificacion de la temperatura de
hibridacién y concentracion de MgCl,, entre otros), no se mejoraron los resultados y
los marcadores que no amplificaron o mostraron un polimorfismo ambiguo, fueron
excluidos del andlisis. Los resultados expuestos, muestran que el genotipado de
marcadores desde especies relacionadas en V. faba es una tarea complicada y que el
nivel de transferencia se ve limitado por la falta de especificidad en la secuencia de
los cebadores empleados. A ello se le une que V. faba es una especie parcialmente
alégama (35%) (Bond and Poulsen, 1983) y el polimorfismo inicial puede perderse en
la descendencia por algin cruzamiento incontrolado. Por todos estos motivos la
puesta a punto de la amplificacion de nuevos cebadores y la obtencion de
amplificaciones de banda Unica para poder trabajar con las diferentes técnicas de
busqueda de polimorfismo se hacen mas complejos en esta especie.

El escaso polimorfismo presente en el cultivo ya se constaté en el proyecto
europeo GLIP (Grain Legume Integrated Project- Food-CT-2004-506223) donde V.
faba mostrd uno de los indices de polimorfismo mas bajos (12,5%) entre los cultivos
analizados. Al manejarse Unicamente cruzamientos intraespecificos (por no existir

ningln antecesor silvestre conocido), la posibilidad de encontrar polimorfismo
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disminuye bastante frente al manejo de cruzamientos interespecificos, como los

empleados en otras especies relacionadas como garbanzo, lenteja, guisante etc.

Tabla 9. Lista de los 27 marcadores moleculares genotipados en las poblaciones V6 x Vf136 y
29H x V136 y metodologias para la deteccion del polimorfismo.

Marcador VI6XVFL36  20HXVFL36 ggﬁg‘;ﬂfagg 'fe';i'rfc‘ggﬁ
CcgP137FSNP M X@ CAP Hpall
Mtmt_Gen_01017_03_1 X@ M CAP Mse |
Mtmt_Gen_01965_03_1 X@ M CAP Bsa Al
REPSNP X@ M CAP Taq |
Mtmt_Gen_00510_01_1 M X@ CAP Alul
Mtmt_Gen_01115 02_1 M X ® CAP Ase |
RBPC_OSNP M X@ CAP Bsrl
UNK 28 X@ M-ER CAP Hpa Il
CPCB2 X X ALP ALP
PESR1 X M-ER CAP Ssil
Mtmt_Gen_00733_03_3 X M-ER ALP ALP
Anmts 37 X M-ER CAP Avall
RGA2.97 X@ X PIA PIA
PsMnSOD X@ X@ CAP Mboll
RGA-G3A X X CAP Rsal
RGA3P X X® ALP ALP
Pis_Gen 6 3 1 X@ X® ALP ALP
HYPTE_116 M-ER X ALP ALP
P00023 X M-I ALP ALP
P00042 X M-ER CAP Ssil |
P00075 X M-ER ALP ALP
P00098 X X CAP Alu |
P00260 X M-ER ALP ALP
P52059 X M-ER ALP ALP
SSAf 5 X@ M- ALP ALP
Ca2_Transf X X CAP Rsal
CaDET2 X X ALP ALP

X: Marcador genotipado. En negrita se destacan los realizados en este trabajo.

X®@: Marcador genotipado en la poblacién y publicado en un mapa consenso (Satovic et al. 2013).
X®: Marcador genotipado en estudios previos.

M: Marcador monomérfico (andlisis en parentales y 5 individuos de la poblacién).

M-ER: Marcador monomorfico tras cortar con una bateria de 10 enzimas de restriccion.

I: Marcador con amplificacion imprecisa.

M-1: Monomorfico y con amplificacion imprecisa.

CAP: Cleavage Amplified Polymorphism. Secuencias de restriccion amplificadas y polimorficas.
ALP: Amplified Lenght Polymorphism. Polimorfismo en la longitud (peso molecular) de la banda.
P/A: Presencia y ausencia de banda.
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De los 27 marcadores genotipados en una u otra poblacion (Tabla 9), la
transferencia ha sido mas eficiente en el caso de marcadores que resultaron ya
polimdrficos en el cruce V{6 x V27 de V. faba (Ellwood et al. 2008; Cruz-lzquierdo
et al. 2012), pudiéndose genotipar 12 de los 22 (54,54%) marcadores analizados.
Seguidamente pudimos transferir 5 de los 12 (41,7%) marcadores procedentes de
guisante relacionados con la resistencia a A. fabae (Prioul et al. 2007), 6 de los 18
(33,3%) UniTags expresados diferencialmente tras el analisis con SuperSage de la
interaccion Ascochyta-lenteja (Garcia et al 2012; 2016) y 2 de los 17 (11,8%)
marcadores asociados con la resistencia a A. fabae en garbanzo y al caracter fecha de
floracion. Los marcadores que peor se han transferido, solo 1 de los 23 (4,35%), han
sido los procedentes de M. truncatula y disefiados por Choi et al. (2004) asi como los
UniTags expresados diferencialmente tras el analisis con SuperSage de la interaccién
Ascochyta-habas (Madrid et al. 2013) con s6lo 1 de los 24 (4,17%) analizados. Estos
resultados estan de acuerdo con las relaciones filogenéticas entre las diferentes
leguminosas (Zhu et al. 2005). Asi, las habas estan en el mismo clade que guisantes y
lentejas (Viceae), por lo que los marcadores desarrollados en estas especies se
transferirin mejor, que los desarrollados en Medicago o garbanzo, especies
pertenecientes a otro clade diferente (Trifolieae y Cicereae, respectivamente).

Ademas de saturar los mapas de cada poblacion, 14 de los marcadores genotipados
fueron incluidos en un mapa consenso del cultivo (Satovic et al. 2013; Anexo I). Once
de ellos resultaron comunes y facilitaron la integracion de los grupos de ligamiento en

el nuevo mapa.
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11.3.2. Nuevos mapas de ligamiento y analisis de QTLs implicados en la

resistencia a O. crenata, O. foetida y A. fabae en habas.

11.3.2.1. Poblacién 29H x Vf136.

Como se ha mencionado anteriormente, de los 116 marcadores analizados solo 12 se
pudieron genotipar en esta poblacién RIL. Dichos marcadores se afiadieron a los 200
genotipados en estudios previos (Gutiérrez et al. 2013; Atienza et al. 2016) a fin de
saturar el mapa y la posicién de los QTLs de dicha poblacién. Un 10.37% de los
marcadores incluidos en el mapa no se ajustaron a la segregacion 1:1 esperada. Como
parametros de mapeo, consideramos un LOD > 4 y una fraccion de recombinacion <
0.25. Cinco de estos marcadores fueron incluidos en un nuevo mapa consenso
realizado para este cultivo por Satovic et al. (2013).

De los 12 marcadores genotipados (Tabla 10), se han conseguido afiadir a los
mapas previos (Gutiérrez et al. 2013; Atienza et al. 2016) 8 (2 ALPs, 5 CAPs y 1P/A)
distribuidos en los cromosomas 1, I, VI y en dos grupos de ligamiento (GL) que no
han podido ser asignados a cromosomas especificos (GL 26 y GL*). Los 4
marcadores restantes (P00098, CPCB2, Ca2_Transf y RBPC/0) no se ligaron a
ninguno de los GL actuales, aunque seran incluidos en sucesivas actualizaciones de
este mapa (Tabla 10, Figura 2). La identificacién y orientacion de cada GL se
determind por comparacion con mapas previos (Gutiérrez et al. 2013; Satovic et al.
2013; Atienza et al. 2016).

Tabla 10. Posicidn en el mapa de los marcadores genotipados en la poblacion 29H x V136.

Marcador LG Marcador LG
cgP137FSNP Crla PsMnSOD Crll
Mtmt_Gen_00510_01_1 Crvi RGA-G3A LG*
Mtmt_Gen 01115 02_1 Crvi HYPTE_116 LG 26
RBPC_0SNP No ligado CaDET2 Crla
CPCB2 No ligado P00098 No ligado
RGA2.97 CrVI Ca2_Transf No ligado

El nuevo mapa comprende 182 marcadores distribuidos en 26 GL cubriendo
una longitud de 2125.39 ¢M con una distancia media entre marcadores de 10.67cM

(Tabla 11, Figura 2). EI mayor grupo de ligamiento corresponde al cromosoma VI
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compuesto por 22 marcadores y 284.9 cM y el menor fue el LG 18 asociado al

cromosoma Il con 3 marcadores y 16.6 cM (Tabla 11).

Tabla 11. Grupos de ligamiento (GL), asignacién a cromosomas y distribucion de marcadores
en el mapa 29H x Vf136.

Ndmero de Distancia media entre
GLsID* Cromosoma Longitud (cM) marcadores marcadores

mapeados (cM)

LG8 | 79.15 7 11.31
LG16 | 31.28 3 10.43
LG5+LG6 | 225.66 18 12.54
LG7+LG17 | 168.78 11 15.34
LG12 | 50.15 5 10.03
LG19 | 15.27 3 5.09
LG11 | 45.27 6 7.55
LG24 1B 18.19 2 9.10
LG14 1B 12.70 4 3.18
LG4 1 200.19 17 11.78
LG29 A 22.77 2 11.39
LG2 11 220.27 18 12.24
LG9 11 111.58 8 13.95
LG18 11 16.62 3 5.54
LG13 1A 27.09 4 6.77
LG3 \Y 210.66 15 14.04
LG23 \% 23.15 2 11.58
LG1 Vi 284.90 22 12.95
LG1 Vi 35.78 6 5.96
LG* - 73.31 4 18.33
LG26 - 39.16 3 13.05
LG15 - 22.63 3 7.54
LG10 - 82.92 7 11.85
LG20 - 32.18 3 10.73
LG22 - 41.96 3 13.99
LG21 - 33.76 3 11.26
Total 2125.4 182 10.67

GLs ID *: Grupos de ligamiento identificados en este estudio (26) en correspondencia con los descritos por
Gutiérrez et al. (2013).

Si comparamos el nuevo mapa con el publicado por Gutiérrez et al. (2013),

la incorporacién de nuevos marcadores ha permitido unir cuatro pequefios GL en dos
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de mayor tamafio (LG17+LG7 y LG6+LG5) en el cromosoma I. Ademas, si
comparamos con el mapa consenso (Satovic et al. 2013), el GL 9 asighado al
cromosoma | por Gutiérrez et al. (2013) pasaria a formar parte del cromosoma Ill, el
GL 8 se integraria en el cromosoma I, el GL 29 al cromosoma lla y el GL13 adscrito
al cromosoma |l pasaria a formar parte del cromosoma Illa en nuestro estudio. El
mapa descrito cubre 2,125.4 cM frente a los 1,402.1 cM descritos por Gutiérrez et al.
2013.

Utilizando el nuevo mapa y las evaluaciones publicadas en Gutiérrez et al.
(2013) para O. foetida y O. crenata y Atienza et al. (2016) para A. fabae, se ha
realizado un nuevo analisis de QTLs (Tabla 12) con el objetivo de reubicar los QTLs
en el nuevo mapa de la poblacién. Dado el limitado nimero de marcadores afiadidos
al mapa, las modificaciones respecto a su posicién no han sido muy apreciables.

Para A. fabae, se detectaron cuatro regiones relacionadas con la resistencia
situadas en los cromosomas |1, 111, V'y VI. En concordancia con los datos de Avila et
al. (2004) y Atienza et al. (2016), Af2 se ubicd en el cromosoma Il limitado por los
marcadores OPR16_1577/0OPB13_1133. Este QTL fue ratificado en los tres ensayos
para DSL (F_DSL, Co99 DSL y L0o98_DSL) a un LOD méaximo de 3.4, 2.61 y 3.08
respectivamente (Figura. 2, Tabla 12). Af2 explica un porcentaje de variacion
fenotipica (R?) entre el 13,1% (Co99_DSL) y el 15,7% (Field_DSL). EI cromosoma I
fue saturado con un sélo marcador (PsMnSOD) ubicado lejos del area de influencia
del QTL. Un segundo QTL (Af3) fue detectado en el cromosoma IllI, para las
evaluaciones Lo98 DSL, Lo98 DSS y F_DSP, no detectandose en ninguna de las
otras tres situaciones descritas por Atienza et al. (2016). Lo98 DSL, L098 DSS y
F_DSP fueron detectados a un LOD de 3.52, 2.41 y 2.61, respectivamente. Estan
limitados por los marcadores OP101_1985/0PD16 1732 y explican entre el 11.1%
(Lo98 _DSS) y el 15.7% (L0o98 DSL) de la variacién fenotipica. Por dltimo, en el
cromosoma VI se detectaron dos regiones. La primera region corresponde a la
identificada por Atienza et al. (2016) correspondiente a F_DSP1, F_DSS vy
Lo98_DSL con valores de LOD entre 2.6 (F_DSS) y 3.59 (F_DSP1). Dicha region
estd flanqueada por los marcadores mtmt GEN 01130 02 1/OPI10_1178,
explicando entre 11.4% (F_DSS) y el 17.1% (F_DSP1) de la variacién fenotipica.
F_DSP1 se sitia en la misma posicién que Oc7 identificado y validado para la
resistencia a O. crenata lo que sugiere la existencia de posibles mecanismos de

defensa comunes para diferentes patogenos.
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Figura 2. Nuevo mapa de ligamiento y QTLs para resistencia a A. fabae (Af), O. crenata (Oc) y
O. foetida (Of) en la poblacion 29H x Vf136. En rojo se distinguen los 8 marcadores mapeados
en este estudio. La linea punteada separa los GL que no han podido ser asignados a
cromosomas (CR) especificos.
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El intervalo de confianza para este QTL contiene los marcadores
mtmt_GEN_01130 02_1 y RNAR que podrian estar involucrados en procesos de
resistencia. Asi, mtmt_ GEN_01130 02_1 es un receptor LRR de quinasas (LRR-
RKSs) involucrado en la regulacion de procesos relacionados con el desarrollo y la
defensa, incluyendo la proliferacion celular, la percepcién hormonal, la respuesta de
defensa especifica y no especifica del huésped, la respuesta a la herida y la simbiosis
(Torii, 2004) y RNAR es una oxidoreductasa involucrada en la sintesis de ADN. En la
segunda region, la inclusién del nuevo marcador RGA2_97 ha permitido detectar por
primera vez a F_DSP2 y L0o98 DSL explicando un 21.1% y 15.2% respectivamente
de la variacion fenotipica del caracter. Seria de gran interés la saturacion del
cromosoma VI con nuevos marcadores para unificar los dos grupos de ligamiento y
precisar la posicién de estos QTLs sobretodo de F_DSP1 debido a su interés al

colocalizar con Oc7 validado para la resistencia a O. crenata.

Tabla 12. QTLs detectados para resistencia a A. fabae (Af), O. foetida (Of) y O. Crenata (Oc)
en la poblacion RIL 29H x Vf136 de habas por anlisis de intervalos (IM). EI LOD critico fue
determinado usando el andlisis de permutaciones en todos los ambientes.

Ambiente,
QTL aisélf\gc::)nzlo CR Marcadores flanqueantes Maarggggggwés LOD LOD critico R? (%)
analizados
Oc7 Cor06/07 VI OP110_1178/0PU09_831 OPA11_554 7.89 3 34
Oc7 Cor07/08 Vi OPA17_633/0PU09_831 OPA11_554 5.92 31 276
Oc7 Cor08/09 Vi OPI10_1178/0PU09_831 OPA11_554 6.91 3 30.8
Oc8 Cor07/08 vV OPACO6_1034/mtmt_GEN_00866_02_1 Vfg69 3.13 3.1 17.7
Af2 F_DSL 1 OPR16_1577/0PK16_1144 1433P 3.4 3.2 15.7
Af2 Co99_DSL 1 OPR16_1577/0PB13_1133 1433P 2.61 2.8 131
Af2 Lo98_DSL 1 OPR16_1577/0PB13_1133 1433P 3.08 29 141
Af3 Lo98_DSS 1l OP101_1985/0PD16_1732 OPD20_322 241 29 111
Af3 Lo98_DSL 1] SECA/OPP17_944 OPD20_322 3.52 29 15.7
Af3 F_DSP 1] OP101_1985/0PP17_944 OPD20_322 2.61 3 121
Af F_DSP2 Vi HBP2/RGA2_97 mtmt_GEN_01109 01 1  3.66 3 211
Af Lo98_DSL VI OPJ18_430/RGA3P OPB03_1294 247 29 15.2
Af F_DSP1 VI mtmt_GEN_01130_02_1/OPI10_1178 RNAR 3.59 3 17.1
Af F_DSS \Yi mtmt_GEN_01130_02_1/RNAR mtmt_GEN_01130_02_1 2.6 2.9 11.4
Af Lo98 DSL VI mtmt_GEN_01130_02_1/RNAR mtmt_GEN_01130_02_1 2.89 2.9 11.8

NOTA: Cada QTL se nombré como en trabajos previos (Gutiérrez et al. 2013, Atienza et al. 2016). Para la
resistencia a O. crenata y O. foetida, cada localidad se refiere como Co (Cérdoba), Be (Beja) y Eg (Egipto)
identificandose el afio como 06 (2006/2007), 07 (2007/2008) y 08 (2008/2009). Para A. fabae se detallan
los aislados utilizados (Co99 y Lo98) en evaluaciones en fase de plantula o en planta adulta y a campo
abierto (F) empleando un aislado local. Ademas, se distingue entre la evaluacion realizada en hoja (DSL),
tallo (DSS) y vaina (DSP).
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Para el control de la resistencia a O. crenata, se confirmaron dos QTLs
estables previamente descritos por Gutiérrez et al. 2013. Oc7 fue identificado en el
cromosoma VI limitado por los marcadores OPA17_633/OPU09_831. Este QTL fue
identificado durante tres campafias consecutivas en Cérdoba (Cordoba 06/07, 07/08 y
08/09) explicando entre el 27,6% Yy el 34% de la variacidn fenotipica total (Tabla 12,
Figura.2). Oc7 se localiza en la misma posicién que F_DSP1 detectado para A. fabae
lo que aumenta el interés de saturacion de esta zona para refinar su posicion.

De acuerdo con estudios previos, Oc8 fue localizado en el cromosoma V
(LOD = 3.13 y R? del 17.7%), pero sélo en la campafia 07/08 y no en 06/07 ambos
detectados por Gutiérrez et al. 2013 (Figura 1, Tabla 12). Este QTL esta limitado por
los marcadores OPACO06_1034/mtmt_GEN_00866_02_1 situados en el extremo del
cromosoma V. Tampoco fueron detectados los QTLs Oc9-Ocl3 ni los QTLs
relacionados con la resistencia a O. foetida (Of3-Of5) descritos por Gutiérrez et al.
2013.

Pese a existir una zona con cierta significacion para O. foetida en el GL2
(chr. 111) el valor de LOD no superé el umbral para aceptarlo. La construccion del
mapa mediante el programa JoinMap v. 4.1 en lugar del MAPMAKER v. 3.0b
(Lander et al. 1987) y el andlisis de QTLs mediante el programa MapQTL® V5 (Van
Ooijen 2006) en lugar del Windows QTL Cartographer v. 2.5 (Wang et al. 2007),
empleados previamente, junto a la variacion en algunos de los parametros podria estar

entre las causas de esta diferencia.

11.3.2.2. Poblacién V6 x Vf136.
De los 116 marcadores analizados en esta poblacién, sélo 22 pudieron ser genotipados
de manera fiable y afiadirse a la base de datos disponible (Tabla 13, Figura 3). Diez de
los nuevos marcadores fueron incluidos en un reciente mapa consenso del cultivo
(Satovic et al. 2013). El nuevo andlisis de ligamiento implicé un total de 416
marcadores de los cuales un 14,9% no se ajustaron a la segregacion 1:1 esperada. Un
valor de LOD de 5 y una fraccion de recombinacion méaxima de 0.25 fueron
considerados para formar los distintos GL. Finalmente, el nuevo mapa consistié en
371 marcadores asociados a 18 GL que cubren una longitud de 4,970.92 cM con una
distancia media entre marcadores de 12.86 cM (Tabla 14, Figura 3). La identificacion
y orientacion de cada GL se determind por comparacién con los mapas previamente

publicados para esta poblacion (Diaz-Ruiz et al. 2009; Satovic et al. 2013) siendo
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excluidos GL con dos marcadores. En este caso, se han conseguido afiadir al mapa
previo los 22 marcadores (10 ALPs, 11 CAPs y 1P/A) genotipados en este estudio
(Tabla 13, Figura 3). Los dos GL mayores corresponden a partes de los cromosoma
IA (50 marcadores que cubren una longitud de 786.37 cM) y IIA (54 marcadores y
747.34 cM). ElI GL menor es el GL 6B con 4 marcadores y 42,12 cM (Tabla 14). Con
la incorporacién de nuevos marcadores y la nueva reorganizacion, el mapa cubre
4,970.92 cM frente a los 3,537 ¢M previos (Satovic et al. 2013).

Tabla 13. Marcadores moleculares genotipados y ligados en la poblacién V6 x Vf136.

Marcador Cromosoma/GL Marcador Cromosoma/GL
Mtmt_Gen_01017_03_1 m RGA3P VI-A
Mtmt_Gen_01965 03 1 I-A Pis_Gen 6 3 1 \Y
REPSNP 11 P00023 I-A
UNK 28 GL2 P00042 I-A
CPCB2 GL2 P00075 I-A
PESR1 I-B P0O0098 GL12
Mtmt_Gen_00733_03_3 \% P00260 I-A
Anmts 37 \Y P52059 I-A
RGA2.97 VI-A SSAf 5 VI-B
PsMnSOD 1} Ca2_Transf 1
RGA-G3A VI-A CaDET2 I-A

Para el nuevo andlisis de QTL fueron consideradas las evaluaciones
realizadas por Diaz-Ruiz et al. (2009 a, b y 2010) para A. fabae, O. foetida y O.
crenata, respectivamente. Los resultados del andlisis de QTLs por analisis de
intervalos y permutaciones pueden verse detalladamente en la Tabla 15.

En el caso de A. fabae, se identificaron cinco regiones relacionadas con la
resistencia (Af1-Af5). Afl y Af2 fueron descritos previamente por Diaz-Ruiz el al.
(2009a) y Satovic et al. (2013) en hojas (DSL) y tallos (DSS). Este trabajo no detecto
a Afl_DSS pero si a Afl_DSL (IlI) limitado por los marcadores
mtmt_GEN_00012_03_1/OPAC02_579. Este QTL explica un 12,5% de la variacion
fenotipica (R?), porcentaje mayor al descrito por Diaz-Ruiz et al. (2009a). Aunque
este cromosoma ha sido saturado con tres nuevos marcadores ninguno co-localiza en
esta region. Af2, adscrito al cromosoma Il, fue de nuevo detectado tanto en hoja
(Af2_DSL) como en tallo (Af2_DSS) siendo sus marcadores mas asociados
Mer04_790 (DSL) y OPE17_1326 (DSS), respectivamente. Af2_DSL explica un
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13.1% de la variacién fenotipica en hoja, valor similar (12.54 %) al descrito por
Satovic et al. 2013. Por el contrario, Af2_DSS explicé un porcentaje de variacion del
12% ligeramente superior al previo (9.85%). Af2 estd muy proximo a Oc3 lo que
sugiere que en dicha regién del genoma podrian coexistir mecanismos comunes
implicados en la resistencia a ambos patégenos. Por ello, la adicion de nuevos
marcadores a la regién candidata facilitara la identificacién de genes que desempefien
un papel funcional en mecanismos de defensa frente a distintos patégenos (hongos y
plantas parésitas, en este caso) y el desarrollo de marcadores moleculares que mejoren

la eficiencia de los programas de mejora asistida por marcadores.

Tabla 14. Grupos de ligamiento (GL), asignacién a cromosomas, caracteristicas y distribucion
en el mapa V6 x V136.

CrOMOEO™ gy ) marcadorss  DerSidad medis
mapeados

IA-1 302.28 26 11.63
1A-2 786.37 50 15.73
IB-1 379.53 28 13.55
IB-2 100.03 12 8.34
1A 747.34 54 13.84
11B 111.80 11 10.16
1] 666.07 54 12.33
\Y 399.71 27 14.80
VIA 452.09 31 14.58
VIB 315.76 24 13.16
LG1 217.63 15 14,51
LG2 88.64 8 11.08
LG3 85.99 8 10.75
LG4 112.64 6 18.77
LG5 46.14 4 11.53
LG6a 62.03 5 12.41
LG6b 4212 4 10.53
LG12 54.78 4 13.69
Total 4970.92 371 12.86

GLs ID *: Grupos de ligamiento identificados en este estudio (18) que se corresponden con los
descritos por Diaz-Ruiz et al. 2009.
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Figura 3. Nuevo mapa de ligamiento y QTLs para la resistencia a A. fabae (Af), O. crenata
(Oc) y O. foetida (Of) en la poblacion RIL V{6 x Vf136.
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Nota: Cada QTL esta identificado con el nimero que se le asigno en trabajos previos (Diaz-
Ruiz et al. 2009/2010). Para la resistencia a O. crenata y O. foetida, cada localidad esta
identificada como Co (Cérdoba), Be (Beja) y Mg (Mengibar) identificandose el afio de
campafia como 03 (2002/2003) y 04 (2003/2004). Para A. fabae las evaluaciones se identifican
como DSL (Hoja) y DSS (Tallo). El umbral de LOD usado para identificar los QTLs fue
obtenido usando el andlisis de permutaciones. En rojo se sefialan los 22 marcadores
genotipados en este estudio, en azul los diferentes cromosomas y grupos de ligamiento que adn
no han podido ser asignados a cromosomas especificos. QTLs con * son QTLs detectados por
Diaz-Ruiz et al. (2009b; 2010) a LOD 2 que no han superado el valor umbral de LOD en este
estudio.
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Ademas, se identificaron tres nuevos QTLs (Af3_DSS, Af4_DSS y Af5_DSL).
La incorporacion de los nuevos marcadores PsMnSOD y P00098 en el cromosoma 11
y GL12, ha originado que se detecte por primera vez Af3_DSS (OPAF20_776h/
PsMnSOD) y Af5_DSL (LSSR9/0OPK03_897) explicando un 10.2% y un 15,6% de la

variacion fenotipica del caracter. ElI nuevo marcador PSMnSOD esta asociado a la
resistencia a A. fabae en guisante (Prioul et al. 2007) y codifica para la enzima
superoxido dismutasa que se induce en procesos de defensa frente a patégenos en
plantas. Por otro lado, PO0098 (marcador mas asociado a Af5_DSL) deriva de un
estudio transcriptémico asociado con la resistencia a Ascochyta en lenteja (Garcia et
al. 2012; 2016). Finalmente, Af4_DSS identificado en el cromosoma IB esta limitado
por los marcadores OPK09 586/Mer02_1078 y explica un 12% de la variacion
fenotipica. Es necesaria la inclusion de marcadores mas robustos (ESTs, SNPs, etc.)
para identificar candidatos génicos para esta resistencia.

Para el control de la resistencia a O. crenata y de acuerdo con los datos de
Diaz-Ruiz et al. (2010), se identificaron dos QTLs (Oc2 y Oc4) validados
previamente. Oc2 se localizo en el cromosoma VIb en las evaluaciones realizadas en
Cérdoba durante la campafia 2002/2003, explicando un porcentaje de explicacion
(22.7%.) bastante mayor que el descrito previamente (8%) por Diaz-Ruiz et al.
(2010). En esta region hemos incorporado un nuevo marcador (SSAf_5) asociado con
la resistencia a Ascochyta en otra poblacion de habas. Diaz-Ruiz et al. (2010) también
identifico este QTL en Mengibar pero el presente estudio no lo detecta debido a que
los criterios empleados para identificar QTLs se basan en el valor de LOD obtenido
por permutaciones y no en la fijacién de un valor de LOD fijo (LOD 2). Si
consideramos los criterios utilizados por Diaz-Ruiz et al. (2010) si que se detecta
dicho QTL explicando un 7.8% de la variacion fenotipica del caracter. Ademas,
considerando estos criterios dicho QTL se detectaria también en Cérdoba 2003/2004
con un LOD 2.84 y explicaria 13.8% de la variacion fenotipica.

Oc3 identificado por Diaz-Ruiz et al. 2010 en Cdrdoba 2002/2003 y
2003/2004 y Mengibar 2003/2004, no es detectado en nuestro estudio al no superar el
LOD fijado por permutacién. De nuevo, si empleamos los criterios previos (LOD 2) si
que se identifica dicho QTL en el cromosoma IlIA limitado por los marcadores
OPD12_493/P00023. Oc3 explicaria entre un 8.5% (Cdrdoba 02/03) y un 11.2%
(Cordoba 03/04 y Mengibar 2003/2004) de la variacion del carécter. Pis_ GEN_4 3 1

se localiza junto a un nuevo marcador genotipado en este estudio (P00023) asociado
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con la resistencia a Ascochyta en lenteja. Oc4 se detecta en el cromosoma 1.A-2 en
Cérdoba 2003/2004 (LOD de 4.45 y R?=17.7%) teniendo como marcador mas
asociado OPB03_289. Estos datos concuerdan con los de Diaz-Ruiz et al. (2010)
donde Oc4 explica un 17% de la variacién del caracter. Oc5, detectado por Diaz-Ruiz
et al. (2010) en el cromosoma 1A en Mengibar 2003/2004 no ha sido detectado en el

presente estudio.

Tabla 15. QTLs detectados para resistencia a A. fabae (Af), O. foetida (Of) y O. crenata (Oc)
en la poblacién RIL V6 x V{136 mediante analisis de intervalos (IM).

Marcador mas LOD R?

QTL Ensayo Cr. Marcadores flanqueantes asociado LOD critico (%)
mtmt_GEN_00012_03_1/
Afl DSL 1 OPAC02 579 Lup066 3.88 3.2 12.5
Pis. GEN_23 5 6 1/

Af2 DSS 1l AATC OPE17_1326 3.2

Af2 DSL 1l OPK18_699/GAlI8_2 Mer04_790 3.89 3.2 131
Af3 DSS 1 OPAF20_776/PsMnSOD OPABO07_1432 3.29 3.2 10.2
Af4 DSS 1B2 OPK09_586/ Mer02_1078 OPABO1_977 331 3.2 12

Af5 DSL LG12 LSSR9/0OPK03_897 P00098 3.89 3.2 15.6

OPI105_1019/
Oc2 Cor03  VIB OPAGI1 956 OPAG11_956 5.87 33 22.7
OPJ18_975/

Oc2 Cor03  VIB mtmt_GEN_01130_02 1 OPNO07_878 3.56 33 25.8
Oc4 Cor04 1A OPHO1_727/0PD15_737 OPB03_289 4.45 33 17.7
*0c2 Mgo4 VIB OPAC06_396/0OPS09_760 OPAC06_396 2.39 3.2 7.8
*0c3 Cor04 A P00023/Mer04_1391 Pis_.GEN_4 3 1 247 33 11.2
*0Oc3  Cor03 A OPD12_493/P00023 Mer04_1391 2.47 33 8.5
*0c3  Mg04  lIA OPD12_493/P00023 Pis GEN.4 31 247 33 11.2
*OfL  Bej03 1A OPA17_524/0PU11 1311 OPAH13_475 2.01 3.2 6.7
*Oof2  Bejoa g MMLGEN01017.03.3/ oo oeno5 231 200 32 72

OPB03_307

Nota: Los QTLs con un * son QTLs detectados por Diaz-Ruiz et al. (2009b; 2010) a LOD 2 que no han
superado el valor umbral de LOD por analisis de permutaciones en este estudio para ser considerados como
tales.

Finalmente, para O. foetida, Ofl y Of2 no fueron detectados al no pasar el
umbral fijado para la deteccion de un QTL por el anélisis de permutaciones. Con los
criterios fijados por Diaz-Ruiz et al. (2009b), que considera la deteccion de un QTL a
LOD 2 (Figura. 3, Tabla 15), Of1 es detectado en Beja 2003 en el cromosoma IA
(LOD 2.01y R?=6.7%) y Of2 es detectado en Beja 2004 en el cromosoma |1 (LOD
2.09 y R?=7.2%). Siguiendo estos criterios se habria incorporado un nuevo marcador
(mt_Gen_1017_03_3) a la region limitada por Of2.
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11.4. RESUMEN Y CONCLUSIONES.

Para identificar genes implicados en el control de caracteres de interés, la genémica
translacional (desde plantas modelo bien caracterizadas a cultivos menos estudiados)
proporciona una valiosa fuente de marcadores para saturar zonas concretas y de genes
candidatos caracterizados funcionalmente. En este trabajo, aplicamos dicha estrategia
para desarrollar los mapas genéticos de las habas. Centrandonos en una serie de
regiones portadoras de QTLs de resistencia a jopo y Ascochyta y basandonos en
relaciones sinténicas y en resultados de trabajos previos, identificamos posibles
regiones homdlogos en M. truncatula, guisante, garbanzo y lenteja. Asi
seleccionamos 116 marcadores en dos poblaciones recombinantes (29H x V{136 y
V6 x Vf136) de los que sélo pudimos genatipar 12 y 22, respectivamente. Cinco de
los marcadores genotipados en el primer cruce y diez del segundo se emplearon como
marcadores puente en un reciente mapa consenso de este cultivo (Satovic et al. 2013).
La identificacién y orientacion de cada LG se determind por comparacion con los
mapas previamente publicados para estas dos poblaciones (Diaz-Ruiz et al. 2009;
Gutiérrez et al. 2013; Satovic et al. 2013; Atienza et al. 2016). Los nuevos mapas han
pasado a cubrir 4,970.92 cM (V6 x Vf136) y 2,125.39 cM (29H x V136) siendo los
mas completos para estas dos poblaciones de habas, en la actualidad. Los resultados
expuestos muestran que el genotipado de marcadores en V. faba es una tarea
complicada y que el nivel de transferencia se ve limitado por la falta de especificidad
en la secuencia de los cebadores empleados. Si bien la gendmica translacional
identifica regiones colineales para saturar zonas concretas, la secuencia entre especies
no siempre esta lo suficientemente conservada como para garantizar la transferencia.
A ello se le suma que:

1. V. faba es una especie parcialmente alégama y el polimorfismo inicial
detectado en lineas parentales puede perderse por algin cruzamiento
incontrolado.

2. Manejamos unos de los genomas mas grandes entre las leguminosas (~
13.000 Mb) con més del 85% de ADN repetitivo.

3. Al no conocerse ningln antecesor silvestre la mejora en habas se basa
Unicamente en cruzamientos intraespecificos por lo que la posibilidad de
encontrar polimorfismo disminuye respecto al empleo de cruzamientos

interespecificos.
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4. Laevaluacion de enfermedades con naturaleza poligénica afiade complejidad
a la hora de detectar los efectos de los QTLs y determinar su posicion exacta
en el genoma.

5. La puesta a punto de la amplificacion de nuevos cebadores derivados de
especies cercanas y la obtencién de bandas Unicas y especificas para la

deteccion de polimorfismos y el genotipado, es compleja en esta especie.

Pese a estas limitaciones, estudios previos han descrito diferentes QTL
estables para la resistencia a A. fabae, O. crenata y O. foetida (Diaz-Ruiz et al. 2009
a/b/2010; Gutiérrez et al. 2013; Atienza et al. 2016) en estas dos poblaciones. Este
estudio ha detectado la mayoria de estos QTLs aunque el restringido ndmero de
marcadores génicos comunes en las dos poblaciones ha limitado la comparacién
directa de todos los resultados.

Otras posibles diferencias pueden atribuirse al empleo de distintos programas
en el andlisis de ligamiento y de QTLs (Mapmaker y QTL Cartographer frente a
JoinMap y MapQTL).

En la poblacion 29H x V136, se han identificado cuatro zonas relacionadas
con la resistencia a A. fabae, dos relacionadas con O. crenata y ninguna para O.
foetida. Respecto a A. fabae, se ha detectado Af2_DSL en el cromosoma Il en
diferentes ensayos (F_DSL, Co99 DSL y Lo98 DSL) como explicaron los datos de
Avila et al. (2004) y Atienza et al. (2016). Af3 situado en el cromosoma 111 solo fue
detectado en los ensayos LO98 _DSL, LO98 _DSS y F_DSP no detectandose los otros
tres descritos por Atienza et al. (2016) para esta zona. En el cromosoma VI
detectamos dos regiones, la primera (F_DSP1, F_DSS y L098_DSL) concuerda con
los datos de Atienza et al. (2016) y como se ha dicho se sitda en la misma posicion
gue Oc7 ya identificado y validado para la resistencia a O. crenata en esta poblacion.
La segunda region formada por F_DSP2 y L098 DSL se identifico en este estudio al
incluir el marcador RGA2_97.

En el caso de jopo, se detectaron dos QTLs (Oc7 y Oc8) de acuerdo con los
datos de Gutiérrez et al. (2013). Oc7 localizado en el cromosoma VI ha sido validado
en diferentes ambientes y estudios explicando un alto porcentaje de la variacion del
rasgo lo que lo convierte en un interesante candidato para la MAS. Ademas el interés
de saturacion de esta zona aumenta al localizarse en la misma posiciéon que F_DSP1

detectado para A. fabae lo que indica la presencia de mecanismos de resistencia
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comunes para ambos patdgenos. Oc8 (chr. V) solo se ha detectado en la campafia
07/08 por lo que es necesario seguir trabajando para definir su posicién con mayor
precision y en los diferentes ambientes. No fueron detectados los QTLs Oc9-Oc13 ni
ninguno de los QTLs para O. foetida detectados por Gutiérrez et al. 2013.

En la poblacién V6 x V{136, se han identificado cinco regiones relacionadas
con la resistencia a A. fabae confirmandose la estabilidad de Af1 (chr. 111) y Af2 (chr.
I) de acuerdo con los datos de Diaz-Ruiz et al. (2009a). La mayoria de QTLs
descritos eran especificos de patdgeno excepto Af2 que se localiza muy cerca de Oc3
identificando una regién genémica con resistencia de amplio espectro y posibles
mecanismos de defensa comunes ante O. crenata y A. fabae. Las resistencia de
amplio espectro y duraderas son deseables en la mejora de cultivos ya que son
efectiva en el tiempo, en distintos ambientes y ante distintos patdégenos o
enfermedades (Kou y Wang, 2010; Schweizer y Stein, 2011). Dichos autores sugieren
la saturacién de tales puntos calientes con marcadores génicos acompafiados de
estudios funcionales, para la identificacion de genes de resistencia. Aunque las
herramientas gendmicas disponibles son aun limitadas, ejemplos de genes candidatos
tales como GER4 en cebada, trigo y arroz (Himmelbach et al. 2010; Manosalva et al.
2008; Schweizer et al. 1999) sugieren que este enfoque puede tener un futuro éxito en
nuestra especie.

Ademas, tres nuevas regiones (Af3_DSS, Af4_DSS y Af5_DSL) no detectadas
por Diaz-Ruiz et al. (2009a) fueron identificadas en este estudio. La incorporacién de
los nuevos marcadores PsMnSOD y P00098 han permitido detectar Af3_DSS (I1) y
Af5_DSL (LG12), respectivamente. PO0098 seria un buen candidato para su futura
validacion en distintos fondos genéticos y empleo en MAS. Se trata de una secuencia
de lenteja ortéloga al gen Medtr8g013640 de M. truncatula (PFAM: 4F5 protein
family KOG: Small EDRK-rich protein H4F5), que codifica para proteinas cortas
ricas en aspartato, glutamato, lisina y arginina. Aunque se expresan de modo ubicuo
en los seres vivos, su funcidn es aln desconocida. Sin embargo, uno de los
marcadores flanqueantes de Af5_DSL, LSSR9 descrito en Arabidopsis thaliana y
genotipado por Ellwood et al. (2008) en habas, codifica para una lipasa (Gene Bank
accession: CA411496; Putative lysosomal acid lipase). Chapman et al. (2012) y
Benning et al. (2102) entre otros, sugieren que las lipasas son necesarias para la
produccion de una actividad antibiotica presente en los exudados de plantas y que

limitan la infeccion por patégenos vegetales. En estudios previos, Louis et al. (2010)
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demostrd que las lipasas acidas estan de algin modo generando sefiales implicadas en
la respuesta inmune innata en plantas. Al estar Af5_DSL en una zona con mayor
nimero de marcadores génicos asociados a genes con posibles funciones de defensa,
la identificacion del gen responsable y su confirmacion en distintos fondos genéticos
para utilizacion en MAS, puede ser mas inmediato.

Para el control de resistencia a O. crenata se identificaron dos QTLs (Oc2 y
Oc4). Tras incorporar un nuevo marcador (SSAf_5), asociado con la resistencia a
Ascochyta en otra poblacion de habas (Madrid et al. 2013) Oc2 en cromosoma Vb,
fue detectado en Cérdoba 2002/2003 (Co03) concordando con los datos de Diaz-Ruiz
et al. (2010); Oc4_Co04 se detecta en el cromosoma IA.2 de acuerdo con Diaz-Ruiz
et al. 2010. El resto de QTL (Oc2_Mg04, Oc3_Cor03, Oc3_Cor04, Oc5) detectados
por Diaz-Ruiz et al. (2010), no lo fueron en este estudio debido al empleo de criterios
diferentes para determinar la presencia significativa de un QTL. Este autor identifica
un QTL fijando como LOD critico un LOD > 2, mientras que este estudio se
determiné considerando valores que superaran el LOD critico obtenido por
permutaciones. Si empleamos los criterios previos todos los QTL detectados por
Diaz-Ruiz et al. (2010), excepto Oc5 también son detectados.

De igual modo, este estudio no detectdé ninglin QTL para O. foetida y s6lo
empleando los criterios utilizados por Diaz-Ruiz et al. 2009b se identifican dos QTL
de resistencia. Of1, en Beja 2003 (cromosoma IA) y Of2 en Beja 2004 (cromosoma
1) cuya saturacion fue mayor con la incorporacion del nuevo marcador flaqueante
(mt_Gen_1017_03_3).

Aunque nuestro estudio aporta nuevos marcadores genicos que co-localizan
o flanquean algunos de los QTLs, e informacion sobre posibles mecanismos de
resistencia para ambos patégenos, es necesario obtener una mayor saturacién para
estimar mejor la posicion y efectos de dichos QTLs. Como ya se ha mencionado, el
andlisis de poblaciones méas grandes o una evaluacion mas exacta de la resistencia,
podria facilitar dicha tarea. Finalmente, el andlisis para cambios de expresion de los
marcadores mas cercanos permitird determinar si son responsables directos de la
respuesta observada o si forman parte del complejo de rutas de reconocimiento y
sefializacion necesario para dicha respuesta.

Al mismo tiempo, la saturacion con marcadores comunes para ambas
poblaciones podria permitir una comparacion de sus resultados. Esta tarea se vera

facilitada por el nuevo estudio de Ocafia et al. (2015), en el que se describe el
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transcriptoma completo de la poblacién 29H x V136 en su interaccién con Ascochyta
fabae. Dicho transcriptoma aporta una gran bateria de SNP (single nucleotide
polymorphism) que podria ayudar a saturar estas zonas de interés. Dicho trabajo se
describe ampliamente en el capitulo 111 de esta tesis.

El andlisis de estos nuevos marcadores junto a la informacién de los
recientes mapas genéticos (Satovic et al. 2013, Wehb et al. 2015), las ventajas de la
colinealidad entre las habas y M. truncatula (Ellwood et al. 2008, Satovic et al. 2013,
Webb et al. 2015) y el nuevo ensamblaje del genoma de M. truncatula (Mt 4.0) (Tang
et al. 2014) ofrece una inmensa fuente de nuevas secuencias para el desarrollo de
nuevos marcadores y la saturacion de regiones de interés. La combinacion de estudios
gendémicos y transcriptémicos deberia aportar informacion suficiente para permitir la

identificacion de genes clave para los futuros programas de mejora en este cultivo.
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I11. 1. Abstract

Faba bean is an important food crop worldwide. However, progress in faba bean
genomics lags far behind that of model systems due to limited availability of genetic
and genomic information. Using the Illumina platform the faba bean transcriptome
from leaves of two lines (29H and Vf136) subjected to Ascochyta fabae infection
have been characterized. De novo transcriptome assembly provided a total of 39,185
different transcripts that were functionally annotated, and among these, 13,266 were
assigned to gene ontology against Arabidopsis. Quality of the assembly was validated
by RT-qgPCR amplification of selected transcripts differentially expressed.
Comparison of faba bean transcripts with those of better-characterized plant genomes
such as Arabidopsis thaliana, Medicago truncatula and Cicer arietinum, revealed a
sequence similarity of 68.3%, 72.8% and 81.27%, respectively. Moreover, 39,060
single nucleotide polymorphism (SNP) and 3,669 InDels were identified for
genotyping applications. Mapping of the sequence reads generated onto the assembled
transcripts showed that, 393 and 457 transcripts were overexpressed in the resistant
(29H) and susceptible genotype (Vf136), respectively. Transcripts involved in plant-
pathogen interactions such as leucine rich proteins (LRR) or plant growth regulators
involved in plant adaptation to abiotic and biotic stresses, were found to be differently
expressed in the resistant line. The results reported here represent the most
comprehensive transcript database developed so far in faba bean providing valuable
information that could be used to gain insight into the pathways involved in the
resistance mechanism against A. fabae and to identify potential resistance genes to be

further used in marker assisted selection.

Keywords: Transcriptome, faba bean, Ascochyta, SNP, qPCR, candidate genes,

genomics.
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111.2. Introduction

Faba bean (Vicia faba L.), one of the first domesticated plant species in Old World
agriculture, is an important food crop worldwide and a source of dietary protein in
developing countries. It ranks fourth in terms of cultivation after key food legumes
such as chickpea, pea and lentil (http://faostat.fao.org). World production of dry faba
beans remained stable in the last five years (4.2 million tons), with China and
Ethiopia producing almost half. Traditionally grown in the Mediterranean basin,
Middle East, China and Latin America the crop is currently achieving particular
relevance in Australia (third world producer), Europe and North America. The main
faba bean breeding objectives today include yield and seed quality improvement as
well as resistance to biotic and abiotic stresses. Among them, broomrape (Orobanche
crenata), a highly damaging parasitic weed, and Ascochyta blight, caused by
Ascochyta fabae Speg., are the most serious threats to faba bean cultivation in most
parts of the world.

The wild faba bean progenitor is unknown, and crosses with other Vicia
species have proved unsuccessful (Cubero, 1984; Maxted et al. 1991), thus limiting
genetic diversity to the primary gene pool. Faba bean has a diploid set of 12
chromosomes and a genome of 13,000 Mbp (Bennett et al. 1995) with a high
proportion of repetitive DNA elements (Flavell et al. 1974). It represents, one of the
largest legume genomes, exceeding 25 times that of the model legume Medicago
truncatula. These biological aspects are the major challenges towards faba bean
genome sequencing and associated marker development for efficient genomics-
assisted breeding. In spite of these limitations, saturated genetic maps built with
RAPDs (Random Amplified Polymorphic DNA), SSRs (Simple Sequence Repeats)
and gene-based SNPs (Single Nucleotide Polymorphism) markers from M. truncatula,
pea (Pisum sativum L.), lupin (Lupinus albus L.), lens (Lens culinaris Medik.) and
soybean (Glycine max L. Merr), are now available (Torres et al. 2010; 2012; Satovic
et al. 2013; Ma et al. 2013; Khazaei et al. 2014). These maps allowed the location of
genes and QTLs (Quantitative Trait Loci) controlling faba bean resistance to different
pathogens such as broomrape (Diaz-Ruiz et al. 2010; Gutierrez et al. 2013; Roman et
al. 2002), A. fabae (Avila et al. 2004; 2003; Diaz-Ruiz et al. 2009; Kaur et al. 2014;

Romaén et al. 2003), rust (Avila et al. 2003) and other important agronomic traits as

yield or drought adaptation (Khazaei et al. 2014; Cruz-lzquierdo et al. 2012).
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Nevertheless, the genomic regions controlling those characters are still not well-
characterized and no diagnostic markers have been developed either. So, the
identification of markers with complete association with the QTL will boost the
development of “perfect” markers in pulses (Kumar et al. 2011). Such markers are
extremely useful for guiding the introgression of multiple resistant genes, because
they increase selection efficiency and avoid recombination events between markers
and QTLs (Hospital et al. 2009).

The success of marker assisted selection (MAS) for agronomically important
traits will depend on the extent to which the underlying genes and pathways are
identified and further used for the development of candidate gene markers (Madrid et
al. 2012). However, faba bean genomics lags far behind that of model systems. This is
reflected by the low number of faba bean ESTs (Expressed Sequence Tags) present in
the dbEST database at NCBI (release 130101; 1 January 2013). Only 5,510 ESTs are
available for this crop, compared with 1.5 million and 270,000 public entries for

Arabidopsis and M. truncatula ESTSs, respectively (http://www.ncbi.nlm.nih.gov

/dbEST). Therefore, much effort is still needed to develop comprehensive faba bean
genomic resources and to generate fast and cost-effective gene-based markers useful
for molecular breeding or comparative genomic analysis.

The emergence of next generation sequencing (NGS) technology in the latest
decade, is rapidly changing this scenario (Schuster et al. 2008). Compared to
traditional sequencing methods, NGS yields a large number of sequences suitable to
develop fast and cost-effective gene-based markers such as EST-based SSRs, SNPs or
Indels (short insertions and deletions) and therefore, high-density genetic maps.
Examples in faba bean include 2,397 (Kaur et al. 2012) and 28,503 SSRs (Yang et al.
2012) that are already available. Moreover, SNP assays using the KASPar™
(KBiosciences Competitive Allele Specific PCR) platform (LGC, UK) have been
described (Cottage et al. 2012), and have been used to build a fairly dense genetic
map for genomic-assisted breeding (Khazaei et al. 2014). Besides marker
development, NGS offers an efficient way for wide transcriptome assemblies in crops
with large and poorly characterized genomes, as faba bean is (Varshney et al. 2013).
This approach provides an excellent resource of gene sequence information and
expression data for identification of candidate genes associated with relevant traits. A

preliminary faba bean transcriptome analysis (Kaur et al. 2012) identified a collection

-78 -


http://www.ncbi.nlm.nih.gov/

Capitulo 111

of EST-derived SNPs that were used to develop a genetic map in a faba bean
population segregating for ascochyta blight resistance (Kaur et al. 2014).

In order to increase the publicly available genomic data for this crop and to
further assist in the development of allele-specific markers efficient in breeding
selection, we performed a comprehensive characterization of the faba bean
transcriptome derived from leaves of two lines (29H and Vf136) subjected to A. fabae
infection, using the Illumina platform. Illumina reads together with the 105,094 faba
bean sequences available in public databases were used for de novo transcriptome
assembly. Results reported here will aid in identifying potential gene targets for use in
marker assisted selection and represent the most comprehensive transcripts database

reported so far in this crop species.

111.3. Material and methods

111.3.1. Plant material and A. fabae inoculation

Two faba bean genotypes (29H and Vf136) were used for de novo transcriptome
assembly. Line 29H has been described as resistant to A. fabae in several studies
(Tivoli et al. 1998; Maurin et al. 1992; Bond et al. 1994; Sillero et al. 2001) and
V136 belongs to the germplasm collection of the IFAPA Centro Alameda del Obispo
in Cordoba (Spain), and is susceptible to ascochyta blight (Roman et al. 2003).

Seeds of both genotypes were pre-germinated and sown with three
replicates; three plants each, in 14 cm-diameter pots, using a 1:1 mixture of sand and
peat. All plants were grown in a controlled condition chamber at 20-22°C. Inoculation
was performed as described by Madrid et al. (2013) using a monoconidial isolate of
A. fabae, C099-01, originating from Codrdoba, Spain. Non-inoculated replicated
plants were included in the assay as controls. To confirm that A. fabae infection had
been effective, inoculated plants were checked for expected disease symptoms at 15

days after inoculation and compared to controls.

I11. 3. 2. RNA extraction, library preparation and DNA sequencing
As early defence responses occur shortly after contact with a pathogenic organism
(Gururani et al. 2012; Pritchard et al. 1989), entire leaf tissue was taken from plants at

4, 8 and 12 hours after inoculation, and immediately frozen in liquid nitrogen. An
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identical collection of leaf tissue was accomplished in the non-inoculated plants of the
same lines. Total RNA isolation and cDNA synthesis were performed as described in
a previous study (Madrid et al. 2013). Two cDNA libraries were generated from the
pooled time point RNAs of each faba bean line (29H and Vf136). The library
construction and sequencing was performed by GenXPro, Frankfurt am Main,
Germany. Normalization of cDNA was performed as described by Zhulidov et al.
2004 and Bogdanova et al. 2008. The normalized cDNA was random fragmented and
adapters for Illumina sequencing ligated. Products were amplified and size selected
on agarose gel. Insert size of the fragments was 150-300 bp. Sequencing was
performed on an lllumina GAIl machine, using 1 x 100 bp reads. The sequence data
generated in this study have been deposited at SRA (Short Read Archive) database
under Experiment Accessions SRX690543 (29H) and SRX690544 (Vf136).

I11. 3. 3. Sequence pre-processing, de novo assembly and annotation

With the aim of constructing a faba bean transcriptome that integrates all known
sequences in this species, 19,067 entries from European Nucleotide Archive (ENA),
and 79,657 singletons and 6,370 contigs from Kaur et al. 2012 were incorporated.
Illumina reads and these additional faba bean sequences were assembled following an
updated version of the workflow described in Seoane et al. 2015. Differences with
respect to the published pipeline are that (i) more ENA entries were incorporated, (ii)
the pre-processing included more putative contaminant sources of microorganisms,
(iii) Full-LengtherNext analyses can now detect and split chimeric transcripts, (iv)
UniProtKB database for Full-LengtherNext analyses was updated on September 4th,
2014, and (v) the prediction of species-specific coding transcripts was carried out with
TransDecoder (http://transdecoder.github.io). The resulting assembling was named as
the v 1.1 of the V. faba transcriptome.

In addition to the annotations provided by Full-LengtherNext in the pipeline,
the reconstructed transcripts were compared against the nucleotide sequence database
TAIR 10 of Arabidopsis orthologue using BLASTN (Altschul et al. 1990) with a
threshold E-value of 10™°. These orthologue identifiers were used for functional
analyses using the AgriGo tool (http://bioinfo.cau.edu.cn/agriGO) (Du et al. 2010). A
nucleotide comparison using BLASTN was also performed against genetically related
legume species (M. truncatula, and Cicer aritenum). Finally, the protein sequences

derived from the faba bean transcriptome were compared against the nucleotide
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sequence database of chickpea using the tBLASTX (E-valuel0™) to derive other
putative annotations. The resulting annotated transcriptome is provided in

Supplemental File 1.

I11. 3. 4. Variant analyses

Identification of nucleotide variations (SNPs and InDels) was performed by separated
mapping data from each genotype against the tentative transcripts using Bowtie v2.1.0
(Langmead et al. 2002). SNPs were called using bcftools and filtered using vcfutils
from the Li et al. 2009, using the default parameters, to obtain a subset of high quality
SNPs and InDels.

I11. 3. 5. Differential gene expression and functional enrichment

The sequence reads obtained from resistant and susceptible genotypes were mapped
separately against the reference transcriptome and then counted using Sam2counts.py.
The count chart was loaded into the RobiNa software (Lohse et al. 2012) and analyses
with the statistical method edgeR (Robinson et al. 2010). Reliability of differential
expression required a P-value < 0.05. Finally, a functional enrichment analysis was
conducted using Kobas 2.0 (http://kobas.cbi.pku.edu.cn/home.do) with the Fisher's
exact test based on the differentially expressed genes detected and known KEGG
pathways, in order to identify genes potentially associated with phenotypic
differences between lines.

111. 3. 6. Expression profiles via RT-gPCR

Two pg of total RNA was reverse transcribed in duplicates from separate tissue
samples for each time point from both genotypes and inoculated/non-inoculated
plants using the M-MLV reverse transcription enzyme (Invitrogen, Carlsbad, CA,
USA), in combination with oligodT (dT12-18) according to manufacture’s
instructions. cDNA syntehesis and quality controls were performed as described
previously by Madrid et al. 2013. Primers were designed based on their differential
expression between both genotypes using the software package Primer 3
(http://frodo.wi.mit.edu/primer3/; Table 1) (Rozen et al. 1999).
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Table 1. Primer pairs designed to validate RNAseq data by RT-gPCR and number of reads
detected in each of the faba bean genotypes.

Gene homology Primer ID Forward primer (5'-3") Reverse primer (5'-3") Vf 136 Reads 29H Reads
- GGAATCCGGAGAAAAT  ATTCGAGCCAGGAA
Transcription factor NAIL C-3026 Teaee TGGTGG 2175 0

GGAACCATTGAAGGG GAGTAGGTGCCTCA

LEA-18 protein C-15319 CTTGC GTTGCA 110 0
Jasmonate O- L-45566 GTGCAACACCAGGCA  TGAGCAAATTTTCT 1 121
methyltransferase GTTTT GGCGCC

F-box/LRR-repeat protein L-57706 CGGTTCACCACTTGGA  ATGCATTGCCGAAA 1 201
At3g59250 GTGT CCACAC

In order to normalize the data two reference genes, actinl (ACT1) and
cyclophilin (CYP2), were used (Gutierrez et al. 2011). The real-time quantitative PCR
(qPCR) reactions used the iTaq™ Universal SYBR® (Biorad) according to
manufacturer's instructions. qPCR amplifications were carried out in a 7500 HT
sequence detection System (Applied Biosystems, Foster City, CA, USA) with the
following temperature profile: initial denaturation at 95°C for 5 min, followed by 30
cycles of 95°C for 30 s and 60°C for 30 s (annealing and elongation). No-template
controls were included. Amplicon quality was checked by an additional melting curve
gradient with fluorescence measures after each temperature step. The amplification of
the target genes at each cycle was monitored by SYBR green fluorescence. The Ct,
defined as the PCR cycle at which a statistically significant increase of reporter
fluorescence is first detected, was used as a measure for the starting copy numbers of
the target gene. The efficiency of each primer pair was checked for all templates using
LinReg software. The gPCR data were normalized with the relative efficiency of each

primer pair.

I11. 4. Results

I11. 4. 1. A new faba bean transcriptome

The construction of a complete faba bean transcriptome is the first step towards the
identification of putative genes associated with resistance to A. fabae in this crop.
Using RNA obtained from leaf tissue taken at 4, 8 and 12 hours after inoculation, a
total of 33,023,160 raw sequences, with a read length of approximately 100 pb were
generated. Approximately half of the sequences (16,567,244) belong to the 29H
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parental line and the other half (16,455,916) to line VVf136. A total of 30,907,202
(93.59%) useful reads were submitted to different assembly procedures as described
in Seoane et al. 2015. Additionally, 105,094 sequences from ENA and Kaur et al.
2012 were pre-processed to provide 87,269 useful reads to be assembled and merged
with the previous assemblies. As a result, 98,195 tentative transcripts were obtained,
with the longest contig having 5,439 nucleotides in length (Table 2). This figure is
overestimating the number of genes in V. faba, although the number has been reduced
from the previous version (v 1.0), indicating that the new ENA sequences have served
to assemble previously fragmented contigs. The percentage of transcripts with
annotation (40.12% in v 1.1; S1 File) did not differ significantly between the three
transcriptomes, but the number of non-redundant orthologues increased, possibly as a
result of the higher input of reads and the improvement of Full-LengtherNext. The
21,243 non-redundant orthologues in Table 2 are closer to the number of total genes
in plants, as suggested for Arabidpsis (~ 27,200) (Lamesch et al. 2012).

From the 39,185 annotated transcripts, 44% (9,325) contained a complete
open reading frame for a known protein, 6,593 being non-redundant full-length
proteins. The numbers recorded are much higher than those provided by Kaur et al.
2012, but do not differ from v 1.0. A detailed analysis indicated that v 1.0 was
contaminated with transcripts from microorganisms that are absent in v 1.1 (results
not shown).

Although RNA-seq libraries were not designed to detect any ncRNA, due to
the deep analysis provided by the Illumina Platform 2,254 putative ncRNAs
(including microRNA precursors) were detected by comparing against miRBase
(Kozomara et al. 2012), although these were not confirmed. Interestingly, a previous
transcriptome report identified 134 putative ncRNAs by the same comparison criteria
(Kaur et al. 2012).

The proportion of unknown transcripts was 60% in v 1.1, compared to 65%
in v 1.0 and 52% in Kaur et al. 2012. This indicates that the update of sequences and
software in the workflow described in Seoane et al. 2015 clearly improved the faba
bean transcriptome. These transcripts can be faba/legume-specific transcripts (without
a clear orthologue in the databases) or assembling artefacts. The TransDecoder
analyisis included in Full-LengtherNext revaled that 270 transcripts likely are
faba/legume-specific and coding for a complete, unknown protein, while 579

transcripts could be coding for a complete protein or a protein fragment.
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Table 2. Summary of the attributes assemblies obtained using three different datasets after the
analysis using Full-LengtherNext. Transcriptomes of Kaur et al. 2012 and version 1.0 were
analysed with older releases of Full-LengtherNext, while the current transcriptome (version
1.1) was analysed with a new release of this software.

Transcriptome attributes Kal[lzrﬁt al. V[31 6(]) ( thivs i&(l)rk)
Tentative transcripts 85,844 118,188 98,195
Transcripts with annotation 41,049 38,004 39,185

Unique IDs 18,871 20,413 21,243
Transcripts including a complete ORF 1,578 10,516 9,325

Unique complete ORFs 1,424 6,787 6,593
ncRNAs 134 2,789 2,254
Transcripts without orthologue 44,661 77,395 59,010
Coding 0 3,314 270
Putative coding 0 - 579
BA index 0,95 0,86 0,91

Based on the characteristics of the transcriptome (Table 1), the non-
redundant V. faba protein-encoding transcriptome consists of 22,092 transcripts
(21,243 unique orthologues, 6,593 of them coding for a complete, known protein and
270 + 579 for unknown transcripts). The subset of 21,243 non-redundant known
transcripts was selected for further studies. This subset corresponded to the longest
transcripts with different orthologous IDs, including those that code for a complete

open reading frame (ORF).

I11. 4. 2. Functional classification of the V. faba transcriptome

A comparison among previous transcriptome data (KT) (Kaur et al. 2012) with the
present transcripts assembled only from Illumina reads (PT) or enriched with database
sequences (ET) was performed. These data were obtained from intermediary steps of
the assembly workflow (results not shown). The Arabidopsis orthologues in the three
subsets (KT, PT and ET) were used to assess the overlapping information with
BioVenn (Hulsen et al. 2008). This comparison, revealed that the ET transcriptome
represents 75% of KT (Kaur et al. 2012) and 95.5% of PT. The Venn diagram depicts
the number of overlapping sequences and genes unique among the three

transcriptomes (Figure. 1).
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Transcriptome Total Unique

Kaur et al. (2012) (KT ) 8850 1655
Hllumina reads (PT) 10878 402
Enriched (ET) 11395 394
KT-PT overdap 6119 251
KT-ET overap 6644 776
PT-ET overlap 10225 4357
KT-PT-ET overlap 5868

Figure 1. Venn diagram depicting the number of overlapping sequences and unique genes
present among the three transcriptomes. KT: transcriptome developed by Kaur et al. (2012);
PT: lllumina reads from the present study; ET: enriched transcriptome (Illumina reads and
database sequences).

Faba bean transcripts were categorised by predicted function using AgriGO
against A. thaliana. A total of 13,266 transcripts were classified based on the Gene
Ontology (GO) hierarchy and assigned at least to one GO term. Transcripts were
classified into 401 significant GO terms, of which 237, 83 and 81 belonged to the
categories biological process, molecular function and cellular component,
respectively. Among the biological process terms, cellular (38.2%) and metabolic
processes (34.7%) were the most represented. Other biological processes such as
biological regulation (12.9%), developmental process (8.7%), response to stimulus
(14.4%) and regulation of biological process (10.9%) were also found (Figure 2). In
the molecular function category a significant percentage of genes were assigned to
binding and catalytic activity (35.4% and 36.3%, respectively). Other molecular
functions found were transcription regulator activity (6.2%) and transporter activity
(5.9%) (Figure 2). Finally, the higher number of cellular component annotations fell
into cell part (52.4%), organelle (32.4%) and organelle part (10.8%) (Figure 2).
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Figure 2. Distribution of the GO categories assigned to the faba bean transcriptome. Unique
transcripts were annotated in three categories: biological process, cellular components and
molecular functions.

I11. 4. 3. Sequence similarity of V. faba transcripts with other plants

The 21,243 faba bean transcripts were analysed for similarity/sequence conservation
against the transcript data sets of A. thaliana and the legume species M. truncatula
and C. arietinum, using BLASTX. The largest number of faba bean transcripts
(17,265 accounting for 81.3%), showed significant similarity with the chickpea
unigenes, followed by Medicago (15,457 transcripts; 72.8%) and Arabidopsis (14,506
transcripts; 68.3%). As reported previously (Doyle and Luckow, 2003) the analysis
confirms the close phylogenetic relationship between faba bean, chickpea and
Medicago. All of them are cool-season legumes, members of the Papilionoid
subfamily and diverged from a common ancestor ~60 million years ago.

A tBlastx search was performed with chickpea, whose genome was recently
sequenced and annotated, using the chickpea CDS information (GA_v1.0) (Varshney
et al. 2013) and the faba bean transcripts described in this study. We found that
17,129 (80.63%) of the faba bean transcripts are conserved in the chickpea transcript
data set. Considering the high degree of conservation among legumes, it may be
assumed that the assembly of the faba bean transcriptome may further be improved as

more sequence data from other species become available.
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I11. 4. 4. Discovery of SNPs and InDels variants

A total of 44,145 putative variants were identified in the transcriptome dataset. After
filtering, high confidence differences were obtained resulting in 39,060 SNP and
3,669 Indels (S2 File). The highest number of SNPs detected were C/T (7,320,
18.7%), followed by A/G (6,443, 16.5%), T/C (5,969, 15.3%) and G/A (5,566,
14.2%). The remaining SNP types account for less than 5%. Transitions were the

most common SNPs (64.8%) compared to transversions (35.2%).

I11. 4. 5. Transcripts involved in blight resistance

A comparison between the transcript data derived from the resistant and susceptible
genotypes was performed by mapping the sequence reads generated onto the
assembled transcripts. Out of the 21,243 transcripts, 850 (4%) showed significant
differences between the two genotypes, 393 and 457 transcripts being overexpressed
in the resistant and susceptible genotype, respectively. Moreover, 290 transcripts were
only unique to the resistant line while 278 were only found in the susceptible line (S3
File).

In order to gain insights into the pathways involved in Ascochyta resistance
in faba bean, transcripts that consistently showed significant expression differences
between resistant and susceptible genotypes were grouped by KEGG IDs. Sixty-five
KEGG pathways were identified in the resistant genotype (29H) and 94 in the
susceptible one (Vf136). In addition, transcripts involved in 24 pathways related to
pathogen resistance in both genotypes were identified, including those involved in
biosynthesis of secondary metabolites, ethylene, phenylpropanoid and isoflavonoids.

In the resistant genotype (29H) several transcripts involved in plant-pathogen
interaction were differently expressed (S3 File). These genes are leucine rich proteins
(LRR) such as RGA2 or FEI1 and plant growth regulators with documented roles in
adaptation to abiotic and biotic stresses such as abscisic acid, ethylene, jasmonic acid
and salicylic acid. Examples include jasmonate O-methyltransferase, 1-
aminocyclopropane-1-carboxylate oxidase, abscisic acid 8'-hydroxylase 3  and
salicylic acid carboxyl methyltransferase, as well as several abscisic acid-induced
proteins (HVA22 and stress-induced receptor-like kinase) or heat shock proteins
(Hsp90, DNAJ/Hsp40 or Hsp70). The signaling pathway genes TGF-beta, p53 and
EGF receptor (histone acetyltransferase and rac-like GTP binding protein) as

regulators of reactive oxygen species production and cell death in plant species were
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also represented. Enzymes involved in biosynthesis of secondary metabolites such as
chlorogenic acid, scopoletin, suberin and phenylpropanoids; caffeoyl-CoA 3-O-
methyltransferase, flavonoids (dihydroflavonol reductase) and chitin elicitor-binding
protein were either identified.

A number of genes encoding proteins with essential roles in disease
resistance and response were differentially expressed between the resistant and
susceptible genotypes. Transcripts encoding NBS-LRR proteins (RGA2 and protein
10), enzymes involved in jasmonate and etilene pathways (methyl jasmonate esterase
and 1-aminocyclopropane-1-carboxylate oxidase) and heat shock proteins (Hsp90,
Hsp70) were found in different read numbers. Remarkable is the detection of a
transcript encoding MLO, a gene conferring broad spectrum powdery mildew
resistance in monocots and dicots (Humphry et al. 2011), as well as a MYB-related
transcription factor, several pathogenesis-related proteins (PR1a, PRS5, a disease
resistance response protein 206), a gibberellin induced protein and a CNGC5-like
protein. Differential expression of calmodulin and aldehyde dehydrogenase 7a, two

key regulators of the plant immune response, was also observed.

I11. 4. 6. Validation of Transcriptome by RT-gPCR

To confirm the transcript abundance differences identified by the read counts,
expression levels of four transcripts (transcription factor NAI1, LEA-18, Jasmonate
O-methyltransferase and F-box/LRR-repeat protein At3g59200, Table 1) were
measured by real time RT-gPCR. Both faba bean genotypes were analyzed
independently at each time point and condition (inoculated and non-inoculated leaf
samples). Transcripts were selected to represent putative candidate genes related to
Ascochyta resistance and a wide range of expression profiles. NAI1 belongs to the
helix-loop-helix (HLH) family and regulates ER body formation. ER bodies are
enriched at the epidermis cells to protect plants from pathogens/herbivores that may
enter or feed them. This is supported by the fact that leaf wounding triggers local and
systemic de novo formation of ER bodies in a jasmonic acid (JA)-dependent manner
(Nakano et al. 2014). LEA proteins have functional properties related to their
presumed role as cellular stabilizers under stress conditions (Hundertmark et al.
2008). Jasmonic acid is a phytohormone involved in plants response against
necrotrophic pathogens (Pieterse et al. 2009). Finally, the F-box genes are involved in

the control of many crucial processes such as pathogen resistance, embryogenesis,
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hormonal responses, etc. Relative transcript levels obtained by RT-gqPCR analysis for
the selected transcripts were consistent with those previously observed by RNA-seq.
The differential expression between the two genotypes was confirmed in all cases

(Figure 3) being the expression higher in the inoculated leaves.
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Figure 3. Analysis of the kinetics of 4 transcripts analyzed by RT-qPCR in the resistant and
susceptible genotype. (a) LEA-18; (b) Transcription factor NAILl; (c) Jasmonate O-
methyltransferase; (d) F-box/LRR-repeat protein At3g59200 analyzed at 4, 8 and 12 hours after
inoculation with A. fabae. Relative mRNA quantification was performed using ACT1 and
CYP2, as reference genes for normalization.

I11. 5. Discussion

Faba bean genetic and genomic studies have been limited by the lack of genomic
resources. Transcriptome assemblies allow the detailed comparative analysis across
different genera and the discovery of functionally relevant markers. In crops such as
faba bean, with a large and poorly characterized genome, comprehensive
transcriptome assemblies offer a way to directly access the genes and the causative
functional polymorphisms, vyielding valuable insights about genome organization
(Bohra et al. 2014).
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The goal of this study was to generate a comprehensive faba bean
transcriptome assembly with the final aim of detecting potential resistance genes for
Ascochyta fabae. For this purpose, sequences from three different data sets were
combined: newly obtained transcripts from Illumina sequencing, those obtained from
FLX/454 reads (Kaur et al. 2012) and the ESTs sequences available at public
databases. The completeness and quality of the new assembly was superior to earlier
faba transcriptome assemblies (Kaur et al. 2012; Seoane et al. 2015). For instance,
when the datasets were analyzed individually, a wide range of counts were reported:
85,844 transcripts from 304,680 FLX/454 reads (Kaur et al. 2012) and 98,195
transcripts from 30,907,202 Illumina reads. Hybrid assembly using a combination of
different datasets was previously shown to be superior to that generated from a single
sequencing platform (Schatz et al. 2010). Drawbacks of a single sequencing platform
can be compensated by different characteristics of sequences obtained from other
platforms, and the combination of both may help to correct sequence errors/biases
improving the quality of draft assembly (Schatz et al. 2010). The enriched
transcriptome obtained in the present study increased the number of annotated genes
by 27.8% as compared with the previous report Kaur et al. 2012. Although a single
pooled sample was used for each genotype and condition, the differences in gene
expression of four tested transcripts determined by RT-gPCR were consistent with
those obtained by RNA-seq, confirming the validity of the expression data. Further
research is required to determine the potential function of the identified candidate
genes in faba bean disease resistance.

BLAST searches against public databases allowed annotation for the 98,195
faba bean transcripts, yielding a set of 21,243 (54.21%) non-redundant transcripts
with an orthologue gene ID. As reported in other legumes crops (Kudapa et al. 2014),
comparison across species favors understanding of the biology and identification of
genes in under-studied crops such as faba bean. This information may facilitate gene
expression analysis and deliver evidence about gene content and function both of
particular interest for the identification of candidate genes and the development of
molecular markers.

The number of unigenes described in this study (21,243) is close to those
estimated for diploid plants such as A. thaliana (25,000) (Bevan and Walsh, 2005) or
C. arietinum (28,269) (Varshney et al. 2013). Interestingly, 270 transcripts likely

encoding complete proteins did not show significant homology with any other
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sequence in the database, indicating that these transcripts may represent faba bean
specific genes. Lineage and species-specific genes have been identified previously in
other plant species, including legumes (Graham et al. 2004; Lin et al. 2010). These
genes could be interesting for further functional studies and may reveal novel legume-
specific pathways. Moreover, knowledge on these genes may help to dissect species-
specific cellular processes and to understand evolutionary processes such as
speciation and adaptation.

The functional annotation obtained in faba bean was similar to that of C.
arietinum (Hiremath et al. 2011) in terms of GO descriptions. The 14.4% of the
annotated genes felt into “response to stimulus” subcategory. This result could
contribute to our understanding of the global transcriptional changes occurring during
infection by A. fabae. However, changes at the gene expression level are not
necessarily a direct indication of the involvement of a gene in a biological process.
Therefore, further genetic and functional analyses of differentially expressed
transcripts are required to understand the biological significance of these changes in
gene expression and their role in plant immune response.

Analysis of sequence conservation might help in the transfer knowledge
from model plants to faba bean for functional genomic studies. As expected, lower
similarity of faba bean transcripts was found with Arabidopsis compared with model
legume species Medicago and chickpea. As previously reported (Kaur et al. 20014;
Cruz-lzquierdo et al. 2012; Varshney et al. 2013), our results confirm the close
phylogenetic relationship and genome conservation among the three galegoid cool-
season legumes that derived from a common ancestor (Doyle et al. 2003). A large
number (81%) of predicted faba bean proteins showed significant similarity with
chickpea, indicating that their function might be conserved. Given the high degree of
conservation among legumes, assembly of the faba bean transcriptome could be
further improved as additional legume sequence data become available.

The present study identified a large set of potential SNPs between the lines
29H and V136 (44,146). Almost double rates of transitions in comparison with
transversions were identified, comparable with results obtained in other plant species
(Picoult-Newberg et al 1999; Nelson et al. 2011). Conversion of these SNPs into
GoldenGate (Rostoks et al 2006) or KASP genotyping assays (http://
www. lgcgroup.com/products/kasp-genotyping-chemistry/) will provide a low-cost

and high-throughput marker genotyping system for accelerating their use in genetics
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and breeding programmes. Mapping and colocalization of these SNPs in previously
reported A. fabae resistance QTLs (Avila et al. 2004; Diaz-Ruiz et al. 2009; Roman et
al. 2003) will validate the functional relationship of these candidate genes and their
future application in molecular breeding approaches.

Since the two sequenced genotypes showed differential resistance to A.
fabae, and as DNA libraries were obtained from inoculated and non-inoculated
leaves, genes with differential expression were identified in both genotypes. The
results provided by this study are of interest to understand the transcriptional
regulation of defense-associated genes as a first step toward understanding faba bean
resistance to Ascochyta blight and improvement of disease resistance in plants (Dangl
et al. 2001). Nevertheless, the nature of the signaling systems involved in resistance to
major diseases in faba bean is still not well understood. The necrotrophic nature of A.
fabae further complicates the elucidation of the resistance mechanism acting against
this pathogen. As a result, only few studies have been reported to reveal the genes and
metabolic pathways involved in this resistance (Madrid et al. 2013; Almeida et al.
2015; Fondevilla et al. 2011). In other pathosystems, however, a wide range of
defense responses are known to be induced. These include preformed structural and
chemical components, activation of the phytoalexin biosynthetic pathway, production
of PR proteins, cell wall reinforcement mediated by hydrogen peroxide and
detoxification of fungal toxins (Fondevilla et al. 2011). Our results suggest that

several of these mechanisms may contribute to resistance to A. fabae in faba bean line
29H.

After perception and recognition of a pathogen, constitutive basal defense
mechanisms lead to an activation of complex signaling cascades of defense. Thus, ion
channels and kinase cascades are activated, reactive oxygen species (ROS),
phytohormones like abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET) accumulate in concert to reduce infection, and a reprogramming of the
genetic machinery lead to defense reactions to minimize the biological damage caused
by the stress (Pieterse et al. 2009; Rejeb et al. 2014; Derksen et al. 2013). The
comparison between the resistant (29H) and the susceptible (Vf136) genotypes
revealed significant differences in the expression of several genes related to these
defence mechanisms. Thus, several phytoalexins (Dihydroflavonol-4-reductase) and a
chitin elicitor-binding protein (CEBIP) were only expressed in line 29H (S3 File).

Chitin recognition results in the activation of defense signaling pathways and CEBIP
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is known to plays a critical role in plant cells to mediate chitin perception and plant
disease resistance (Wan et al. 2008). There was also evidence of alterations in cell
wall metabolism indicated by overexpression of cellulose synthase biosynthesis
genes. Other genes involved in the synthesis of methyl-jasmonate (jasmonate-O-
methiltransferase), ethylene (1-O-aminociclopropano-1-carboxilato), abcisic acid
(abcisic acid  8-hidroxylase3) and salicylic acid (adenosyl-L-methionine:
benzoic/salicylic acid carboxyl methyltransferase) were overexpressed or expressed
only in the resistant genotype. Additional examples are provided by the ACC oxidase
(only expresses in the resistance line) that catalyzes the final step of ethylene
synthesis after induction by biotic or abiotic stresses (S3 File). Some of these
findings were verified by RT-gPCR. Thus the enzyme Jasmonate O-
methyltransferase, and a F-box/LRR-repeat protein were clearly activated only in line
29H. Conversely, two differentially expressed genes, NAI1 and LEA-18, which were
found to be expressed in the susceptible faba bean line were not activate in the
resistant line. Differentially expressed genes involved in these pathways point towards
potential Ascochyta disease-resistance genes for future use in precision breeding.
Several pathogenesis related (PR) proteins were as well mainly expressed in
the resistant genotype, suggesting that they may be key players in the faba bean-
ascochyta interaction. PR proteins are indicators of a gene-for-gene resistance,
associated with an immune response known as systemic acquired resistance (SAR)
(Van et al. 1999; 2006). Resistance (R) genes are important for plant breeding
purposes being ultimately responsible for activation of plant defense mechanisms
(Dangl et al. 2001). Among these, the nucleotide binding site-leucine rich repeat
(NBS-LRR) class is the most abundant and found in all types of plants (Kang et al.
2012). Our analysis identified a number of CC-NBS and NBS-LRR resistance
proteins (such as RGA2, FEI1) that were highly expressed in the resistant parent. In
addition, genes involved in secondary metabolism were also found to be expressed
upon fungal infection. These metabolites are responsible in higher plants for
generating metabolic intermediates directed into several pathways, including the
lignin and flavonoid pathways (Dixon et al. 1995; Fofana et al. 2005). Legumes
utilize flavonoids, notably isoflavones and isoflavanones, to defend themselves
against physical injury and pathogens. Many of these effects appear to be related to

their ability to modulate cell-signaling pathways (Rojas-Molina et al. 2007).
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I11. 6. Conclusions

The present study contributes a non-redundant set of 21,243 transcripts in V. faba and
provides a global view of genes expressed during the interaction with A. fabae. The
assembly described here is the most comprehensive transcript database developed so
far in this crop. Data set analysis revealed important features of the faba been
transcriptome such as gene annotation, assignment of functional categories and
identification of SNPs. The large number of SNPs and InDels identified offer a cost-
effective way to further develop functional markers for assisting breeding purposes.
Furthermore, transcripts identified under specific categories like response to stimulus
and enzyme classification, represent a valuable resource for faba bean crop
improvement by identifying stress-response genes and genes involved in key
metabolic pathways.

Different mechanisms and pathways involved in the resistance to pathogens
such as chitin recognition, production of phytoalexins and PR proteins were present.
We also identified putative candidate genes related to pathogen resistance that will be
future targets for molecular breeding of A. fabae resistance in faba bean. The next
steps will include the identification of polymorphisms in the candidate resistance
genes to facilitate gene mapping and validation in forthcoming marker-assisted

breeding programs.
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Capitulo IV

1V. 1. Abstract

Faba bean is an important food crop worldwide. Marker assisted selection for disease
resistance is a top priority in current faba bean research programs, with pathogens
such as Ascochyta fabae and broomrape (Orobanche crenata) being among the major
constraints in global faba bean production. However, progress in genetics and
genomics in this species has lagged behind that of other grain legumes. Although
genetic maps are available, most markers are not in or are too distant from target
genes to enable an accurate prediction of the desired phenotypes. In this study, a set of
SNP markers located in gene coding regions were selected using transcriptomic data.
Ninety two new SNP markers were genotyped to obtain the most complete map
reported so far in the 29HxVf136 faba bean population. Most of the QTL regions
previously described in this cross were saturated with SNP markers. Two QTLs for O.
crenata resistance (Oc7 and Oc8) were confirmed. Oc7 and Oc10 colocalized with A.
fabae resistance QTLs, suggesting that these genomic regions might encode common
resistance mechanisms and could be targets for selection strategies against both
pathogens. We also confirmed three regions in chromosomes Il (Af2), 111 (Af3) and VI
associated with ascochyta blight resistance. The QTLs ratified in the present study are
now flanked by or include reliable SNP markers in their intervals. This new
information provides a valuable starting point in the search for relevant positional and

functional candidates underlying both types of resistance.

Keywords: Vicia faba L., disease resistance, transcriptome, differentially expressed

genes, candidate genes, marker assisted selection.
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V. 2. Introduction

Faba bean (Vicia faba L.) is an important legume crop cultivated on a global basis as
a source of dietary protein, and ranks fourth in terms of cultivated area after the key
food legumes chickpea, pea and lentil (http://faostat.fao.org). This crop plays an
important role in management of soil fertility through crop rotation with cereals by
fixing atmospheric nitrogen in the soil, thus providing disease breaks and contributing
to agricultural sustainability. Major priorities in faba bean breeding programs include
resistance/tolerance to biotic and abiotic stresses. Among the former, broomrape
(Orobanche crenata Forsk.) and Ascochyta fabae Speg. represent the major constrains
for this crop.

Broomrape is a highly aggressive parasitic plant that compromises faba bean
production in the Mediterranean region, North Africa and the Middle East, with losses
ranging from 50 to 80% (Gressel et al. 2004). Heavy field infestations force farmers
to abandone the growing in traditional legume growing areas (Abu-Irmaileh 1994).
Orobanche is a holoparasitic weed that obtains nutrients through haustoria, which
connect to the host vascular system. Its control remains challenging because no fully
satisfactory and economic crop management measures are available. The best long-
term strategy for limiting damage is the development of Orobanche-resistant
cultivars. Nevertheless, resistance against parasitic weeds is difficult to assess, scarce,
of complex nature and of low heritability, making breeding for resistance a
challenging task (Rubiales 2003). On the other hand, ascochyta blight caused by the
fungal pathogen A. fabae is a disease prevalent in the Middle East, Europe, Canada,
New Zealand, and Australia, that provokes between 35 to 90% yield losses in regions
with cool and wet climate. Symptoms of infection include reduction of the
photosynthetic area, pod and seed infection, seed staining and seed abortion, leading
to yield reduction and reduced market value. Although the disease can be managed by
application of chemicals and crop rotation, breeding of resistant cultivars is the most
effective and sustainable means of control (Sillero et al. 2010).

The development of new varieties for complex traits controlled by QTLs
(Quantitative Trait Loci) is a cumbersome task using traditional breeding methods.
Marker-assisted selection (MAS) provides a potential solution to replace the difficult
or expensive phenotype-based selection systems with markers linked to the genes of

interest. The first faba bean genetic maps were developed with RAPD (Random
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Amplified Polymorphic DNA) markers, which are difficult to transfer between
laboratories and/or genetic studies. Subsequently, the use of ESTs (Expressed
Sequence Tags) and the development of public databases have increased the
possibility of transferring information from closely related legume species such as
Medicago truncatula, Pisum sp., Lens sp. or Cicer arietinun to faba bean (Satovic et
al. 2013). Recently, large sets of gene-based markers have been developed in this crop
(Kaur et al. 2014; Webb et al. 2016), representing a breakthrough in the expansion of
the faba bean genetic map.

Although several QTLs related to broomrape and Ascochyta resistance have
been described and validated (Avila et al. 2004; Diaz-Ruiz et al. 2009; 2010;
Gutiérrez et al. 2013; Kaur et al. 2014; Atienza el al. 2016), their utilization in
breeding programs has not been implemented. It is imperative to saturate and narrow
down these QTL intervals to identify the underlying candidate genes and most
importantly to identify allele specific markers linked to the trait of interest. However,
the large and repetitive nature of the faba bean genome has slowed the development
of maps with sufficient density for these purposes. Moreover, most of the markers
tagging QTLs are RAPDS, a type of marker not reliable enough to warrant MAS
approaches.

The advances in sequencing technology with high-throughput SNPs
genotyping platforms at low cost are promoting the development of high resolution
maps in crop species with less genomic resources such as faba bean (Webb et al.
2016). SNP alleles have several advantages over other markers in terms of gene
mapping. They are extremely stable and mostly identical-by-descent, thereby
preventing scoring errors associated to homoplasy. Transcriptome profiling under
biotic stresses (e.g Ascochyta infection) has been recently implemented in this crop
(Kaur et al. 2012; Madrid et al. 2013; Ocafia et al. 2015), providing gene based SNPs
that can be applied towards targeted genomic studies of disease resistance/tolerance.

The objectives of the present study were: (i) to construct a more detailed
and informative genetic map of the faba bean recombinant inbred line (RIL)
population 29H x Vf136, which varies in ascochyta blight and broomrape
resistance and (ii) to refine the position of relevant trait-influencing QTLs with a
more reliable and discriminatory marker set. The final aim was investigate the
genetic basis of QTLs of interest by mapping differentially expressed candidate

genes. To achieve this, a selection of SNPs obtained from recent transcriptome
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analyses of two faba bean parental lines subjected to A. fabae infection (Madrid et
al. 2013; Ocaria et al. 2015) were used to construct an improved map and to narrow
down the genomic regions of the QTLs. Besides refining the position of target
regions, this approach has potential to identify relevant candidate genes

determining disease resistance.

1V. 3. Material and methods

IV. 3. 1. Plant material

A mapping population comprising 119 F;g individuals developed by single seed
descendent from the cross between 29H x V{136 was used in this study. The
genotype 29H is a minor type faba bean developed at INRA (France) and it was
originally provided by Drs Berthelem and Le Guen (Station d’Amélioration des
Plantes, INRA-Rennes, France). This genotype has been described as resistant to
A. fabae in different studies (Tivoli et al. 1987; Maurin et al. 1992; Bond et al.
1994; Sillero et al. 2001, 2010) and susceptible to broomrape (Gutiérrez et al.
2013). The male parent, Vf136, is an equina type obtained at IFAPA (Cé6rdoba)
from the cross Vfl071 x Alameda (Cubero et al. 1992). This genotype is
susceptible to A. fabae and resistant to broomrape (Roman et al. 2003; Avila et al.
2004; Diaz-Ruiz et al. 2009, 2010; Gutierrez et al. 2013).

IV. 3. 2. SNP selection and genotyping

In order to identify SNPs likely linked to the disease resistance QTLs, we exploited a
recent transcriptome analysis from the faba bean parental lines 29H and Vf136 in
response to ascochyta blight (Ocafia et al. 2015). A set of putative SNPs associated
with expressed sequence tags was chosen based on the following criteria: (i) 127
SNPs belonged to transcripts differentially expressed between the two parental lines
upon infection (p <0.05); (ii) a second set of 40 SNPs were located in genes/proteins
associated with defense/resistance response to pathogens, although the corresponding
transcripts were not differentially expressed between the parental lines; (iii) 61 SNPs
were chosen from a group of 162 tags previously described as differentially expressed
in response to A. fabae infection (Madrid et al. 2013) and used for blast analysis

against annotated genes in the transcriptome developed by Ocafa et al. (2015).
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Detailed information of the SNPs selected is shown in additional filel. A
total of 228 SNP were finally selected to be genotyped using Kompetitive Allele
Specific PCR (KASPar)  assays  provided by LGC  genomics

(www.lgcgenomics.com/genotyping/kasp-genotyping-chemistry) and the MassArray

iPLEX (Sequenom) SNP typing platform at the Spanish National Genotyping Center
facility of the University of Santiago de Compostela (http://www.cegen.org). KASP is
a homogenous, fluorescence-based genotyping technology based on allele-specific
oligo-extension and fluorescence resonance energy transfer for signal generation
(Semagn et al. 2014). MassArray iPLEX consists of an initial locus-specific
polymerase chain reaction (PCR), followed by single-base extension using mass-
modified dideoxynucleotide terminators of an oligonucleotide primer that anneals
immediately upstream of the polymorphic site (SNP) of interest. The distinct mass of
the extended primer identifies the SNP allele (Gabriel et al. 2009).

IV. 3. 3. Linkage map construction and QTL analysis
The SNP markers genotyped in the study were incorporated to a previous dataset
(Gutierrez et al. 2013; Atienza et al. 2016). Segregation of loci was analyzed for
goodness of fit to the expected 1:1 ratio in the RIL population using the Chi square
test. The new set of markers was analyzed for linkage using JoinMap 4.1 (Van Ooijen
2006). Markers were grouped using Maximum likelihood option at a minimum LOD
score of 4.0 and maximum recombination fraction of 0.25 as general linkage criteria
to establish linkage groups (LG). Recombination fractions were converted to
centimorgans (cM) using the mapping function of Kosambi (1994). LGs were
assigned, when possible, on the basis of commonality with already published linkage
maps (Gutierrez et al. 2013; Satovic et al. 2013; Atienza et al. 2016). To overcome the
lack of common markers with previous QTLs analyses, transcripts bearing mapped
SNPs were blasted against the M. truncatula genome assembly version Mt4.0 (Tang
et al. 2014).

QTL analysis was performed using the MAPQTL 5 software (Van Ooijen
2006). Interval mapping (IM) was used to identify putative disease resistance QTLs in
each linkage group, considering the evaluations made in the 29H x V136 RIL F;g
population (Gutierrez et al. 2013; Atienza et al. 2016). Threshold for QTL
significance at a= 0.05 was estimated by permutation analysis using 1000 replicates

(Churchill and Doerge 1994). The genome-wide LOD scores, corresponding to P =
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0.05, were considered as significance thresholds for the detected QTLs. The limits of
the confidence interval of QTLs position were estimated at the positions where the
LOD drop-off was equal to 2 (Li 2011). The presence of a QTL was established based
on its P-value and co-location with QTLs for the corresponding phenotypic trait in
another year or environment and when the difference with the LOD threshold was <
0.5. The coefficient of determination (R?) value of the best marker in a linkage group
associated with resistant reaction was used to estimate the percentage of the total

phenotypic variation explained by the QTL.

1V. 3. 4. Field trials and Resistance scoring
We used the Orobanche crenata and Ascochyta blight disease resistance scores
previously reported by Gutierrez et al. (2013) and Atienza et al. (2016). Broomrape
resistance was evaluated in naturally infested fields in Cordoba (Spain) in three
consecutive seasons (2006-2009) and at Kafr El-Sheikh (Egypt) in 2007-2008. In
addition, the population was evaluated for Orobanche foetida resistance at Beja
(Tunez) during two growing seasons (2006-2008). Simple regression was carried out
using the broomrape score in susceptible checks as an independent variable and the
broomrape score in the RILs as a dependent variable to remove any statistically
significant effects of field infestation variability. Regression corrected values
(residuals) were then calculated to correct for differences in broomrape seed density
in the soil between plots (Roman et al. 2002; Diaz-Ruiz et al. 2010).

Ascochyta blight resistance was determined in three different experiments.
The first two tests were carried out at seedling stage in growth chamber and against
two monocodial isolates, CO99 and LO98, collected in Cordoba and Logrofio (Spain),
respectively (Avila et al. 2004). Fifteen days after inoculation, disease scoring was
performed separately on leaves (DSL, disease severity on leaves) and stems (DSS,
disease severity on stems) based on the percentage of symptomatic leaf area. The
third disease test was performed in field trials and adult plant at Cérdoba during the
season 2005-06 using a local isolate. The disease infection was determined on leaves
(DSL), stems (DSS) and pods (DSP).
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1V. 4. Results

IV. 4. 1. SNP selection and genotyping

A total of 228 SNP were initially selected for genotyping in the 29H x V{136 RIL
population. However, 136 had to be discarded for the following reasons: 62 SNPs (2
KASPar and 60 MassArray iPLEX data) were polymorphic in the parental lines but
monomorphic in the RILs; 49 SNPs (2 KASPar and 47 MassArray iPLEX) showed
skewed segregation or ambiguity, likely due to genotyping errors; finally, 25 SNPs
did not meet the requirements for primer design preventing further analysis (Table 1).
The remaining 92 SNPs (20 KASPar and 72 MassArray iPLEX) could be precisely
genotyped in the mapping population (Additional file 1). The two most common SNP
variants were A/G and C/T, representing 34,93% and 30,57% of the changes,
respectively. The other SNP variants (T/G, C/G, A/C and A/T) accounted for less than
10% of the total (Additional file 1).

Table 1. Origin and characteristics of the SNPs assayed in the faba bean RIL population
Vf29H x Vf136.

Genotyping Discarded

SNP transcripts Genotyped Homozygous errors by design Total
DE/Orthologous to Cicer or Mt CDS! 24 15 6 2 47
DE/ Not orthologous to Cicer or Mt CDS 13 15 34 18 80
DE/ Annotated? 36 17 6 2 61
Related with resistance processes® 19 15 3 3 40

TOTAL 92 62 49 25 228

DE: Differentially expressed. Mt: Medicago truncatula. CDS: coding sequences.
'Origin: SNP transcripts (Ocafia et al. 2015).
2Origin: SNPs identified in SuperSAGE tags (Madrid et al.2013).

From the 92 SNPs genotyped, 73 (79,35 %) belong to the set of SNPs
differentially expressed upon ascochyta infection while 19 (20,65%) were not
differentially expressed but associated with resistance processes (Table 1). Eighty-
eight of these SNPs had homologues in the M. truncatula genome (Mtr4.0), while the
remaining four may represent specific faba bean sequences and/or targets for
resistance candidates. Moreover, five putative transmembrane proteins and four
hypothetical proteins annotated in the M. truncatula genome but not assigned to

known functional groups might correspond to genes involved in resistance.
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IV. 4. 2. Linkage analysis

To build a more saturated map and refine the position of the QTLs, we considered the
most recent linkage maps and the assessments for A. fabae (Atienza et al. 2016) and
broomrape (Gutierrez et al. 2013) resistance reported in this population. The 92 SNPs
markers were combined with the previous data set. Additional file 2 shows the list of
these SNPs, their annotation in the M. truncatula genome (Mtr4.0) and their
assignment to the different faba bean LGs or chromosomes (chr.). The new linkage
analysis thus involved 307 markers of which 14,33% werent fitting the expected 1:1
ratio. Of these, 215, many of which are RAPDs (136), have been genotyped in
previous studies. Eighty SNPs were mapped and could be assigned to the six
chromosomes of the species. The final map includes 257 loci distributed over 19 LGs
and spanning 2796.91 cM (Fig. 1, Table 2). LGs with two markers were discarded.
LG identity and orientation were determined by comparison with the M. truncatula
genome, as well as from the use of previously map-assigned anchoring markers
(Gutierrez et al. 2013; Satovic et al. 2013; Webb et al. 2016; Atienza et al. 2016). The
largest group corresponding to chr. VI included 37 loci and spanned almost 445 cM,

while the smallest group, with only three loci, covered 39.3 cM.

Table 2. Linkage groups, chromosome (Chr.) assignation and marker distribution in the 29H x
V{136 map.

LGsID® Chr Length Number of Number of ~ Average marker
) (cM) mapped markers  mapped SNP density (cM)
1(LG8) | 98.98 11 4 9.00
2 (LG12+LG19) | 121.887 13 5 9.38
3(LG11) | 59.147 8 2 7.39
4 (LG5+LG6+LG10) | 384.548 32 6 12.02
5 (LG7+LG17) | 171.516 13 2 13.19
6 | 29.353 5 4 5.87
7 (LG14) 1B 38.585 6 2 6.43
8 (LG4) 1l 261.702 30 14 8.72
9 (LG29) 1A 59.063 7 4 8.44
10 (LG2+LG9) 1 512.052 38 10 13.48
11 (LG13+LG16) 1 152.613 13 6 11.74
12 (LG18) 1 27.602 5 2 5.52
13 (LG3) \ 206.491 16 3 12.91
14 (LG1) Vi 444134 37 8 12.00
15 (LG15) - 40.609 6 3 6.77
16 (LG26) - 39.302 3 0 13.10
17 (LG27) - 57.408 5 2 11.48
18 (LG20) - 48.262 5 2 9.65
19 (LG22) - 43.659 4 1 10.91
Total 2796.91 257 80 9.89

LGs ID *: LGs identified in this study (19). Between brackets: correspondences with LGs described by
Gutierrez et al. 2013.
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The incorporation of new SNP markers allowed closing previous gaps
between 11 minor LGs (Gutiérrez et al. 2013). These LG could now be combined into
5 chromosomal regions (Table 2). Accordingly, the large metacentric chr. | is now
represented by six LGs, chr. Il by three LGs and the remaining chrs. IB, II, lIA, V
and VI by a single LG (Fig. 1). Five LGs (15, 20, 22, 26 and 27) could not be
assigned to specific chromosomes. In agreement with Satovic et al. (2013), LG8 and
LG6 were assigned to chr. I, while LG29 corresponds to chr. I1A. The resulting map

is the most gene-enriched map published to date in this population.

V. 4. 3. QTL analysis for Ascochyta fabae
In agreement with Atienza et al. (2016), three QTL regions in chr. I, 111 and VI were
related with Ascochyta resistance. The QTL in chr. Il (Af2) was identified taking into
account the disease severity scores in leaves (DSL), and was consistently detected in
three years in both field and growth chamber evaluations (Field_DSL, CO99 DSL
and LO98 DSL), explaining between 10.6% (CO99_DSL) and 19.1% (LO98_DSL)
of the total phenotypic variation (Fig. 1, Table 3). Chr. 1l was saturated with 14 new
gene markers, and the QTL interval was enriched with two new SNPs, Contig 17163
(homologue to Medtr3g102120) and Contig 9100 (homologue to Medtr3g099010).
Contig 17163 is annotated as a RYanodine receptor (SPRY) domain protein, which is
likely involved in immune processes (D'Cruz et al. 2013), while Contig 9100
corresponds to a TB2/DP1, HVA22 family protein. Marker 14-3-3P (Medtr3g099380)
was the nearest locus to the maximum LOD peak for this QTL. This gene is
belonging to a family of conserved regulatory molecules reported in all eukaryotic
cells with the ability to bind a multitude of functionally diverse signaling proteins (Fu
et al. 2000).

According with previous studies (Avila et al. 2004, Atienza et al. 2016), a
second region related with Ascochyta resistance (Af3) was detected in chr. III.
Nevertheless, from the six QTLs reported considering field and growth chamber tests,
only three (LO98_DSL, LO98_DSS, Field_DSP) were significant in this study (Fig.
1, Table 3), explaining 15.7%, 11.2% and 12,4% of the phenotypic variation,
respectively. Although chr. Il was saturated with 10 markers, only one (Contig
19144/Medtr1g089810), was significant for Af3 that remains flanked by
OPD16_1732/0OP101_1985. Contig 19144 corresponds to a susceptible endoplasmic

reticulum auxin-binding protein.
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Finally, three QTL regions were detected in chr. VI explaining between 12%

and 21.4% of the phenotypic variation (Fig. 1, Table 3). The former QTL region

included Field DSP1 and LO98 DSL evaluations and was enriched with two new
SNPs, Locus 10591 (Medtr8g096020) a putative transmembrane protein and Contig

13425 (Medtr8g093250) corresponded to a cystathionine beta-lyase family protein.

Table 3. Putative QTLs for O. crenata (Oc) and A. fabae (Af) detected in the faba bean cross
29H x V{136 by Interval mapping (IM) analysis.

QTLs Environment Chr. QTL Interval* ThrLecs)tzldz Ma::'OEEOD ?222;2?:2’21;
Oc7 Cor06/07 Vi (O)F;ﬁ%gi—li?;lg 3 7.86 34
oc7 Cor07/08 Vi g‘;rflg?fé)g 31 5.80 27.1
oc7 Cor08/09 Vi ggrl‘fgfff% 31 6.9 31
Ocs Cor07/08 v miT/t—OGPi'\(‘:—OOGOiB%fZ 31 3.25 17.7
0c10 Kafros;;hikh n 85251—9614;‘( 3.2 2.02 12.4
Fie('i;gs" Cor05/06 I gj;;;ﬁfgg 33 3.23 13.1
C"?i;gs" Cor99/00 I (ézﬁé—;%&z 2.9 247 106
OBOSL g OBRI g,
LO98_DSL L098/99 n OPP17_944/ SECA 32 354 15.7
(AR3) -
"Osz—g'?ss Lo98/99 1 ogfl 3?:1;;’;’ 2.8 2.45 112
Fie('i;gsp Cor05/06 i SE,TJZ:E:;; 31 266 12.4
Field_DSP1 Cor05/06 Vi gmiﬁ%ﬁ 31 353 16.3
LO98_DSL L098/99 VI RNAR/ Locus_10591 3.2 2.99 12
Field_DSP2 Cor05/06 Vi gfﬁi:g;’z 31 3.65 21.4

! Flanking markers considering 2-LOD support intervals except for Kafr EI-Sheikh where 1-LOD support
intervals was applied.

2 LOD threshold was determined using permutations in all environments.

Environment. Cor: Cérdoba; Lo: Logrofio.

-107 -



Capitulo IV

Finally, Field_DSP2 was identified for the first time in this population. This
QTL was located between RGA2_97 (Medtr6g079800) and OPL12_622. Within the
QTL interval, we also located mmK1a (Medtr4g087620) annotated as a MAPK-like
Ntf4 protein and mtmt_ GEN_01109 01 1 (Medtr4g091610) coding for a hydrolyzing

O-glycosyl compounds hydrolase.

IV. 4. 4. QTL analysis for Orobanche sp.

As expected, previous stable QTLs for O. crenata (Gutierrez et al. 2013) were
identified in this study (Table3). The former Oc7 detected in chr. VI associated with
0. crenata resistance was verified in three seasons (2006/07, 07/08 and 08/09),
explaining between 27.1% and 34% of the phenotypic variation (Table 3, Fig. 1). The
present analysis saturated chr. VI with eight SNP markers, two of which were placed
within the QTL interval. Thus, the previous Oc7 interval covered exclusively by
RAPD markers has been enhanced by two gene coding sequences, Contig 9900 and
Contig 3028. Contig 9900 was undetected in the M. truncatula genome suggesting
that it might be part of a specific faba bean disease resistance gene. In contrast, Contig
3028 showed a significant match with the Medtr8g088390 gene, annotated as a
protein that physically interacts with CBL-interacting serine/threonine-protein kinase
1 (CIPK1).

Another QTL for O. crenata resistance (Oc8) was detected in chr. V, but was
limited to the season 2007/08. Oc8 is flanked by two markers
(mtmt_GEN_00866_02_1 and OPAC06_1034) and accounted for 17.7% of the
variation (Table 3). Contig 2960 (Medtr7g098440), one of the three new SNP markers
included in chr. V, encodes a ras GTPase-activating protein involved in cellular
organization and signaling processes related to cell growth, differentiation and
apoptosis (Rojas et al. 2012).

Regarding the remaining O. crenata (Oc9 to Oc13) and O. foetida (Of3, Of4
and Of5) QTLs previously reported (Gutiérrez et al. 2013), none of them reached the
genome-wide significance level in our analysis. Only Oc10 in chr. I, associated to
OPD16_1732 was considered in this study, although the maximum LOD score did not

reach the significant threshold obtained by permutation.
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Figure 1: Genetic map and summary of the Orobanche crenata and Ascochyta fabae resistance
QTL in the faba bean RIL population derived from the cross 29H x Vf136. O. crenata QTLs
were named using the initials Oc followed by a number assigned in previous works and the
identifier for each location (Eg, Egypt and Cor, Cérdoba). For Cordoba analyses, a season
identifier was also included (06, season 2006/2007; 07, season 2007/2008; 08, season
2008/2009). In the case of A. fabae, the QTLs were named considering the experiment (field,
isolate Co99 in growth chamber, isolate Lo98 in growth chamber) and trait (DSL, disease
severity on leaves; DSS, disease severity on stems; DSP, disease severity on pods). QTL
positions are represented as 2-LOD bars.

-110 -



Capitulo IV

V. 5. Discussion

IV. 5. 1. Genetic linkage mapping and synteny analysis

The saturation of the 29H x Vf136 faba bean genetic map with new SNP markers
located in coding sequences related with the response to A. fabae is described. From
the 228 SNPs initially selected, only 92 could be successfully genotyped, in most
cases due to the loss of polymorphism in the RIL population. Inaccurate SNP calling
together with accidental cross-contamination by pollinators in any of the parental
lines might be among the causes. Honeybees, bumblebees and large solitary bees are
the main faba bean pollen vectors. Except from the honeybees that use rock cavities
and hollow trees as nesting sites, the rest of pollinators usually construct nests below
ground in holes or within the remains of previous fibrous root system (Mader and
Hopwood 2013). Since faba bean multiplications are normally performed in insect-
proof cages, the presence of some pollinator in the ground might have affected in this
outcome.

The new map includes 257 loci distributed over 19 LGs. The merging
process allowed us to join 11 previous minor LGs (Gutiérrez et al. 2013), that are now
combined into five chromosomal regions. In agreement with the faba bean consensus
map (Satovic et al. 2013), LG9 and LG16 which were previously associated to chr. |
(Gutierrez et al. 2013), are now placed in chr. I11. In addition, we could assign LG29
to chr. lla, and LG8 together with a new LG to chr. . The new linkage map has
significantly longer cumulative genetic map coverage (2796.91 cM versus 1402.1 cM
reported by Gutierrez et al. 2013). Map expansion is a common phenomenon in
genetic research (Liu et al. 1996; Knox et al. 2002), that can be ascribed to several
factors such as mapping strategies, number and type of mapped loci together with
potential genotyping errors (Leonforte et al. 2013; Liu et al. 2015).

Resistance to ascochyta blight and broomrape are difficult traits in terms of
genetics and breeding. The complexity of the disease evaluation and the polygenic
nature of resistance to both pathogens make breeding for resistance a challenging
process and an ideal candidate for MAS. Previous studies have described different
stable QTLs for A. fabae, O. crenata and O. foetida resistance in different populations
(Diaz-Ruiz et al. 2009; Kaur et al. 2014; Gutierrez et al. 2013; Atienza et al. 2016).

However, most QTLs were flanked by RAPDs and is imperative narrow down these
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QTL intervals with more reliable and transferrable molecular markers. Here we
exploited the high degree of colinearity between faba bean and M. truncatula
(Ellwood et al. 2008; Satovic et al. 2013; Webb et al. 2016) and submitted the
selected SNP markers to homology searches against the M. truncatula genome
(Mt4.0) using BLASTn (Tang et al. 2014). This approach detected significant
matches in homologous regions that will facilitate future QTL comparisons between
faba bean and different legume crops. QTLs controlling resistance to Ascochyta and
O. crenata have been reported in chickpea and pea (Prioul-Gervais et al. 2007;
Fondevilla et al. 2010; Millan et al. 2015). However, the lack of common markers in
the corresponding maps has so far prevented the establishment of clear homologies.
The macrosyntenic relationships reported between faba bean, Medicago, Pisum, Lens
and Cicer suggest that some of the QTLs identified in the present study could be

conserved between the Galegoid legumes.

IV. 5. 2. QTL detection and candidate genes identification

Three regions related with Ascochyta blight resistance were identified in chr. Il, 111
and VI. Af2 was located on chr. Il using the phenotypic data for Field DSL,
C099 DSL and LO98 DSL. In a previous report (Atienza et al. 2016), Af2 was
flanked by RAPD markers, while the present work implemented the map with two
new SNP markers (Contig 9100 and Contig 17163), that are now flanking the QTL.
This led to the displacement of the QTL towards a position closer to QTL3 described
in the population Icarus x Ascot (Kaur et al. 2014), and to Af2 described in the RIL
population V{6 xVfl36 (Diaz-Ruiz et al. 2009). The relative position of the
orthologous genes in M. truncatula suggests that all these studies identified the same
QTL region. The new gene markers in the Af2 interval, Contig 17163
(Medtr3g102120), Contig 9100 (Medtr3g099010) and the already mapped1433P
(Medtr3g099380), open the possibility for fine mapping and future development of
MAS for this QTL. The area between Medtr3g102120 and Medtr3g099380 appears to
be a good target for the identification of candidate genes for ascochyta blight
resistance, narrowing down the region pinpointed by Atienza et al. (2016). Contig
17163 located in the QTL3 interval (Kaur et al. 2014) encodes a RYanodine receptor
(SPRY) domain protein that regulates intracellular signaling (Ponting et al. 1997) and
is likely involved in immune processes (D'Cruz et al. 2013). The human genome also

encodes SPRY/B30.2 domains, several of which are involved in the immune
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response. The role and function of the majority of SPRY/B30.2 domains remain
unknown in plants but might include specific protein-protein interactions. Given the
function of these proteins in humans, it is tempting to speculate that they might be
involved in innate immunity against different infectious agents (Perfetto et al. 2013;
Yap et al. 2005).

On the other hand, Contig 9100 corresponds to a TB2/DP1, HVA22 family
protein. HVAZ22 is a unique abscisic acid (ABA)/stress-induced protein first isolated
from barley aleurone cells and located in the endoplasmic reticle and Golgi apparatus,
with a proposed role in seed germination and seedling growth regulation (Guo and Ho
2008). HVA22 is induced by environmental stresses such as dehydration, salinity,
extreme temperatures and by the plant stress hormone ABA. ABA induces the
accumulation of HVA22 protein that inhibits gibberellin (GA)-induced formation of
large digestive vacuoles, an important process in GA-induced programmed cell death.
Also, inhibition of vesicular trafficking involved in nutrient mobilization to delay
coalescence of protein storage vacuoles has been proposed as part of its role in
regulating seed germination and seedling growth (Guo and Ho 2008). Finally, 14-3-
3P belongs to a family of conserved regulatory proteins that have the ability to bind a
multitude of functionally diverse signaling proteins, including kinases, phosphatases,
and transmembrane receptors, playing important roles in a wide range of vital
regulatory processes such as mitogenic signal transduction, apoptotic cell death and
cell cycle control (Fu et al. 2000). It is noteworthy that the three markers most closely
associated to Af2 correspond to expressed genes associated with cell death or stress
response. Although additional studies are required for validation, the fact that both
Contig 9100 and Contig 17163 where differentially expressed in response to A. fabae
(Ocafia et al. 2015) is an indication that the genes identified within this QTL-
containing region are interesting candidates for further studies and development of
allele-specific markers.

The second QTL reported in chr. 111 (Af3) was detected in both growth
chamber (LO98 DSL_and LO98 DSS) and field evaluation (Field DSP). The
remaining three regions reported by Atienza et al. (2016) were not identified, likely
due to the different parameters used for QTL detection. Consistent with previous
results (Avila et al. 2004; Atienza et al. 2016), Af3 was flanked by
OPD16_1732/0OP101_1985 and the QTL region included a new SNP marker (Contig
19144/Medtr1g089810). Contig 19144 was annotated as a susceptible endoplasmic
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reticulum auxin-binding protein that regulates cell division, cell expansion, meristem
activities, and root development (Gao et al. 2015). The lack of additional gene-
derived markers in the QTL region prevents the discovery of potential candidate
genes. It remains a challenge to reduce the Af3 confidence intervals to enable the
identification of strong candidates for A. fabae resistance.

Finally, three independent QTLs were detected in chr. VI. The first,
involving Field_DSP1 and LO98 DSL evaluations is the same as described by
Atienza et al. (2016). As mentioned above, this region is adjacent to Oc7, the main
QTL identified for O. crenata resistance. Correlated responses to multiple diseases
have been reported in different plant species (Jamann et al. 2014). Co-localization of
Ascochyta blight and Orobanche resistance QTLs reinforces the idea of gene clusters
with common mechanisms for resistance against both pathogens. This QTL region
contains markers that could be directly involved in the resistance process, including
mtmt_GEN_01130_02_1 (Medtr8g095030) corresponding to a LRR receptor-like
kinase (LRR-RKSs) involved in the regulation of a wide variety of developmental and
defense-related processes (Torii 2004) or RNAR (Medtr8g092510), an oxidoreductase
involved in DNA synthesis. The region was also enriched with two new SNPs, Contig
13425 (Medtr8g093250) an aluminium resistance protein and Locus_10591
(Medtr8g096020) encoding a putative transmembrane protein which might be
involved in pathogen recognition or signaling in local defense responses.

Interestingly, the new QTL identified (Field_DSP2), flanked by RGA2_97
(Medtr6g079800) and OPL12_ 622, likely corresponds to QTL4, a homologous region
controlling A. fabae resistance in the Icarus x Ascot population (Kaur et al. 2014).
RGA2_97 is a putative NBS-LRR type disease resistance protein (Timmerman-
Vaughan et al. 2000) reported as a candidate gene for quantitative resistance to
Mycosphaerella pinodes in pea (Prioul-Gervais et al. 2007) while mmKla
(Medtr4g087620) was annotated as a MAPK-like Ntf4 protein. MAPK cascades play
important roles in regulating plant growth, development, and responses to stress or
defense stimuli (Pitzschke et al. 2009; Rodriguez et al. 2010; Tena et al. 2011; Meng
and Zhang 2013). They function downstream of sensors/receptors to convert the
signals into cellular responses. Biochemical studies in various plant species have
demonstrated that MAPKSs are activated rapidly in cultured cells or plants treated with
elicitors or after pathogen infection, representing one of the earliest responses after

the perception of invading pathogens. The rapid activation of MAPKs allows them to
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regulate a variety of early, intermediate and late defense responses (Lee et al. 2004;
Del Pozo et al. 2004). Within the QTL interval, we also located
mtmt_GEN_01109 01 1 (Medtr4g091610), a hydrolyzing O-glycosyl compounds
hydrolase. Conversely O. crenata QTLs described previously (Gutierrez et al. 2013)
were saturated in this study. Oc7 explaining a substantial part of the variation for this
trait in chr. VI was nearby of a QTL underlying ascochyta resistance and related with
field disease resistance (Field_DSP). This QTL co-localization is consistent with the
idea that quantitative disease resistance in plants is conditioned by a range of
mechanisms and could have considerable overlap with basal resistance (Poland et al
2011). The Oc7 QTL interval was saturated with new SNP markers (Contig 9900 and
Contig 3028). Contig 9900, undetected in the M. truncatula genome, could be
associated specifically with A. fabae resistance, although this function remains to be
elucidated. Contig 3028 (Medtr8g088390) is homologue to a M. truncatula gene
coding for an evolutionarily carboxy-terminal region protein that physically interacts
with CIPK1 (serine-threonine protein kinase) that interact with CBL proteins. CBL
proteins represent important relays in plant calcium signaling (Kolukisaoglu et al.
2004). They form complex networks with their targets, the CBL-interacting protein
kinases (CIPKs). Even though the function of most CIPKs in crop plants remains
unknown, they are thought to play an important role in stress signal transduction and
stress tolerance (Romeis et al. 2001; Tai et al. 2016).

According to Gutierrez et al. (2013), Oc8 was detected in the distal part of
chr. V but in our study the genome wide threshold was only reached in the season
2007/08. Oc8 was flanked by mtmt_ GEN_00866_02_1/OPACO06_1034. Contig 2960
(Medtr7g098440), one of new SNP markers included in this QTL region, corresponds
to a putative ras GTPase-activating binding-like protein that could be involved in
signal transduction related to cell growth, differentiation and apoptosis. Vfg69, a
microsatellite located in the QTL interval, derives from an inbred line of the
Orobanche resistant cultivar Giza 402 (Zeid et al. 2009). Some evidence for the third
QTL (Oc10) reported by Gutierrez et al. (2013), was detected in chr. 111 associated to
the RAPD marker OPD16 1732 and flanked by Contig 19144. Nevertheless, this
QTL did not reach the threshold criteria to consider it as a QTL, so more markers are
needed on this region in order to increase the density in the genetic map and
determine the region carrying Oc10 accurately, due to this QTL co-localized with Af3

underlying A. fabae resistance (Avila et al. 2004). Although Oc10 has not been
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validated yet, these findings suggest that this genomic region may be an interesting
target for selection against both diseases. Among the three QTLs previously reported
for O. foetida resistance (Of3, Of4 and Of5) none of them turned out to be significant
in our analysis. The inconsistencies in QTL detection may be due to differences in the
mapping strategies, together with the low phenotypic variation explained by these
QTLs and the relatively small size of the mapping population.

Implementation of molecular markers in MAS has rarely been achieved for
complex traits such a disease resistance. In this work we exploited the transcriptome
data recently published in faba bean (Ocafia et al. 2015) to saturate genomic regions
controlling broomrape and Ascochyta resistance. In spite of the relatively low
proportion of polymorphic markers that could be mapped, the new SNP markers
located within expressed genes fall within or nearby all the QTL intervals. As a result,
previous RAPD markers flanking QTLs can now be replaced by robust and
transferrable SNPs, and the chromosomal intervals are now smaller than those
previously reported. Our study shows that the stable QTLs in chr. Il, 11l and VI can
become amenable for MAS after further fine mapping and physiological trait
dissection. Since most of the SNP-flanking QTLs were described to be differentially
expressed during Ascochyta infection, they represent a starting point to search for
positional and functional candidates in these QTL intervals. The combination of
genomic and transcriptomic studies will thus expedite the identification of key genes
for faba bean molecular breeding programs. The approach will aid to elucidate the
molecular and biochemical mechanisms involved in resistance to the different faba
bean pathogens. Further exploitation of the macrosyntenic relationships among
legume crops, along with the advances in genotyping capacity offer the potential to
predict and map new candidate genes for this trait. This information will be used for
the development of linked and diagnostic polymorphisms for MAS and targeted
introgression programs. The results reported here will also assist other trait-dissection
studies and facilitate the transfer of information from related legume crops for future

faba bean enhanced breeding.
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El principal objetivo de los mejoradores en cualquier cultivo, es incrementar y
estabilizar su rendimiento mediante el desarrollo de cultivos adaptados a estreses
ambientales. La seleccion asistida por marcadores (“Markers assisted selection”,
MAS) es una alternativa a los problemas que se plantean en la mejora clasica como
los derivados del efecto ambiental, dominancia o interacciones de tipo epistatico
durante los procesos de seleccion, asi como procedimientos de fenotipado
complicados y costosos. La MAS se basa en la identificacion de marcadores
estrechamente ligados a los genes o regiones genomicas (QTLs) que controlan
caracteres de interés y nos permite la seleccion de las plantas portadoras del alelo mas
favorable. De esta forma es posible sustituir o asistir a la seleccién fenotipica de
forma que sea mas eficiente y fiable, aunque también hay que tener en cuenta que su
coste compense al compararla con la Mejora convencional.

En habas, uno de los factores mas limitantes de su produccién es la
susceptibilidad a distintos patdgenos. Entre ellos cabe destacar la planta parasita
Orobanche crenata, en toda la cuenca mediterrdnea y el hongo patdgeno Ascochyta
fabae, en todas las zonas de cultivo himedas y templadas. El desarrollo de variedades
resistentes a estos dos patdgenos, es una tarea muy complicada debido a la naturaleza
cuantitativa de la resistencia, controlada por numerosos genes sujetos a la influencia
del ambiente. Ademas, el genotipado de marcadores moleculares y la saturacion de
sus mapas esta dificultado por el gran tamafio de su genoma (~ 13.000 Mb) con mas
del 85% de ADN repetitivo. A esto hay que afiadir la compleja evaluacién fenotipica
de estas dos enfermedades y que V. faba es una especie parcialmente al6gama, donde
el polimorfismo entre lineas parentales puede perderse por algin cruzamiento
incontrolado. Todos estos factores han originado que el desarrollo de herramientas
gendmicas y la informacion asociada a ellas, esté por detras del de otras leguminosas
gue cuentan, ademas, con la informacién completa de sus genomas como Medicago
truncatula (Young et al. 2011), Lotus japonicus (Sato et al. 2008), Phaseolus vulgaris
(Schmutz et al. 2014), Cajanus cajan (Varshney et al. 2012), soja (Schmutz et al.
2010) y garbanzo (Jain et al. 2013; Varshney et al. 2013).

A pesar de todas estas dificultades, los nuevos avances genémicos,
tecnoldgicos (herramientas moleculares) y bioinforméticos en otras leguminosas, han
permitido un mejor conocimiento del cultivo de habas a través del mapeo
comparativo entre especies con estrecha relacion filogenética (Echenique et al. 2004).

Asi, el desarrollo de marcadores moleculares basados en estudios de gendmica
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estructural, comparada y funcional esta abriendo una nueva etapa en los programas de
mejora tradicional, facilitando la construccion de mapas genéticos y la identificacion
genes o QTLs relacionados con la resistencia a patdgenos y a otros caracteres de
interés agronomico (Roman et al. 2002; 2003; Avila et al. 2004; Diaz-Ruiz et al. 2009
ay b; 2010; Gutiérrez et al. 2013; Satovic et al. 2013; Kaur et al. 2014; Wehb et al.
2015; Atienza et al. 2016).

Debido al desconocimiento de la base genética de los mecanismos de
resistencia frente a estos dos patégenos (A. fabae y O. crenata), los objetivos de esta
tesis se han centrado en ampliar los datos moleculares disponibles para el control de
estos mecanismos y en la identificacién y desarrollo de marcadores moleculares en
genes situados en regiones gendémicas portadoras de QTLs asociados a la resistencia a
ambos patdgenos (A. fabae y O. crenata). El objetivo final es facilitar el desarrollo de
marcadores diagnostico que permitan extrapolar los resultados derivados de QTLs
estables de unas poblaciones a otras y faciliten la seleccion eficiente de materiales
resistentes en los programas de mejora. Para ello en el capitulo Il, se ha recurrido al
principio de macrosintenia (Choi et al. 2004; Kal6 et al. 2004; Zhu et al. 2005; Phan
et al. 2006; Ellwood et al. 2008; Nayak et al. 2010; Cruz-lzquierdo et al. 2012) y al
uso de herramientas de gendémica estructural y comparada para analizar 116
marcadores moleculares procedentes de regiones homologas en diferentes
leguminosas bien caracterizadas (P. sativum, M. truncatula, L. culinaris, C. arietinum
y V. faba) en dos poblaciones RILs (29H x Vf136 y Vf6 x Vf136) de habas que
segregan para la resistencia a Ascochyta y jopo. La transferencia de informacion entre
leguminosas nos ha ayudado a saturar, actualizar y refinar la posicion de QTLs
previamente identificados relacionados con la resistencia a ambos patdégenos. Los
nuevos marcadores introducidos en los mapa genéticos se han desarrollado en
secuencias codificantes, por lo que son marcadores mucho mas estables y
transferibles entre laboratorios que los marcadores RAPD mayoritarios en los mapas
previos de esta dos poblaciones y que han limitado su comparacion con otras
leguminosas.

De los 116 marcadores analizados solo se pudieron genotipar 12 en el cruce
29H x V136 y 22 en Vf6xVfl136, probando que el genotipado de marcadores en V.
faba es una tarea muy complicada y el nivel de transferencia se ve limitado por
manejar secuencias que no estan suficientemente conservadas entre especies. A pesar

de esto, la incorporacion de nuevos marcadores ha permitido la unién de distintos
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grupos de ligamiento en otros de mayor tamafio y ha contribuido al desarrollo de un
mapa consenso en habas (Satovic et al. 2013; Anexo 1) que integra toda la
informacién gendémica generada hasta ahora por el grupo. La actualizacion de los dos
mapas genéticos ha permitido ampliar su cobertura genética (4,970.92 cM en V{6 x
V{136 y 2,125.39 cM en la poblacion29H x Vf136) y saturar con marcadores robustos
la mayoria de QTLs descritos previamente. Concretamente en la poblacion 29H x
V{136, la inclusiéon de nuevos marcadores ha permitido saturar tres QTL previos
relacionadas con la resistencia a A. fabae (Af2, Af3, F_DSP1) e identificar a F_DSS y
Lo98_DSL en la misma regiéon que F_DSP1. Ademas, se ha identificado un nuevo
QTL no descrito anteriormente en el cromosoma VI (F_DSP2 y Lo98 DSL). Para O.
crenata se ha validado Oc7 (chr. VI) y Oc8 (chr. V), no identificandose Oc9-Oc13,
asi como ningln QTLs descrito para O. foetida, detectados por Gutiérrez et al. (2013).
La variacion de parametros en el analisis, el uso de distintos programas y la aplicacion
de diferentes criterios a la hora de detectar QTLs podrian explicar las diferencias en
esta identificacién. En la poblacion V{6 x V136, la inclusién de nuevos marcadores
ha permitido validar dos regiones relacionadas con la resistencia a A. fabae (Afl y
Af2) e identificar tres nuevas (Af3_DSS, Af4_DSS y Af5 DSL) no detectadas por
Diaz-Ruiz et al. (2010). Para O. crenata solo se han detectado dos QTLs (Oc2 y Oc4)
y para O. foetida ninguno, debido a la aplicacion de diferentes criterios en la
identificacion de QTLs en ambos trabajos.

Aunque nuestro estudio aporta nuevos marcadores génicos que colocalizan o
flanquean algunos QTLs, el restringido nimero de marcadores comunes introducidos
en las dos poblaciones limita la comparacion directa de los resultados, por lo que se
requiere una mayor saturacion con marcadores relacionados con procesos de
resistencia que ayuden a unificar y asignar todos los grupos de ligamiento e identificar
posibles genes candidatos de resistencia. Ademas, la saturacién con nuevos
marcadores ayudara a detectar dichos QTLs con valores mas altos de LOD.
Concretamente, en la poblacion 29H x V{136 es de gran interés saturar el chr. VI para
unificar los dos grupos de ligamiento que forman este cromosoma, por contener a
Oc7, validado en diferentes ambientes con un alto porcentaje de la variacion
fenotipica y por colocalizar con F_DSP1 detectado para A. fabae lo que sugiere
mecanismos de resistencia comunes para ambos patégenos.

Por otro lado, el uso de herramientas de gendmica funcional en habas

(Capitulo 111) ha permitido caracterizar el transcriptoma completo en respuesta a la
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infeccién de A. fabae en dos lineas parentales de habas (29H y Vf136), dicho
transcriptoma ha permitido la caracterizacion de un gran nimero de transcriptos
(39.185) que podrian ayudarnos a identificar genes asociados con la resistencia a este
patégeno. La comparacién de estos transcriptos con genomas vegetales mejor
caracterizados (A. thaliana, M. truncatula y C. arietinum) nos ha permitido
profundizar en la interaccion planta-patdgeno, asi como identificar marcadores
moleculares funcionalmente relevantes que podran ayudar al futuro desarrollo de
marcadores Utiles en MAS. De los 39.185 transcriptos, 21.243 se identificaron como
transcritos no-redundantes con un gen ortélogo en las bases de datos. Este nimero se
aproxima bastante al nimero de genes estimado en plantas diploides como A. thaliana
(25.000) (Bevan y Walsh, 2005; Lamesch et al. 2012) o C. arietinum (28.269)
(Varshney et al. 2013). Ademas, se identificaron 6.593 transcriptos que codifican
proteinas completas conocidas y 270 que codifican proteinas completas desconocidas
que podrian corresponder a proteinas especificas de habas. Estos genes pueden ser
interesantes para estudios funcionales ya que podrian revelar procesos celulares
especificos de la especie y de su adaptacion al medio.

Como se ha comentado anteriormente, en habas se desconoce la base
genética de los mecanismos de resistencia frente a estos dos patdégenos. En otras
especies, se conoce que tras el reconocimiento de un patégeno se activan complejas
cascadas de sefializacién de defensa que activan canales iénicos, cascadas de
proteinas MAPK, especies reactivas de oxigeno, 6xido nitrico, distintas fitohormonas
(&cido abscisico, acido salicilico, acido jasmonico y etileno) y se expresan proteinas
relacionadas con patogénesis (Pieterse et al. 2009; Rejeb et al. 2014; Derksen et al.
2013; Zipfel et al. 2008). Con la finalidad de caracterizar genes y mecanismos
relacionados con la resistencia a A. fabae, se realiz6 un andlisis de expresion
diferencial entre el genotipo resistente y susceptible que identifico diferencias
significativas en 850 transcriptos. Entre los resultados, encontramos transcriptos que
codifican proteinas relacionadas con la activacion de mecanismos de defensa (Dangl
et al. 2001) como son las proteinas PR (PR1a, PR5, FEI1, RGA2), un factor de
transcripcion relacionado con MYB, varias enzimas y proteinas implicadas en la
sintesis de fitohormonas (jasmonato-O-metiltransferasa, 1-O-aminociclopropano-1-
carboxilato oxidasa, ACC oxidasa, la acido abcisico 8-hidroxilasa3, &cido salicilico
carboxil metiltransferasa, HVA22 y quinasa similar a un receptor inducido por estrés),

fitoalexinas (Dihidroflavonol-4-reductasa) y una proteina de union al elicitor de
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quitina (CEBIP) necesaria para que el reconocimiento de quitina active vias de
sefializacion de defensa y resistencia a enfermedades (Wan et al. 2008). También se
identificaron transcritos que intervienen en la formacién de la pared celular (sintasa
de celulosa), se encontraron flavonoides (dihidroflavonol reductasa) y enzimas
implicadas en la biosintesis de metabolitos secundarios (acido clorogénico,
escopoletina, suberina y fenilpropanoides; Caffeoyl-CoA 3-O-metiltransferasa);
ademas de un transcripto que codifica MLO, un gen que confiere resistencia al oidio
en monocotileddneas y dicotiledéneas (Humphry et al. 2011), una proteina inducida
por giberelina, una proteina similar a CNGC5, dos reguladores de la respuesta inmune
en plantas (calmodulina y aldehido deshidrogenasa 7) y genes de la via de
sefializacion TGF-beta, p53 y EGF receptor (histona acetiltransferasa y proteina de
unién GTP) reguladores de la produccion de especies reactivas de oxigeno y de la
muerte celular en plantas.

Todos estos datos han proporcionado una informacion muy valiosa sobre
posibles genes candidatos y las vias involucradas en los mecanismos de resistencia
contra A. fabae, que podrén ser utilizados en futuros estudios de seleccion asistida por
marcadores. Ademas, el nuevo transcriptoma ha identificado un alto nimero de SNPs
(39.060) que ha servido en el capitulo IV para seleccionar un subconjunto de ellos
(228) expresados diferencialmente entre ambos genotipos (resistente y susceptible) y
construir un nuevo mapa de ligamiento mucho mas saturado que ha refinado la
posicion de QTLs detectados en estudios previos, relacionados con la resistencia a A.
fabae y O. crenata (Atienza et al. 2016; Gutierrez et al. 2013).

Debido a la pérdida de polimorfismo detectada en la poblacién RIL, debida a
posibles errores informéaticos en la deteccién de SNPs y a una posible contaminacion
accidental por polinizadores en alguna de las lineas parentales, solo se han podido
genotipar 92 SNPs. Asi, el nuevo mapa de ligamiento en la poblacion 29H x V{136
contiene 257 marcadores de los cuales 92 (8B0SNPs + 12 ESTSs) fueron incluidos en
este estudio, obteniéndose asi el mapa mas completo descrito hasta ahora en esta
poblacion. Dichos marcadores estan distribuidos en 19 GL y cubren una distancia
bastante mayor (2796,91 cM) que el mapa previo (1402,1 cM, Gutierrez et al. 2013)
seguramente debido a las distintas estrategias de cartografia, nimero y tipo de loci
mapeados o la acumulacion de sobrecruzamientos durante la meiosis (Leonforte et al.
2013 Liu et al. 2015). Los nuevos SNPs genotipados (92) se compararon con el

genoma de M. truncatula (Mtr4.0) identificandose 88 genes ort6logos. Los cuatro

-125-



Capitulo V

marcadores no detectados en M. truncatula podrian representar secuencias especificas
de habas y/o ser futuros genes candidatos de resistencia. Las coincidencias entre
regiones homologas facilitaran futuras comparaciones de QTL entre habas y
leguminosas, ya que hasta el momento, la mayoria de QTLs descritos en habas para la
resistencia a A. fabae y O. crenata (Diaz-Ruiz et al. 2009, Kaur et al. 20143,
Gutiérrez et al. 2013, Atienza et al. 2016) estaban flanqueados por marcadores RAPD
que dificultaban las comparaciones directas.

Este estudio confirmd dos QTLs descritos para O. crenata (Oc7 y Oc8;
Gutiérrez et al. 2013) y cuatro para A. fabae (Atienza et al. 2016) y consigue una
mayor saturacion de estas zonas al introducirse en ellas marcadores que podrian estar
relacionados con mecanismos de resistencia. Ademas, se sugiere la region donde se
localiza Oc7 (chr. VI) como una buena diana para comenzar el desarrollo de
marcadores moleculares para MAS debido al alto porcentaje de variacién fenotipica
explicado por esta region durante tres temporadas consecutivas y por colocalizar con
otro QTL identificado asociado a la resistencia a Ascochyta (Field_DSP), lo que
podria confirmar la existencia de mecanismos de resistencia comunes frente a
distintos patégenos en plantas (Jamann et al. 2014). Ademéas esta zona podria
corresponder a Oc2 detectado en otra poblacion de habas (Roman et al. 2012; Diaz-
Ruiz et al 2010). Por ultimo, este QTL ha pasado de estar formado por marcadores
RAPD a tener dos marcadores desarrollados en secuencias codificantes (Contig 9900
y Contig3028) que podrian estar relacionadas con la resistencia. Resulta interesante
destacar que uno de los marcadores, Contig 9900, no tiene homologia con ningln gen
caracterizado en el genoma de M. truncatula, por lo que podria ser un gen especifico
de resistencia a la enfermedad en habas. El otro marcador identificado en la region
(Contig3028) codifica una proteina evolutivamente conservada que interactla con
CIPK1 y que podria desempefiar un papel importante en la transduccion de sefiales de
estrés y tolerancia al mismo (Rome et al. 2001).

El interés de Oc8 radica en su posicion (parte distal del chr. V) y por tener en
su intervalo de confianza un microsatélite (Vfg69) derivado de una linea
consanguinea del cultivo resistente a Orobanche (Giza 402; Zeid et al. 2009). El
interés de esta zona aumenta con la introduccién de un nuevo marcador (Contig2960)
que codifica una proteina activadora de ras GTPasa que podria estar implicada en la
transduccion de sefiales relacionadas con el crecimiento, la diferenciacion y la

apoptosis celular (Rojas et al. 2012).
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En el caso de resistencia a A. fabae, seria interesante seguir saturando los
cuatro QTLs detectados para refinar su posiciéon. La inclusion de dos nuevos
marcadores SNPs (Contig9100 y Contigl7163) en Af2 (chr. 1I; Field DSL,
C099 DSL y L0O98 DSL) ha originado el desplazamiento de este QTL hacia una
posicion mas cercana al QTL3 descrito en la poblacién Icarus x Ascot (Kaur et al.
2014) y hacia Af2 descrito en la poblacion V6 xVf136 (Diaz-Ruiz et al. 2009). La
posicién de los genes ortdlogos en M. truncatula sugiere que los tres estudios
identifican la misma region por lo que habria que saturar la region entre
Medtr3g102120 y Medtr3g099380 para identificar posibles genes candidatos
relacionados con la resistencia a A. fabae. Los marcadores génicos de este intervalo
corresponden al Contig9100 que codifica para una proteina inducida por estrés
ambiental y acumulo de la hormona ABA y que regula la germinacion de semillas y el
crecimiento de plantulas (Guo y Ho et al. 2008); el Contigl7163 que codifica una
proteina que podria estar implicada en procesos inmunitarios (D'Cruz et al. 2013) en
humanos (Perfetto et al. 2013, Yap et al. 2005) y el marcador 14-3-3P que pertenece a
una familia de proteinas reguladoras con papeles importantes en la transduccion de
sefiales mitogénicas, apoptosis y control del ciclo celular (Fu et al. 2000). Af3
(LO98 _DSL, L0O98 DSS vy Field DSP) localizado en el chr. I11, se sitla en la misma
zona que Oc10 para la resistencia A. fabae lo que aumenta el interés por la saturacion
de esta zona. Nuestro estudio solo permitié incluir un marcador (Contig19144) en esta
region, anotado como una proteina de unién a la auxina que regula la divisién celular,
las actividades meristematicas y el desarrollo radicular (Gao et al. 2015). Finalmente,
en el chr. VI se detectaron dos zonas. La primera (relacionada con Field_DSP1 y
LO98_DSL) descrita por Atienza et al. (2016), co-localiza con Oc7 identificado para
la resistencia a O. crenata. Esta region esta compuesta por los marcadores
mtmt_GEN_01130_02_1 (quinasa similar a receptores LRR (LRR-RKSs) implicados
en la regulacién de procesos relacionados con el desarrollo y la defensa (Torii 2004)),
RNAR (oxidorreductasa implicada en la sintesis de ADN) y dos nuevos SNPs
(Locus_10591 y Contigl13425) que codifican para una proteina de resistencia al
aluminio y para una proteina transmembrana que podria estar involucrada en el
reconocimiento de patégenos o en la sefializacion en respuestas de defensa local. La
segunda zona detectada corresponde a un nuevo QTL (Field DSP2) identificado en
este estudio que podria corresponder al QTL4 descrito para la resistencia A. fabae en

la poblacién Icarus x Ascot (Kaur et al. 2014).
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A pesar de la baja proporcién de marcadores polimorficos mapeados
inicialmente (capitulo I1), la identificacion de SNPs a partir del nuevo transcriptoma,
ha permitido un mayor conocimiento de los mecanismos moleculares y bioquimicos
involucrados en la resistencia a patdgenos en habas. Ademas, la explotacion de las
relaciones macrosintéticas entre leguminosas, junto con los avances en técnicas de
genotipado masivo, nos han permitido saturar regiones portadoras de QTLs con
nuevos marcadores ortologos relacionados con mecanismos de resistencia. Estos
resultados facilitara la transferencia de informacion a otros cultivos de leguminosas,
permitiendo la comparacion directa de resultados y ayudando a estudios futuros de

mejora en habas.
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A partir del trabajo realizado se han obtenido las siguientes conclusiones:

. La explotacion de la sintenia entre leguminosas y su aplicacion en el desarrollo de
los mapas genéticos de las habas ha permitido comparar distintos mapas y saturar
regiones portadoras de QTLs relacionados con la resistencia a A. fabae y O.

crenata en dos poblaciones RIL.

. El grado de polimorfismo detectado (92 de los 228 SNPs seleccionados) es
comparable al de trabajos previos. La pérdida de polimorfismo puede deberse a
una identificacién errénea de SNPs o a la polinizacion cruzada accidental por

insectos, en alguno de los parentales.

. Los marcadores ESTs y SNP derivados de secuencias codificantes han
proporcionado mapas mas robustos y completos e identificado nuevas zonas

asociadas con la resistencia.

. Algunos de los ESTs genotipados han resultado Utiles como marcadores puente

para el desarrollo de un mapa consenso en la especie.

. El transcriptoma de habas en respuesta a la infeccion por Ascochyta fabae,
caracterizado en este estudio (98,195 transcritos) es uno de los mas completos
hasta la fecha y proporciona informacion valiosa sobre genes y vias involucradas
en la resistencia contra patégenos que podran ser utilizados en el futuro desarrollo

de marcadores para seleccion.

. El nimero de transcritos no-redundantes con gen ortélogo, identificados (21,243),
se aproxima al nimero de genes estimados en plantas diploides como Arabidopsis

thaliana o Cicer arietinum.

. 270 transcritos que codifican proteinas completas desconocidas podrian ser

especificos de habas y ser, ademas, futuros genes candidatos de resistencia.

. El uso de una bateria de SNPs en genes relacionados con la resistencia a

patégenos ha permitido ratificar QTLs de resistencia a A. fabae y O. crenata
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validados en trabajos previos y reducir sus intervalos de confianza pudiéndose

identificar, en la mayoria de ellos, candidatos posicionales y funcionales.

9. Af2 (chr. 1) se ha desplazado hacia una posicién mas cercana al QTL3, descrito en
la poblacion Icarus x Ascot, y hacia Af2 descrito en la poblacion V{6 xVf136 de
habas, lo que podria sugerir que los tres estudios identifican la misma regién
gendémica.

10. Af3 co-localiza con 0Ocl10, sugiriendo la posible existencia en habas de

mecanismos de resistencia comunes frente a distintos patégenos.

11.EL nuevo QTL (Field_DSP2) identificado en el cromosoma VI podria
corresponder al QTL4 descrito para la resistencia A. fabae en la poblacion Icarus x
Ascot de habas.

12. Es necesario continuar con el genotipado de nuevos candidatos para conseguir el
mapeo fino de los QTLs estudiados, especialmente de Oc7 que explica el mayor
porcentaje de la variacion fenotipica para la resistencia a Orobanche y podria

corresponder a Oc2 detectado en otra poblacién de habas.
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Abstract

Background: Faba bean (Vicia faba L) is among the earliest domesticated crops from the Near East. Today this
legume is a key protein feed and food worldwide and continues to serve an important role in culinary traditions
throughout Middle East, Mediterranean region, China and Ethiopia. Adapted to a wide range of soil types, the main
faba bean breeding objectives are to improve yield, resistance to biotic and abiotic stresses, seed quality and other
agronomic traits. Genomic approaches aimed at enhancing faba bean breeding programs require high-quality
genetic linkage maps to facilitate quantitative trait locus analysis and gene tagging for use in a marker-assisted
selection. The objective of this study was to construct a reference consensus map in faba bean by joining the
information from the most relevant maps reported so far in this crop.

Results: A combination of two approaches, increasing the number of anchor loci in diverse mapping populations
and joining the corresponding genetic maps, was used to develop a reference consensus map in faba bean. The
map was constructed from three main recombinant inbreed populations derived from four parental lines,
incorporates 729 markers and is based on 69 common loci. It spans 4,602 cM with a range from 323 to 1041 loci in
six main linkage groups or chromosomes, and an average marker density of one locus every 6 cM. Locus order is
generally well maintained between the consensus map and the individual maps.

Conclusion: We have constructed a reliable and fairly dense consensus genetic linkage map that will serve as a
basis for genomic approaches in faba bean research and breeding. The core map contains a larger number of
markers than any previous individual map, covers existing gaps and achieves a wider coverage of the large faba
bean genome as a whole. This tool can be used as a reference resource for studies in different genetic
backgrounds, and provides a framework for transferring genetic information when using different marker
technologies. Combined with syntenic approaches, the consensus map will increase marker density in selected
genomic regions and will be useful for future faba bean molecular breeding applications.
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Background

Faba bean (Vicia faba L.) is an important food and fod-
der crop worldwide and a staple in Middle East, Central
and East Asia and North Africa. In terms of cultivation
area, faba bean ranks fourth among the cool-season food
legumes (close to 2.5 million hectares per year) after
chickpea, pea and lentil (http:/faostat.fac.org). Its agri-
cultural role is currently increasing as the crop is receiv-
ing a renovated interest in European countries, North
America and Australia.

Faba bean is a diploid legume crop (2n = 2x =12) with
facultative cross-pollination and has one of the largest
described genomes among legumes. The genome size
is ~13,000 Mb, more than 25 times larger than that of
the model Medicago truncatula, and contains more than
85% of repetitive DNA [1]. The large chromosome size
has allowed faba bean to become one of the cytogeneti-
cally best characterised plant species. However, it has
also difficulted the development of saturated linkage
maps and the identification of relevant genes/QTLs
(Quantitative Trait Loci). Moreover, it precludes whole-
genome shotgun assembly with next generation sequen-
cing technologies.

Genetic linkage maps are essential tools for a wide
range of genetic and breeding applications, including the
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study of inheritance of qualitative and quantitative traits
and the identification of markers linked to relevant agro-
nomic traits. The availability of high-density maps en-
hances the breeding process through the application of
association analyses, map-based cloning or marker-
assisted approaches. Table 1 presents a summary of the
faba bean linkage maps reported so far.

Prior to 1990, only a few morphological and isozyme
loci were mapped in the V. faba genome and no ex-
tended linkage groups (LGs) had been reported. Primary
trisomics and translocation stocks allowed the first as-
signment of genes and LGs to specific chromosomes
[3,16-19]. This approach was further explored to develop
physically localized markers and microsatellites (or SSR-
Simple Sequence Repeats) from specific chromosomic
regions [20]. This led to the integration of the first gen-
etic and physical maps and allowed the unambiguous as-
signation of LGs to their respective chromosomes.

Preliminary maps constructed with F, populations were
mostly based on dominant markers such as RAPDs to-
gether with morphological, isozyme, seed storage protein
genes and microsatellites, which saturated different areas
of the genome [5-8,21,22]. First attempts to map genes/
QTLs for seed weight [6] and resistance to a parasitic
plant (Orobanche crenata) and fungal diseases (Ascochyta

Table 1 Information of relevant faba bean mapping populations highlighting the ones used to construct this

composite map
Reference Cross Mapping lati No. individuals No. mark No.LGs® Length (cM) Uses®
Van de Ven et al. [2] BC 17 70 31
Torres et al. [3] 2F, 20 51 1 ~300
Ramsay et al. [4] BC 23 70 ~300
Satovic et al. [5] C 7F, 813 157 48 (6) ~850 Tc
Vaz Patto et al. [6] Vi6 x V27 3F, 175 116 13() ~1200 T/C
Roman et al. [7,8] Vf6 x Vf136 F2 1% 21 16 (9) 1446 Q
Roman et al. [9] d 1F, 654 192 14 (5) 1559 TC
Avila et al. [10] 29H x Vf136 23 159 103 18 (6) 1308 Q
Ellwood et al. [11] Vi6 x Vi27 RIL 9% 135 12(-) 1686
Arbaoui et al. [12] Cote d'Or x BPL14628 RIL 101 131 21(5) ~980 Q
Diaz et al. [17,19] Vf6 x Vf136 RIL 165 277 21 (9 2857 Q
Cruz-lzquierdo et al. [13] V6 x V27 RIL 124 258 16 (8) 1874 Q
Ma et al. [14] 91825 xK1563 F; 129 128 15() 1587
Gutiérrez et al. (in press) [15] 29H x V136 RIL 19 171 29 (15) 1402
This study e 3RIL 408 587" 6(6) 3515

1519 37(7) nn C
*Between brackets no. of linkage groups (LGs) assigned to chromosomes.
°T: Assignation of linkage groups to by trisomic ion; C: D ofa ite map; Q: QTL analysis.

VI6 x VI2; V6 x VF33; VF6 x VF159.

“VI6 x VF2; V6 x VF27; Vf6 x VF33; VF6 x VF136; VF6 x VF159.

VI6 x VI27; Vf6 x VF136; 29H x VF136.

'Data of the six main LGs adscribed to chromosomes.

9Data of the minor LGs.

Studies carried out by the IFAPA group and considered in this study in bold.
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fabae and Uromyces viciae-fabae) were reported (7,8,10,23].
Using a F, population from the cross Vf6 x Vf136, a
linkage map was developed to locate QTLs controlling
crenate broomrape (O. crenata) [7] and A. fabae resist-
ance [8]. Nine of the 16 LGs reported could be assigned
to specific chromosomes thanks to markers that were
common with those of previous studies. Subsequently, a
linkage map of an F, population from the cross 29H x
V136, segregating for resistance to the two pathogens,
was constructed in which 6 of the 18 LGs were assigned
to chromosomes [10].

These faba bean maps did not allow wider mapping
comparisons, since they mostly shared dominant and an-
onymous markers such as RAPDs, with scarce transferr-
ability between genotypes and legume species. Despite
this limitation, marker data of 11 F, populations (Table 1),
all sharing the common female parent Vf6, were used to
construct a composite linkage map [9]. After joint seg-
regation analysis of 501 markers in 654 individuals, 192
markers were included in 14 major LGs, of which 5
were unambiguously assigned to specific chrt
(Table 1). This composite map covered 1,559 cM and
was one of the most comprehensive faba bean genetic
map published to date [9].

These maps with dominant markers in F, were followed
by more precise maps constructed in the corresponding
RIL populations, using co-dominant markers. In addition
to microsatellites, expressed sequence tags (EST) from
other legume species emerged as efficient tools in faba
bean. A large ber of intron d primer pairs
(ITAPs), developed within the Grain Legumes Integrated
Project-GLIP (http://www.pcgin.org/GLIP/pubrep.pdf), was
tested and mapped in two faba bean inbred populations
(Vf6 x Vf136, 29H x Vf136). These were used to validate
QTLs underlying broomrape and Ascochyta resistance in
different environments and genetic backgrounds [15,24-26].
A third RIL population derived from cross VI6 x V27 was
used to construct the first exclusively gene-based genetic
map in faba bean. It contained 135 ITAPs joined in 12 un-
assigned LGs, that spanned 1,685 cM, and allowed for the
first time the study of macrosyntenic relationships be-
tween V. faba, M. truncatula, Lens culinaris and other
legume species [11]. After further saturation, the map was
used to identify and validate QTLs controlling flowering
time and other yield-related traits [13]. Recently, a new
map was reported based on the F, population from the
cross 91825 x K1563, which includes 128 SSRs markers
arranged in 15 unassigned LGs [14]. Unfortunately the
lack of common markers prevented comparisons with
previous mapping studies.

To date 14 major genetic maps have been constructed
in faba bean (Table 1). Integrating the information of
multiple populations from diverse genetic backgrounds
offers several advantages over individual genetic maps:
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(i) a larger number of loci is mapped than in single cro-
sses, (ii) the relative position of common markers can be
determined across the mapping populations, (iii) better
genome coverage and opportunities to validate marker
order, (iv) better assignment of LGs to chromosomes, (v)
it allows comparison of genes/QTLs of interest across
maps and, (vi) it provides the basis for comparing ge-
nomes between related species [27-29]. Consensus genetic
maps have been developed in many crops such as wheat
[30], maize [31], barley [32] and rice [33], and in the leg-
ume crops soybean [34], pea [35], chickpea [36], phaseolus
[37], pigeonpea [38], cowpea [39], groundnut [40] and red
clover [41].

With the development of genome sequencing projects
and expression studies in different model and crop le-
gumes, the construction of a faba bean consensus gen-
etic map has become possible. The objectives of this
study were to: (1) saturate the faba bean maps developed
in RIL progenies with common gene based markers to
facilitate anchoring of linkage groups from different pop-
ulations, (2) update the position of the most relevant
faba bean QTLs controlling resistance and yield related
traits using Bulked Segregant Analysis (BSA), and (3)
construct a reference map integrating all the genomic
information reported so far in this crop. To this aim, we
fused information of 11 F, populations and marker data
of three RIL genetic maps to derive a consensus map in-
cluding 729 markers and covering 4,602 cM. The six
main LGs could be unambiguously assigned to their cor-
responding faba bean chromosomes. The map repre-
sents a significant improvement over single-population
genetic maps and provides a new tool of reference for
faba bean breeding and genomic approaches.

Results

Individual maps and QTL analysis

Cross Vf6 x Vf27 (RIL1)

The first RIL1 map [13] included 258 markers joined in
16 LGs and covering 1,875 cM. The linkage groups were
composed of 2-45 loci with an average marker interval
of 7.3 ¢M. The map allowed to identify and validate
QTLs controlling 5 flowering and reproductive traits
[13]: days to flowering (DF), flowering length (FL), pod
length (PL), number of seeds per pod (NSP) and number
of ovules per pod (NOP), located mainly in chromo-
somes (chr.) V and VI (Additional file 1: Table S1).

For the extended RIL1 map constructed herein, 313
polymophic markers were used in the global analysis
(Table 2). Of these, 273 were assembled in 19 LGs, 11 of
which could be assigned to specific chromosomes. The
distance covered by the map was 2,183 cM with an aver-
age marker interval of 10 cM. Sixty five of the markers
are common with the other two RIL populations, 25
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Table 2 Number and type of markers genotyped in each
inbred population

Type of marker RIL population
Vf6 x V27 Vf6 x Vf136 29H x Vf136

ITAP 176 59 46
RAPD 107 327 145
SSR 16 6 6
Isozyme 5 4 0
RGA “ 5 5
Morphological trait 2 0 0
Seed storage protein 2 2 2
DR 1 1 1
Total 313 404 205

with RIL2 (Vf6x VF136) only, 15 with RIL3 (29H x
Vf136) only and 25 with both (Table 3).

Cross VF6 x VF136 (RIL2)

The previously published RIL2 map [24,25] was based
on 277 marker loci assembled in 21 LGs (16 consisting
of 3 or more markers) that span 2,857 cM with an aver-
age marker interval of 12.7 ¢M. In this population, 2
QTLs controlling ascochyta blight resistance (AfI and
Af2) were identified on chr. III and chr. II [24]. In paral-
lel studies, 2 QTLs (OfI and Of2) controlling O. foetida
resistance and 4r QTLs controlling O. crenata resistance
(Oc2-0cS) were detected [25]. Oc2 and Oc3 were stable
in at least two of the three environments, while Oc4 and
OcS were only detected in one environment and thus
appeared to be environment-dependent.

In an attempt to saturate the regions bearing the O.
crenata and A. fabae QTLs, a BSA approach based on
RAPD markers was applied. Two-hundred and eight of
the 748 RAPD primers assayed in the cross revealed
promising polymorphisms between at least one pair of
bulks and were subsequently used to screen 14 plants in-
dividually. Only 41 of the RAPD primers maintained the
expected pattern of polymorphism and were used to
screen the entire RIL2 population, resolving 39 scorable
polymorphic markers. Of these, 31 markers exhibited
the expected segregation pattern and were thus included
in the RIL data set for mapping and QTL analysis.
Thirty of the 31 RAPD markers were mapped, 24 to tar-
get regions [11 to chr. VI (Oc2), 8 to chr. II (Oc3 and
Af2) and 5 to chr. III (Af)] and 6 to other LGs (Table 4;
Figure 1). To increase the number of common markers
between different faba bean crosses, additional ITAP
markers were scored and the map was reconstructed
using 404 segregating loci.

The map obtained in this study consists of 364
mapped loci assembled into 21 LGs, of which 13 were
assigned to specific chromosomes. The genome distance
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covered by the map is 3,537 cM, with an average density
of one marker locus every 12.6 cM (Table 4). Fifty four
markers included in RIL2 are common with the other
two populations, 25 with RIL1 only, 4 with RIL3 only
and 25 with both (Table 3).

As mentioned above, QTLs Oc2 and Oc3, that confer
broomrape resistance, were previously validated in 2 of
the 3 field trials assayed [26]. By saturating the target re-
gions we were able to identify significant QTLs in each
trial. Thus, the conservation of QTLs both across gener-
ations and environments was confirmed. In case of Oc2
(Additional file 1: Table SIB) a newly added marker,
OPAG11gs4, was the closest to LOD peak value in both
Cordoba 2003 and Cérdoba 2004 datasets. Three add-
itional QTLs were identified in chr. II (Oci4_C3 and
Ocl5_M4) and V (Ocl5_C4). None of these QTLs was
stable in the different field assays or years, pointing to-
wards an environment-dependent expression. In the case
of ascochyta blight resistance, the analysis which was
based on a more saturated map yielded higher LOD
scores and narrower confidence intervals for both QTLs
(AfI and Af2). The new marker OPZ0853, was the clos-
est to LOD peak value of both Afl QTLs identified in
leaves and stems (Additional file 1: Table S1B). Addition
of new markers in target areas of the map was an effi-
cient method to increase the genome coverage and to
obtain more defined QTLs.

Cross 29H x VF136 (RIL3)

The third map used in the present study was reported
recently and includes 172 markers spanning 1402 cM
[15]. The linkage groups were composed of 2 to 25 loci
with a marker interval of 9.87 cM. Seven QTLs for O.
crenata (Oc7 to Oc13) and 3 QTLs for O. foetida (Of3 to
Of5) were identified in this map. Oc7 was detected along
three years, explaining between 22% and 33% of the
phenotypic variation. It has been suggested that Oc2
(previously reported in RIL2) and Oc7, which are both
located in chr. VI and validated in different environ-
ments and genetic backgrounds, might correspond to
the same QTL region (Figure 1; Additional file 1: Table
S1). The new analysis considered 205 marker loci segre-
gating in this population, of which 25 were common to
both other RIL populations, 25 to RIL1 only and 4 to
RIL3 only (Table 3).

Consensus linkage map

Three sets of faba bean mapping data were used in the
construction of a consensus map connecting information
of 11 F, populations, marker data of 3 RILs, as well as
new markers genotyped in the present study (Tables 1
and 2). The number of individual marker loci ranged
from 313 in RIL1 to 404 in RIL2 and 205 in RIL3
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Table 3 Common markers used as anchors for map integration
RIL lation
" Mo el v vmp:\xas 29Hx Vf136
1 PeaBGlu DR X
2 Pr-1 Isozyme X
3 Sod-1 Isozyme X
4 1433p ITAP
5 60CS ITAP X
6 AlGPb TAP X
7 AnMtS13 ITAP X
8 AnMtS37 ITAP X
9 BGAL ITAP
10 cgP137F TAP
1 GBNP ITAP
12 GLIP171b ITAP X
13 GLIP651 ITAP X
14 HBP2 ITAP
15 LG007 ITAP
16 LGO31 ITAP X
17 LGO41 ITAP X
18 LGO54 TAP X
19 LG068 TAP X
20 Lup066 ITAP X
21 Lup299 ITAP X
22 MMK1a TAP
23 mtmt_GEN_00012_03_1 ITAP X
24 mtmt_GEN_00022_02_1 ITAP X
25 mtmt_GEN_00024_04_1 TAP X
26 mtmt_GEN_00032_01_1/a ITAP X
27 mtmt_GEN_00036_02_1/a ITAP X
28 mtmt_GEN_00103_01_1 ITAP X
29 mtmt_GEN_00447_04_3 TAP
30 mtmt_GEN_00477_04_1 TAP
31 mtmt_GEN_00510_01_1 TAP
32 mtmt_GEN_00757_03_1 ITAP X
33 mtmt_GEN_00861_03_1 ITAP
34 mtmt_GEN_00866_02_1 ITAP X
35 mtmt_GEN_00892_01_3 ITAP X
36 mtmt_GEN_00995_01_1 ITAP X
37 mtmt_GEN_01017_03_3 ITAP X
38 mtmt_GEN_01102_02_1 ITAP X
39 mtmt_GEN_01109_01_1 TAP X
40 mtmt_GEN_01115_02_1 TAP
41 mtmt_GEN_01130_02_1 ITAP X
42 mtmt_GEN_01951_11_1a TAP X
43 Pis_GEN_14_7_1 AP X
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Table 3 Common markers used as anchors for map integration (Continued)

44 Pis_GEN_20_1_1 [TAP X X

45 Pis_GEN_23_5_6_1 [TAP M x

46 Pis_GEN_25_2_3_1 ITAP X X

47 Pis_GEN_5_4 51 [TAP X X

48 Pis_GEN_57_1_2_1 [TAP % X

49 Pis_GEN_6_3_1 TAP X X X

50 Pis_GEN_7_1_2_1 [TAP X X

51 psat_EST_00180_01_2 TAP X X

52 psat_EST_00190_01_1 ITAP X X

53 PsMnSOD TAP X X

54 psmt_EST_00196_01_1 ITAP X X

55 RBPC/O [TAP X X

56 RNAR ITAP X X

57 SAT TAP X X

58 TBB2 ITAP X X X

59 UNK28 ITAP X X

60 RGAO1 RGA X X X

61 RGAO3 RGA X b3 X

62 RGAG8 RGA X X X

63 RGAQ09 RGA X X X

64 B3 Seed storage protein X X

65 B4 Seed storage protein X X X

66 GA4 SSR X X X

67 GAII30 SSR X X

68 GAlIS9 SSR X X X

69 JF1GA3 SSR X X X
Total number of common markers 65 54 s

(Table 2). Chi-square test was performed on new marker
genotyping data for individual mapping population,s to
test the null hypothesis of segregation ratios of 1:1. A
variable percentage of distorted markers (P <0.01) was
observed, ranging from 2.93% in RIL3 to 7.35% in RIL1.
A list of the marker loci is provided in Additional file 2:
Table S2. QTL regions characterized in previous studies
were also covered by the present consensus map.

The number of anchor markers for pairwise compari-
sons was initially small, with less than 20 markers in
common. However, after the new marker analysis the
number triplicated to 69 (2 isozymes, 4 SSRs, 2 legu-
mines, 4 RGAs, 1 DR gene and 56 ITAPs). Sixty five of
these, present in RIL1, were primarily used as bridges to
integrate the individual maps into a single consensus
map (Table 3). Twenty five markers were common in
the 3 maps, while the remaining 44 were shared by at
least 2 mapping populations. As a result, marker segre-
gation data were assembled for a total of 828 marker

loci, 759 of which were unique i.e. mapped only in one
population (Table 5; Additional file 2: Table S2).

A total of 729 marker loci were assembled into the 43
LGs constituting the consensus map (Figure 1; Table 5),
while 99 markers remained unlinked. The 6 major LGs
contained between 53 (chr. V) and 165 marker loci (chr. I),
and were assigned to the corresponding chromosomes.
Seven additional LGs (Ia to IVa) could also be assigned
thanks to the presence of loci previously located in indi-
vidual chromosomes. Thirty one LGs consisted of 2-5
markers, and the remaining 6 LGs contained between 6
and 21 loci (Table 5; Additional file 2: Table S2). The
total length of the consensus genetic linkage map was
4,613 cM, of which 3,442 ¢cM were covered by the 6
main LGs/chromosomes. The length of these major LGs
ranged from 323 cM (chr. V) to 1041 cM (the large
metacentric chr. I). The entire consensus map had an
average marker density of one marker per 10.7 cM,
which was reduced to 6 cM when considering only the 6
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Table 4 Linkage map of Vf6 x Vf136 (RIL2)

No. Chromosome/  No. New Length Intermarker

LG* markers markers**  (cM) distance (cM)
1 -1 69 1/7 73018 10.74
2 -2 15 2/2 16443 11.75
3 3 2 0/2 2118 2118
4 lc 2 0/0 867 867
5 Il 53 8/ 522.80 1005
6 lla 1 0/1 80.19 802
7 -1 53 5/12 46263 890
8 lll-2 4 0/1 3388 1129
9 v 38 2/2 346.53 937
10 V-1 27 0/5 29067 11.18
1 V-2 7 0/1 5524 921
12 VI-1 28 0/8 28494 1055
13 Vi-2 24 1/3 22873 994
14 LGO1 8 0/0 61.63 880
15 LG04 6 0/0 86.05 1721
16 LGOS 5 1/0 4855 1214
17 LG06 4 0/0 3740 1247
8 LG 2 0/0 2027 2027
19 LG21 2 0/0 2214 2214
20 LG22 2 0/2 11.93 1193
21 LG23 2 0/0 18.80 1880
Mapped 364 30/57 353686 1260

Unmapped 40
404

*Linkage groups correspond to those of the composite map.

**Markers mapped in addition to already published linkage map [24,25]: first
number represents the number of markers added by saturation mapping
targeted at the regions conferring resistance to O. crenata and Ascochyta
fabae (Il 1ll-1, VI-2), while the second is the number of markers added to in-
crease the number of common markers among different faba bean crosses.

Total

main LGs. The marker order of the integrated map was
largely collinear with the three individual maps, al-
though a few local inversions and marker rearrange-
ments over short intervals were observed.

Integration of QTL information

The number of QTL studies in faba bean is relatively
low compared to other major legume species. Most
traits have been genetically characterized in only one or
two different mapping experiments, which limits the
meta-analysis of QTLs in this species. Moreover, QTL
intervals did not always include the minimum of two an-
chor markers, which is required for their projection onto
the consensus map. Nevertheless, by comparing the
maps published to date we provide a synthetic view of
the most relevant loci controlling polygenic traits in faba
bean. Further mapping of common markers between
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maps will be crucial to enhance the comparison of QTL
positions from different mapping studies and to refine
the localization of hot-spot genomic regions.

The 5 faba bean mapping experiments in the 3 RIL
populations reported so far, identified 37 QTLs for 9
traits (Additional file 1: Table S1). Most of the QTL ana-
lyses focused on biotic stresses (e.g. broomrape and
ascochyta blight resistance). The number of QTLs for
broomrape resistance is 15 for O. crenata and 5 for O.
foetida. Meanwhile the A. fabae resistance QTLs were
reduced to 2, Afl and Af2, that were conserved among
populations (F, and RIL) and environments. Regarding
flowering and yield related traits, the number of stable
QTLs reported were 1 (NOP), 2 (FL), 4 (PL), 3 (NSP)
and 5 (DF) (Additional file 1: Table S1). The distribution
of these 37 QTLs varied from 9 in chr. I, 8 in chr. II, 4
in chr. Il and VI, 3 in chr. IV, 6 in chr. V. The last three
QTLs remained unassigned.

Discussion

During the last decade, significant progress was made in
the development of genotyping tools. This allowed the
addition of a large number of robust and transferrable
marker loci in the genetic maps of relevant crop species.
In faba bean, mapping studies were initiated in the 90's
with the development of the first maps in F, populations
using mostly RAPDs together with SSRs, isozymes and
morphological markers. Previous studies comparing
these linkage maps have been reported [9]. The use of a
recurrent parent (Vf6) in all the F, populations then
allowed to join data from different progenies by means
of common markers in the female parent. Moreover, the
use of trisomic families for chromosomes III, IV, V and
VI allowed allocation of LGs to chromosomes [9]. Ever
since, attempts have been made to increase marker
density using new SSRs and gene-based markers in RIL
populations. The main objective of the present study
was the development of a high density consensus genetic
map that integrates all the relevant maps reported so far
and serves as a reference map for the international faba
bean community.

Building a consensus map is not possible without com-
mon or bridge loci on each LG or chromosome. For this
reason, a number of additional markers was genotyped
in each mapping population to increase the number of
common markers among them. A bridge marker was
considered as such when its name and position were the
same in the different mapping populations. The genetic
map was created combining two approaches: (a) increas-
ing the number of anchor marker loci in the different
populations, (b) merging the resulting genetic maps
through markers common to three RIL populations with
MergeMap [42] as reported in many other crop species
[39,43-47].

-171-



>atovic et al. BMC Genomics 2013, 14:932
1ttp//www.biomedcentral.com/1471-2164/14/932

Anexo |

\l"w.q ap-2008-1 '

0 R

N T g gl gl

: ot wns ogcs o m m org Elﬂ.s: .._ . m Qo a "

' n 1, i i syl 0l Bl 43 Bieet. | D¢ 1

i R it ._ﬁ_m_amﬁ,_ﬁa_m_,__,mm ki 3 S 2] §e

> S . 2 - "

s o M wil 51l
[ | - hR=) ]

Wl 7 5 8 3 PR LT Y om -~ "
ey "mﬁ_m%__.ﬂ. mm__w_m__w.mmma_ Bl ; ey gl
2 i i m b 3 oma

20078 o 5 OB Oc1O KT “-H . o m m [ m. i
] . i (1 i : k ©
.. fany iy 8 w58 Telty 3 BihU dhag d i g m. 9 e m
i .g.m_: s L e HH ol §
= M.mh.m mL._ MF_,
iv.-l«.. PWE n & ] W 4 - i
ol 3 . |
R T i §8is 8 §
ear 6 bt ! g ? e ? 5 7 0
A b e & 558 . gll
= . 5 : a
2 2&! Ocd 4 0ct €1 iv”m-.w s;l““! .= eIz K w w Am m_
m _. ) :_g: __g,: . 5 - m_ ¥ W B Y
kb FEEETTHS BEee adatalf By afptfalane gtd 5 seibuis is, ¥ Wana% gt aign .
b n_xm.mma_arm, L a__m_ﬁ_ i £ §d
- - -~

LLLLLLLLLL ULLLLLLLL

-172 -

Figure 1 (See legend on next page.)




Anexo |

Satovic et al. BMC Genomics 2013, 14:932
http://www.biomedcentral.com/1471-2164/14/932

Page 9 of 15

(See figure on previous page.)

Figure 1 Faba bean consensus map showing: (a) the six main linkage groups or chromosomes (578 loci) and (b) minor linkage groups
(30) or small chromosome fragments (7). Additional markers derived from the BSA analysis are underlined. Boxes represent putative locations

of QTLs. Black boxes were used for flowering and yield related traits: days to flowering (df), flowering length (f)), pod length (pl), number of ovules
per pod (nop) and number of seeds per pod (nsp). Grey boxes: Ascochyta fabae (Af) QTLs. Stripped boxes: Orobanche crenata (Oc) and Orobanche

foetida QTLs. Marker distance is given in cM.

Using this approach, segregation data for 729 marker
were assembled on 43 LGs. In terms of marker order,
the consensus map contains few changes compared to
the individual maps. Small discrepancies in the marker
order or position in some LGs might be due to (i) differ-
ent population sizes used, (ii) weak linkages existing in
the different maps, or (iii) missing or poor quality data,
rather than to real chromosome rearrangements. As re-
ported in previous studies in Vitis vinifera L. [47], phaseo-
lus [37] or Brassica napus [44], the faba bean consensus
marker order is significantly more reliable than that of the
individual maps because of the higher number of individ-
uals and recombination events occuring across three or
more populations.

Based on previous LG/marker allocations, 13 of the
larger LGs could be assigned to specific chromosomes
while 30 LGs remained unassigned. Considering the
enormous size of the faba bean genome, unassigned LGs
may be due to recombination gaps at the distal ends of
the main LGs because of a lack of marker loci. None of
the main LGs differed considerably in marker density.
The length of our core map was 3,431 c¢M, which is
higher than the single RIL maps. In many other species
the increased size of the composite map was attributed
to an improved coverage of the chromosome ends
[37,48-50).

All the individual maps reported to date allocate LGs
to 5 of the 6 faba bean chromosomes, excluding chr. IV.
After acknowledging the erroneous assignment of LG 1.
B, which actually corresponds to chr. IV [51], the new
integrated map anchors for the first time the main LGs
to the whole chromosome complement of the species.
This information was used here to update the reported
large-scale synteny between LGs and/or chromosomes
of M. truncatula and cool season grain legumes such as
pea, chickpea, lens and faba bean [52]. Figure 2 shows
the main syntenic blocks and rearrangements among
these species and their correspondence to the six faba
bean chromosomes.

The integration of a high number of coding regions in
the consensus map provides an excellent framework for
downstream analyses, including comparisons between
the locations of major genes for important traits or QTL
positions between populations from different crosses.
Moreover, combining syntenic studies with a consensus
map will contribute to increase marker density in gen-
omic regions of interest for indirect selection or for map

based cloning [37]. Successful application of consensus
maps for synteny based candidate gene identification
and/or definition of QTL location has been extensively
used both in cereals [59-62] and in legumes [35,37,63,64].

The RIL mapping populations considered in the con-
sensus map were used previously for detecting QTLs of
agronomically important traits. These are displayed in
Figure 1, together with the QTLs identified in the im-
proved Vf6 x Vf136 map and detected in the present
study. In order to increase the density of loci around the
OTLs for broomrape and ascochyta blight resistance, we
used BSA in contrasted DNA pools. The BSA approach
has been applied in numerous studies and provides a
platform for high-resolution genetic analysis [65]. In the
present study, 24 of 31 RAPD markers were mapped to
the major linkage groups and allowed more accurate de-
termination of QTL locations and effects. These results
highlight the usefulness of BSA based on markers flank-
ing QTLs, as an efficient tool for saturation of targeted
regions, opening the possibility of future marker-assisted
selection for these traits.

Faba bean has been considered a “genomic orphan”
crop with a huge and complex genome and limited avail-
ability of genetic and genomic resources. At present, the
situation has greatly improved thanks to the technological
advances in high-throughput sequencing and genotyping,
together with the access to genomic and transcriptomic
tools. Genome-wide transcription profiling by deepSuper-
SAGE was recently used for quantifying the trans-
criptional changes elicited by A. fabae and to identify
candidate resistance genes governing faba bean responses
to this fungal pathogen [66]. Several genome libraries have
been constructed and characterized for putative SSR se-
quences using the Roche 454 GS FLX Titanium Sequen-
cing Platform [67,68]. These transcriptomic studies
provide a foundation for the identification of novel regula-
tors associated with faba bean-pathogen interactions and
also a valuable source of markers for molecular breeding
applications in this crop.

Translation of genomic resources from the model spe-
cies M. truncatula or other sequenced related legume spe-
cies such as chickpea, should be further exploited to raise
the prospects in molecular faba bean breeding programs.
The availability of large sets of conserved ESTs from
model or related species constitutes a valuable source of
markers that are physically associated with coding regions.
These are good candidates for gene cloning or faba bean
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Table 5 Composite map of faba bean (Vicia faba L.)

genome
No. Ch /LG No. mark Length (cM)  Intermarker
distance (cM)
1 | 165 104120 635
2 l 93 53760 584
3 1] 109 593.14 549
- v 70 42520 6.16
5 53 33360 642
6 Vi 88 51122 588
7 6 5780 11.56
8 b 3 2325 1163
9 Ic 2 867 867
10 lla 21 16246 812
1 b 3 1748 874
12 lia 5 3263 816
13 Va - 11.02 367
14 LGO1 10 63.25 703
15 LG02 9 9645 1206
16 LG03 9 9199 11.50
17 LG04 8 86.04 1229
18 LGOS 5 4855 1214
19 LG06 - 3740 1247
20 LGO7 4 107 369
21 LG8 4 3786 1262
2 LGO09 4 2598 866
23 LG10 4 16.75 558
24 LGn 3 3036 15.18
25 LG12 3 1875 938
26 LG13 3 1263 631
27 LG14 3 2643 1322
28 LG15 3 2803 1401
29 LG16 3 3435 1718
30 LG17 2 1824 1824
3 LG18 2 1948 1948
32 LG19 2 348 348
33 LG20 2 980 980
34 LG21 2 2214 2214
35 LG22 2 1193 1193
36 LG23 2 1880 1880
37 LG24 2 934 934
38 LG25 2 2067 2067
39 LG26 2 937 937
40 LG27 2 841 841
41 LG28 2 1343 1343
42 LG29 2 689 689
43 LG30 2 1937 1937
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Table 5 Composite map of faba bean (Vicia faba L.)
genome (Continued)

Mapped 729 461252 10.73
Unmapped 9
Total 828

Main LGs (No. 1-6) 578 344196 6.02

marker assisted selection. This is the approach used in this
study to integrate all the faba bean genomic information
so far reported, and to generate a new tool of reference for
faba bean breeding and genomics approaches.

Conclusions

We have constructed the first marker consensus genetic
linkage map for faba bean by integrating segregation
data from three recombinant inbred line populations, to-
gether with new common markers genotyped in this
study. The final integrated map has allowed to (i) join a
larger number of markers than in any previous individ-
ual map, (ii) obtain a more complete coverage of the
faba bean genome, (iii) fill a number of gaps in previous
independent maps, and (iv) improve the resolution of
key QTLs. The colinearity of the consensus map was
well maintained and will serve as reference for future
faba bean multiple-line cross QTL mapping studies.
Since 60% of the markers in the most developed map
(RIL1) corresponded to coding regions, this consensus
enhanced-density faba bean map provides a functional
framework for candidate gene studies, expression ana-
lysis, comparative genomics, evolution studies and an-
choring of the future faba bean genome sequences.

Methods

Mapping populations

The most recent maps of three RIL mapping populations,
Vf6 x V27 (RIL1), Vf6 x Vf136 (RIL 2) and 29H x Vf136
(RIL3), were used to develop an integrated map of faba
bean (Table 1). Vf6 was a common female parent in two
progenies, Vf6 x VF136, which segregates for broomrape
and Ascochyta resistance [7,8,24-26] and Vf6 x VF27, first
reported by [6] and further used to construct the first ex-
clusively gene-based genetic map in the species [11] and
to identify and validate QTLs controlling flowering time
and other yield-related traits [13]. Vf136 was the common
male parent with the third population, 29H x Vf136, segre-
gating for resistance to broomrape and A. fabae [10,15].
The populations consisted of 124 RILs for RIL1, 165 indi-
vidual lines for RIL2, and 119 for RIL3.

The female parents, Vf6 and 29H are equina medium-
seeded field beans with beige seed coat and resistance to
A. fabae, Vf136 is also an equina type with reported re-
sistance to broomrape and Vf27 is a black and small-
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Figure 2 Schematic representation of large-scale synteny blocks b

of M. tr I

c and ch

(Mt) and main cool season grain legumes (Source [52], with modifications). Chickpea (Cicer arietinum; Ca), faba bean (Vicia fabo; VA), lens
(Lens culinaris; Lc), and pea (Pisum sativum; Ps). Bars representing Medicago and pea homologous chromosomal regions are shown with the same
gray intensity or pattern. Arrows in the boxes indicate the orientation of the chromosomes (short arm - long arm) in the case of Medicago. The
corresponding synteny blocks of faba bean, chickpea and lentil are represented by blank bars. The bars do not reflect the relative sizes of
chromosome or chromosome segments and the break points of chromosomes are indicated approximately. The figure integrates data from
[11,13,53-58] and this study.

seeded paucijuga form, supposedly close to a putative
wild faba bean progenitor [69].

Marker analyses

Genomic DNA was extracted from young leaves using li-
quid nitrogen and the procedure was as described by [3].
To increase marker density and to provide common
markers to anchor the LGs from different populations,
new markers from different sources were assayed. A set
of SSRs, resistant gene analogs (RGAs), defence delated
(DR) genes and ITAPs designed from different legume
ESTs (M. truncatula, pea, lentil, lupin and soybean),
were tested in the parental lines and the polymorphic
ones genotyped in the corresponding RIL population.

SSR markers

Fifty four faba bean SSRs [70] and 41 pea SSRs [71],
were assayed for polymorphism among the parental lines
using their respective protocols. In case of pea SSRs the
reaction mixture was modified slightly by using 2,5 mM
of MgCl, and 1U Taq polymerase instead, to facilitate
the orthologous amplification. SSRs revealing consistent
and easily scorable bands were genotyped in the whole
populations after electrophoresis in 2.5% - 3% agarose
gels.

RGAs and DR genes

Ten RGA classes were tested using PCR conditions de-
scribed by [72]. To reveal polymorphism, amplification
products for each RGA class were digested with a set of
restriction enzymes according to the manufacturer’s in-
structions to obtain CAPS (Cleaved Amplified Poly-
morphic Sequences). Twelve additional RGAs [73,74]
along with 12 DR genes, cloned and mapped in different
legume species and mapped in pea [74], were also

assayed. Amplifications and PCR conditions were as de-
scribed by [72].

Intron-targeted amplified polymorphic markers (ITAPs)

A total of 635 EST derived markers developed within
the Grain Legumes Integrated Project (GLIP-Food-CT-
2004-506223), were tested for polymorphism among the
parental lines using the amplification protocols reported
by [13,26]. Special efforts were focused on genotyping the
ITAPs previously mapped in the most advanced Vf6 x
V27 map [11,13]. As mentioned above, when no poly-
morphism was detected on agarose gels, PCR products
amplified from both parents were digested with a range
of restriction endonucleases in order to detect a SNP as
a CAPS (Cleaved Amplified Polymorphic Sequence)
marker that was further genotyped in the corresponding
population.

Saturation mapping
In order to saturate targeted regions conferring broom-
rape or ascochyta blight resistance we applied the BSA
[75] based on previous QTL mapping information in cross
V6 x V{136 [24,26]. BSA has been widely adopted as a
method to rapidly identify molecular makers in specific
genome regions. The BSA principle consists in pooling
DNAs from individuals from a segregating population ac-
cording to two phenotypic classes. The resulting DNA
bulks are equivalent to those from two Near Isogenic
Lines (NILs) for which is assumed to generate a random
genetic background at all other unlinked loci. In this study
segregating individuals were grouped according to the
genotype of markers flanking already localized QTLs. The
contrasting pools were then screened with new markers in
order to identify recombinants within each QTL interval.
QTLs underlying resistance to O. crenata and A. fabae
were named Oc and Af, respectively [24,26]. Accordingly,
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bulks of plants fixed for alleles of the two markers flank-
ing four QTL regions were selected from the RIL popu-
lation: OPN07,499 and OPAI13,4;5 (flanking Oc2 on
linkage group VLB), OPC19;459 and OPD1255 (Oc3 on
LG ILA), OPF08;;p and OPW155;5 (AfI on chr. III),
OPAG573; and MER02,469 (Af2 on chr. II). A total of
748 RAPD primers was used in search for polymor-
phisms between the two bulks. For a given target region,
markers showing expected differences between the pair
of bulks were subsequently used to screen 14 plants in-
dividually. Markers that maintained the expected pattern
of polymorphisms, were then used to screen the entire
RIL population.

Quantitative traits

Traits and QTL information were selected from seven
published works (7,8,10,13,15,24,26] and supplemented
by the bulked segregant analysis (in cross VF6 x VF136)
and the saturation process described above. Trait de-
scriptions, evaluation methods and abbreviations were
assigned according to the previous references. Thus, the
nine traits considered (Figure 1; Additional file 2), were
the following: (1) Orobanche crenata resistance (trait ab-
breviation OC); (2) Orobanche foetida resistance (OF);
(3) Ascochyta fabae resistance: disease severity on leaves
(DSL); (4) Ascochyta faba resistance: disease severity on
stems (DSS); (5) Days to flowering (DF); (6) Flowering
length (FL); (7) Pod length (PL); (8) Number of ovules
per pod (NOP); (9) Number of seeds per pod (NSP).
Most of these QTLs showed to be stable as were identi-
fied and validated in different environments or genetic
background. Each QTL was treated independently, mak-
ing it possible to notice the number of times that a QTL
is reported in a similar genomic location across inde-
pendent experiments (Figure 1; Additional file 2).

Data analysis

Map construction and QTL analysis in Vf6 x VF136 (RIL 2)
MAPMAKER 3.0 [76] was used to identify linkage
groups using an LOD score of four as the threshold for
considering significant linkage. MSTMap software [77]
was used to determine maker orders by finding the
minimum spanning tree of a graph for each linkage
group. MAPMAKER was used to confirm marker orders
determined by MSTMap and to convert the recombin-
ation fractions to centiMorgans (cM) using the mapping
function of Kosambi [78].

QTL analysis was conducted using composite interval
mapping (CIM) and multiple interval mapping (MIM) in
Windows QTL Cartographer V2.5 [79]. Markers to be
used as cofactors for CIM were selected by forward-
backward stepwise regression. The number of markers
controlling the genetic background in CIM was set to five.
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The thresholds for the detection of QTLs were estimated
by permutations analysis [80] using 1,000 permutations.

Consensus map construction

Three individual genetic maps were used to generate a
consensus map using MergeMap [42] by converting the
individual maps into directed acyclic graphs (DAGs) that
are then merged in consensus graph on the basis of their
shared vertices [81]. As MergeMap tends to inflate genetic
distances in the consensus genetic map [42,82], marker
data from different mapping populations were pooled to-
gether and the order of each consensus linkage group as
established by MergeMap was set, in order to calculate
genetic distances using MAPMAKER. The consensus map
for each linkage group was visualized by MapChart [83].

Additional files

Additional file 1: Table S1. (A) Putative QTLs for flowering time and
yield related traits detected in the faba bean RIL population Vf6 x V27
(from Cruz-lzquierdo et al, 2012 with modifications). (B) Putative QTLs for
Ascochyta fabae, Orobanche crenata and Orobanche foetida resistance
detected in the faba bean RIL population Vf6 x Vf136 (Diaz-Ruiz et al,
20092; 2009b; 2010 and this study). (C) Putative QTLs for Orobanche
crenata and Orobanche foetida resistance detected in the faba bean RIL
population 29H x V136 (from Gutierrez et al, 2013 with modifications).

Additional file 2: Table S2. Information on the markers used in this
study and mapped in the three faba bean RIL populations.
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Abstract: The use of workflows to automate routine tasks is an absolute

il in many bioinf fields. Current workflow manager systems
usually compromise between providing a user-friendly interface and constructing
complex, scalable pipelines. We present AutoFlow, a Ruby-based workflow engine
devoid of graphic interface and tool repository, that is useful in most computer
systems and most workflow requirements in any scientific field. It accepts any local
or remote command-line software and converts one workflow into a series of
independent tasks. It has been supplied with control patterns that allow for iterative
task capability, supporting static and dynamic variables for decision-making or
chaining workflows, as well as debugging utilities that include graphs, file

Claros

searching, functional consistency and timing. Two proof-of-concept cases are presented to illustrate
AutoFlow capabilities, and a case-of-use illustrates the automated construction of the best transcriptome
for a non-model species (Vicia faba) after analysis of several combinations of Illumina reads and Sanger

sequences with different

and different p

in a complex and repetitive workflow

where branching and convergent tasks were used and internal, automated decisions were taken. The
workflow finally produced an optimal transcriptome of 118,188 transcripts, of which 38,004 were
annotated, 10,516 coded for a complete protein, 3,314 were putatively new faba-specific transcripts, and
23,727 were considered the representative transcriptome of V. faba.

Keywords: Workflow, pipeline, automation, Ruby, bash, transcriptome, assembly, non-model species.

INTRODUCTION

The high-throughput technologies produce a large
amount of data that require the combination of multiple
bioinformatic tools to process data, validate results and
provide scientific insights. For example, de novo
transcriptome sequencing generates large files of reads that
must be pre-processed, assembled, verified, and then
annotated using multiple software tools and data sources
where varying parameters provide different results that
require further reconciliation or selection [1, 2]. Since
different input data will require different software or
parameters to provide the best result (i.e., assembly), this can
become a long and cumb task. The develof of
sophisticated workflows, where the output of a tool is used
as input for other tool(s) can save researchers time and effort

*Address correspondence to this author at the Departamento de Biologia
Molecular y Bioquimica, Facultad de Ciencias, Universidad de Malaga, E-
29071, Malaga, Spain; Tel: +34 95 213 72 84; Fax: +34 95 213 20 41;
E-mail: claros@uma.es

1574-8936/16 $58.00+.00

[3]. Workflows provide advantages related to effectiveness (by
automation of repetitive tasks), reproducibility (analyses can be
repeated over time), traceability (by storing intermediate
results) and reusability (of complete workflows or of
intermediate results). Many workflow manager systems can
build and execute workflows (reviewed by [3-5]), with Taverna
[6] and Galaxy [7] being the most popular and accepted.

Installation of workflow manager systems usually
includes a large library or repository of tools and ready-made
scripts for data processing. Ontology-guided exploitation of
local tools, remote web services and computer grids by
means of graphical, user-oriented interfaces aims to simplify
the design of customised workflows. In return, interface
usability limits flexibility and sometimes precludes the
design of workflows with new software not included in
repositories, or the use of data from non-model organisms, or
even the use of large datasets, as occurs in high-throughput
sequencing [8]. In spite of graphical front-ends, workflow
managers still require knowledge of tools, data formats and
programming skills, especially in complex computational

© 2016 Bentham Science Publishers
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workflows [3]. Finally, when the workflow includes big data
analyses, an significant bottleneck occurs in data transfer
between nodes. One way to overcome this limitation is the
use of cloud computing [8, 9] or the exploi of local,
high-performance computers.

Building de novo transcriptomes for non-model organisms
with poorly characterised genomes serves as a proxy for the
genome sequence [10, 11]. From the biological point of view,
this is a resource for studying genome diversity and identifying
candidate genes associated with agronomic traits of interest
(resistance (o biotic or abiotic stresses, production, yield, etc.)
[11, 12]. From the bioinformatic point of view, it may involve
the use of Terabytes of sequences and local programs instead of
web services [2]. Moreover, the use of this huge amount of data
may require a procedure optimisation that can handle different,
repetitive executions of the same program with different
parameters. A decision-making task is also required when
different programs or parameters have to be evaluated in a
workflow for selecting the best result from a plethora of
intermediate data. Therefore, building de novo transcriptomes
may be a good example of the benefits of automated workflows.

Faba bean (Vicia faba), rich in proteins, carbohydrates and
other nutrients, is one of the most important legume crops. It
occupies an important nutritional and cultural role as a staple
pulse crop all around the Mediterranean basin and in the Near
and Middle East. In spite of being a break crop in sustainable
agriculture and a key source of biologically-fixed nitrogen in
land-based systems, the overall popularity of faba bean
cultivation has declined in the last years due to different factors
such as its high susceptibility to diseases and pests [13]. Faba
bean is a non-model crop that has one of the largest genomes
among legumes (~13000 Mb). This has complicated the
development of saturated linkage maps and the identification or
location of important genes, making it an understudied legume in
which genomic resources are still limited [a few thousand ESTs
in dbEST (release 130101; 1 January 2013) and only a very
preliminary transcriptome is available [14]], lagging far behind
that of model systems. Consequently, the construction of its de
novo transcriptome could provide opportunities for developing
fast and cost-effective gene-based markers such as EST-derived
SSRs (single sequence repeats) and SNPs (single nucleotide
polymorphisms) for breeding selection [34] that could help in
recovering this important crop for human and animal foodstuffs.

We present AutoFlow, a versatile, bash-based, workflow
engine developed in Ruby that can cope with command-line
software in dynamic workflows allowing decision-making. The
lack of graphical front-end and supporting repository or ontology
mean that users need computing skills and knowledge of the
software in order to overcome limitations inherent to other
workflow manager systems. Two simple cases of use are
presented, and the true utility and convenience of AutoFlow is
illustrated by the assembling and annotation of a new
transcriptome of Vicia faba combining Illumina reads and
Sanger sequences.

METHODS

Architecture and Launching

AutoFlow has been implemented as a Ruby 1.9 gem in
SUSE Linux Enterprise Server and accepts any kind of

Seoane ef al.

command line software or scripts, whether local or external
(provided that an internet connection is available), even for
very specific resources (such as graphics processing unit
[GPUJ or field programmable gate array [FPGA]). It is self-
contained and the only dependences are GNUplot
(http://www.gnuplot.info) and GraphViz [15]. AutoFlow is
available for download at https://rubygems.org/gems/autoflow
and can also be installed as any other Ruby gem with the
command gem install It supports installation in
servers where tasks are sent to a queue system and/or in clients
(Windows, OSX or Linux), provided that Ruby and
dependences are installed.

The workflow description has not been implemented in a
specific language (such as SCUFL) or format (such as
JSON), but in a simple text file called «flow template». This
text file is intended to contain bash (Bourne-again shell)
commands which are the de facto standard in unix shells
since it supports filename wildcarding, piping, command
substitution, variables, control structures and iteration.
AutoFlow reads the flow template, parses the description of
workflow to tasks, and launches every task to the queue
system (examples in this study use the SLURM [Simple
Linux Utility for Resource Management] queue system). As
aresult, every task in the flow template can be independently
launched step-by-step. Flow templates are launched as
AutoFlow -w my_flow_template, where -w indicates that
my_flow_template is the flow template to be executed. Note
that -wis the only mandatory parameter. Help for AutoFlow
can be invoked as AutoFlow -h.

Implementation of Flow Templates

The workflow described in a flow template consisting of
a concatenation of bash-based tasks. It can contain comments
as lines starting by “#” that are thus ignored. Each task must
start with a unique word ending with a )" that is used as task
identifier (TID) for reference purposes and graphical
representations. The general structure of a task is as follows:

listing) {

# dummy task to list files within a folder
#no initialisation required

?

Is folderName

}

where Jisting is considered the TID. The task content, based
on bash commands, is flanked by braces {}" It starts with
the initialisation of the environment variables and/or the use
of small scripts (in this example it is empty since the /s
command does not require any initialisation). A line starting
with the reserved character ?' indicates that next line is
launching the main command of the task (i.e. /s). Therefore,
the first word of the first line after the “?" is used as main
task command for the output storage and graphical purposes.
Since the syntax is bash-based, any command line software
of script in any language (MatLab, C, C++, Ruby, Perl,
Python, R, Java, etc.) can be used. This declaration allows
the inclusion of any software, irrespective of the number of
command-line parameters or the type of data required.
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Task Iteration

This control pattern serves to iterate the same task with
different parameters, defined within brackets *[]” and separated
by semicolons alongside the TID. It saves coding lines and is
very useful for software benchmarking or optimisation, as, for
example, when testing different A-mers in assembling, or
mapping with different mismatching parameters. A minor
modification of the code presented above allows listing of files
within three folders at different relative directories called
myData, myTemplates and myGraphs:

listing_[myData;./myTemplates;././myGraphs]) {

# example listing files within three different folders

# no initialisation required

?

Is (*)

}

Iterative tasks in the flow template are transformed to
independent, queued tasks by replacing the reserved

character '(*)' by each parameter (i.e., the name and path of
each folder).

Task Dependences

Since inter-dependence is a key feature of workflows,
AutoFlow follows the data flow model of execution [4],
where every task is launched only when all its input data are
available, that is, when all leading tasks creating the
dependences have been finished. In some workflow
managers, such as Taverna, this requires a hard user
intervention, while AutoFlow simply defines task
dependence by reference to the leading task causing the
dependence and not by reference to files or any other
flagging system. In the following code, the show task will be
executed only after /isting has finished:

listing) {

# this is the leading task causing the dependence

?

Is folder > previousList

# the results of the listing is stored in file “previousList’

}

show) {

# this task is depending on the existence of file

“previousList’

# 'cat' does not require initialisation

/2

cat listing)/previousList

}

Combining Iteration and Dependences

When there is a dependence to an iterative task, instead
of writing a new task for each dependence of the iteration,

4
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to results of all iterated tasks surrounding the TID with the
“I” character. Following with the last examples, after listing
several folders, one wants to show the contents of each list.

# iterative task that generates the list of files contained in
three folders
listing_[myData;./myTemplates;././myGraphs]) {

# no initialisation required

T

Is (*) > previousList

# a file for each directory listing has been created

}

show) {

# this task will list the contents of every ‘previousList’
file

# 'cat’ does not require initialisation

?

cat listing_!/previousList

}

In cases where the show task could overflow the time
limit of queue systems, there is another syntax for creating
one new task for each dependence, as follows:

show_[myData;./myTemplates;././myGraphs]) {

5

cat !listing_*!/previousList

# every task ‘show_X" will be launched when the task
“listing_X" is finished

}

Handling Variables

Variables are an important control construct for, for
example, taking decisions on-the-fly, changing parameters
without flow template edition, or using the same flow
template in different or envirc Variables
are alphanumeric strings that begin with '$’ or '@’ characters.
Those starting with '$" are static variables (having a constant
value throughout the flow template) defined at workflow
launching or in the first lines of code. Static variables enable
launching the same flow template with different data,
making it reusable and shareable.

AutoFlow also handles dynamic variables beginning with
'@ (i.e. @sentence in the following example) that can be
modified during the workflow execution. Dynamic variables
are set as environment variables in bash and can be
transferred from one task to another, changing its value and
helping in decision-making. Modification of dynamic
variables requires calling an environment manager (script
env_manager, included on AutoFlow gem).

# definition of the dynamic variable at the beginning with
an empty value

@sentence = NULL

\Y4

AutoFlow supports one single task merging the dep e

ge) 1
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# this will print the text contained in @sentence, which
can be

#  modified in a previous task
# 'echo’ does not require initialisation
?

echo @sentence

}

Variables can also be used to chain compatible flow

pl for ple, a flow that provides the
best transcriptome from Illumina reads, such as Flow
template 3 (see below), can be continued with another flow
template that maps reads on this optimal transcriptome and
produces RNA-Seq analyses. Flow templates must be
invoked in the right order, and the dependences are passed as
variable declarations; for if a Flow template A

Seoane et al.
simultaneously as AutoFlow -w
FlowTemplate_A, FlowTemplate_B -V

‘$var_in_B=TID_A)/file_generated_in_TID_A" The only
requirement is that all TIDs in chained flow templates must
be unique to avoid data overwriting.

A Flow Template is Converted to a Collection of Tasks

Flow templates are converted to a collection of tasks that
are sent as independent jobs to the queue system. To do so,
an exec folder is created (the name and location can be
customised by the --output or -0 parameters) containing one
folder per TID, the name of which is based on its main task
command. Task folders contain a bash file directly
understandable by the queue system since all key characters
are substituted by their values and all the dependences by
absolute paths. The job ID given by the queue system is used
for conlrollmg dependences. The end of the complete flow

generates a file in TID_A that will be used in Flow 1

B, both flow templates and dependences are launched

$: AutoFlow -w autofiow_Ssimonella bt v
Index_Ref > bowtie buld

o rafoedi/sutolow/ st it/ ilo. presiony eeec/bowtie-bud. 0000, Faie
Wapping_Cond_1 > bowt
pab_001_ums/pecrafautofionlast_test/fujo_exprosion/mec/bowtie_0000 fake
Mapsing Cond_2> bowti
e 0001 fabse

Mapping_Cond 3> bowtie

foke
Moppig € 1> bout
Wi 2> bonte
< e

Mapping Ctri_3> bowte

pab_001_mapecrafautofiow/ast_test/flo_expresion/exec/sam2counts py_0000 false

dfferential_expression_analyss > 1A

is assigned upon fi the last queued task. The

exec folder also contains (1) a log file containing the start

| Mapping_Cond_I I:‘ Mapping_Cond 2 | | Mapping_Cond_3 ‘ lr\qw.yg,nn,l [ [ Mpping_Crl 2 ’:l Mapping_Cul 3 ‘
J

| bowtie_oo0r | [bem,mvz ‘ ‘bum,mo: ‘ bowtic_0004 ‘

| sam3counts py_0000

Fig. (1). Different images for illustrating a flow template. A: Verbose output after a parsing of the Flow template 1 containing a syntax error.
B: Semantical representation of the correct Flow template 1 based on TIDs, where the first task is indicated by a yellow, double-line block

and the last task is a black box. C: Structural ion of Flow

|

1 based on the main task commands.

P
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and the end of each task; (2) a file containing the relations
between TIDs and where have they been saved:; and (3) a file
where all dynamic variables are defined. This file is loaded
by all tasks and is created only if a dynamic variable is set in
the template. Therefore, AutoFlow can run on a desktop
computer, but also on a computer cluster using a queue
system (such as SLURM, as used in this project, although
other queue sy can be impl d). The execution of
parallel tasks and other technical details is handled by queue
system and enactment engine, so the user does not have to
worry about invoking software, distribution, or scheduling.

Debugging and Graphics

When a new workflow is created, it must be checked for
errors and inconsistencies before the first launch. AutoFlow
contains several command line options for this. For example,
--verbose or -v do not launch the flow template but list all
TIDs in white, main commands in red, the final command in
orange, output path in blue, and dependences in green. For

ple, the listing p d in Fig. 1A prompted the error
«//» in the input paths. The command line option —graph or -
g generates a directed acyclic graph, where TIDs are the
nodes, and the dependences and data flows correspond to
edges. The representation can be semantic (TID-based, Fig.
1B) or structural (using the main task command, Fig. 1C).
These plots depict the task flow and can serve to detect
relation inconsistencies (Fig. 2A and 2B).

Flow template 1: A Simple Proof-of-Concept

This proof-of-concept describes a very simple pipeline
for mapping reads on a transcriptome and the subsequent
determination of differentially expressed genes. It also serves
to illustrate the cc ion of a C-compiled binary, a
Python script and an R script.

RNA-seq reads were obtained with the Illumina
HiSeq2000 platform from two different conditions (reference
and treatment) with three experimental replicates each one.
Experimental replicates have 2,457,983, 2,866,872 and
988,173 reads, while references (control) have ~ 3,000,000
reads each, which serve as inputs for the flow template lis(ed
below (downloadable
http://www.scbi.uma.es/web/pedro/workflows/flow_f template
1.txt).

# Relative path to input files

Sinput_path=.//.

# if path is finished by 7/, the error of double // in Fig. 1A

is obtained

# First task: creating a mapping index of the reference

using Bowtie2

Index_Ref){

# environment initialisation of Bowtie2 based on

SLURM

module load bowtie

?

# loading the reference transcriptome

Current Bioinformatics, 2016, Vol. 11, No.3 5

bowtie-build -f $input_path/Ref/reference.fasta ref

}

# Second task A: Mapping reads from treatment
replicates to the reference

Mapping_Treat_[1:2;3]){

# environment initialisation of Bowtie2 based on
SLURM

module load bowtie
?

# loading the three sequence sets

bowtie -q Index_Ref)/ref
Sinput_path/reads/illumina_(*).fastq -p  [cpu] -S
out_(*).sam

}

# Second task B: Mapping reads from reference (control)
replicates

Mapping_Ctrl_[1:2;3]){

module load bowtie

2

bowtie Index_Ref)/ref
Sinput_| paﬂl/reads/conu-ol(*) fastq -p [cpu] -S ctrl(*).sam
}

# Third task: Counting the mapped reads

Count){

# environment initialisation of sam2counts.py based on
SLURM

module load sam2counts

?

sam2counts.py -0 Ctrl_vs_treat.txt
Mapping_Ctrl_1)/ctrll.sam  Mapping_Ctrl_2)/ctrl2.sam
Mapping_Ctrl_3)/ctrl3.sam
Mapping_Treat_1)/out_l.sam
Mapping_Treat_2)/out_2.sam
Mapping_Treat_3)/out_3.sam

}

# Last task: Detection of differentially expressed
transcripts with DESeq
differential_expression_analysis){

. ~soft/initializes/init_R

?

RNASeq_Pipeline.R Count)/Ctrl_vs_treat.txt
Sinput_path/target.txt Sinput_path/annot_file.txt $evalue

}

After creating a static variable (Sinput_path) with the
relative path to input files, the workflow starts creating a
Bowtie2 mapping index (Index_Ref TID) which is then used
in the mapping steps of the reads from the treatment
replicates (Mapping Treat_[1:2;3] TIDs) and the reads from
the control condition (Mapping Ctrl_[1;2;3] TIDs). Note
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that these tasks are recursive for each library of reads. Since
both tasks depend on Index_Ref, they can be launched
simultaneously (Fig. 1B and C) upon finishing Index_Ref.
The third task (Count TID) will only be launched once all
mappings have been finished, since it is dependent on all of
them. It wuses a python script sam2counts.py
(https://github.com/vsbuffalo/sam2counts) that constructs a
table with the mapping results that will be used by an R
script in the last task (differential_expression_analysis TID).
The R script is a wrapper for the library DESeq [16] to find
differentially expressed genes with the different P-values
defined by the static variable Sevalue.

Flow Template 2: Combining Data and Decision-Making

This proof-of-concept goes a step beyond the usability of
AutoFlow. Its aim is to obtain the best assembly when using
several sequence files as simultaneous input for two different
assemblers using various parameters. The flow template
(http://www.scbi.uma.es/web/pedro/workflows/flow_templat
e2.txt, whose semantic representation can be found in Fig. 3)
was launched with two Roche/454 Titanium+ libraries
containing cDNA sequencing from different tissues (A and

Seoane et al.

B) containing 372,750 and 429,909 useful reads,
respectively. These reads were assembled separately and
together using a de Bruijn algorithm for long reads (EULER-
SR [17] in Euler_assembling TIDs) with two different &
mers (25 and 29) and an overlap-layout-consensus algorithm
(MIRA3; MIRA3_assembling TID), which produced three
different assemblies. EULER-SR contigs were validated
(validate_contigs_with_mapping TIDs) by mapping original
reads with Bowtie2 [18]. Our software Full-LengtherNext
(http://www.scbi.uma.es/fulllengthernext, Seoane et al in
preparation) was used to recover unmapped contigs from
EULER-SR  and  debris reads from MIRA3
(Euler_remove_artifacts and recover MIRA3_debris TIDs).
Contigs and recovered reads were reconciled using CAP3
[19] with the MIRA3 contigs and each EULER-SR assembly
(CAP3_reconciliation TIDs).

The task choose_best_assembly (Fig. 3) analysed both
reconciliations and determined the best one, assigning the
corresponding  value to  the dynamic  variable
@best_assembly, that allows the last task (cp_best_assembly
TID) to copy only the best assembly in the final result folder.
The best assembly (BA) index was empirically determined
as the geometric mean of two ratios, one up-weighting the

A

Mapping Cond 2

Mapping Cond 3

differential expression analysis

Mapping Ctrl 3

Index Ref

differential_expression_analysis

=7 %

| Mapping_Cond_1 Mapping_Cond_2

| Mapping_Cond_3 | | Mapping_Ctrl_1 ‘

Mapping_Ctrl_2 Mapping_Ctrl_3

Fig. (2). The semantic representation can help in debugging a flow template. A: The Flow template 1 contains a mistyping of the function dependences
to Mapping Condl, Mapping Ctrl I and Mapping Ctrl 2 in the Count TID as Mapping Cndl, Mapping Crl_I and Mapping trl 2, making these
TIDs appear as final tasks. B: The Flow template 1 with a syntax error, where the TID differential_expression_analysis contains a mistyped
dependence to the Count TID, preventing its connection to the other pipeline tasks (last line starts with RNASeq_Pipeline.R count/ instead of

RNASeq_Pipeline.R Count))). The correct p

ion of Flow

plate 1 is in Fig. 1B.
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Euler assemblie k 25

}

Euler_remove_artifacts_k_25 |

7

validate_contigs_with_mapping_k 25

Y
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Euler_assemblie k 29

!

Euler_remove_artifacts_k_29 |

N

Mira_assemblie

validate_contigs_with_mapping_k 29 I

N /

| rescue_contigs not mapped k 25 I | Mira_remove_artifacts

recover_debris |

rescue_contigs not_mapped k 29 |

CAP3_reassemblie k 25

CAP3_reassemblie k 29

!

|

s |

blic_k 29

Fig. (3). Semantic representation, based on TIDs, of Flow template 2. Double line boxes correspond to three different, simultaneously
starting tasks. The black box is the finishing TID. Right and left branches correspond to assembling with Euler using 25 and 29 k-mers,

respectively. Central branch cor ds to MIRA3

the best assembly is executed.

annotated transcripts (calculated as the product of the
number of annotated transcripts and the number of full-
length ORFs normalised by the number of transcripts longer
than 500 bp and per 10,000 transcripts) and the other down-
weighting the redundancy of annotations (calculated as the
sum of unique full-length ORFs and unique orthologues
normalised by the total number of orthologues and full-
length ORFs).

Flow Template 3: Searching for the Best Vicia Faba
Transcriptome

The V. faba transcriptome was mainly based on two faba bean
genotypes, one resistant to Ascochyta fabae (Vf29H) and one
susceptible (Vf136), in infected and non-infected stages [34]. Total
RNA from entire leaves was extracted using TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA), and was sent to GenXPro
company, where they were normalised using double strand
specific nuclease and PCR [20], and sequenced in a Illumina GAII
platform. The 16,567,244 raw reads from Vf29H and the
16,455,916 from Vf136 have been deposited in the SRA (Short
Read Archive) database under Experiment Accessions
SRX690543 and SRX690544, respectively. These reads were
complemented with 106,397 sequences of V. faba found in
databases (3,435 ESTs and 13,935 nucleotide sequences from
ENA, and 79,657 singletons and 6,370 contigs from [14]).

bling. After the boxes corresponding to CAP3 reconciliation, the final decision on

Figure in Supplemental file 1 shows the semantic
representation ~ of  the  workflow  (available  at
http://www.scbi.uma.es/web/pedro/workflows/flow_template3.txt)
. In brief, lllumina reads were pre-processed using SeqTrimNext
(http://www.scbi.uma.es/seqtrimnext; [21], clean_illumina TID) to
remove low quality, ambiguous and low complexity stretches,
linkers, adap vector fragr organelle DNA, polyA/polyT
tails, contaminated sequences and useful fragments shorter than 20
bp. The 28,627,470 resulting useful reads were assembled with
two different de novo transcript assemblers (Oases 0.2.08 [22] and
SOAPdenovoTrans [23]) using different A-mers (25, 31, 37, 45, 55
and 70) following the current approaches in which several
algorithm and parameters are tested before obtaining the final
assembling [24]. The resulting contigs were clustered with CD-
HIT [25] in two ways, one in which all assemblies were clustered
together (clustering Oases_kmers_all and
clustering SOAP_kmers_all TIDs), and another where only those
obtained for lower and higher Amers (25 and 70, respectively)
were clustered (clustering_Oases_kmers_25_70 and
clustering SOAP_kmers_25_70 TIDs). As a result, there were 8
different blies to evaluate per bler, 6 from different &-
mers and 2 from the clusterings. As in Flow template 2, the
evaluation of the 16 assemblies was based on the BA ratio after a
Full-LengtherNext analysis ~(Assessing Oases_assembly and
Assessing SOAP_assembly TIDs in Supplemental file 1). The best
assembly (choose_best_Illumina_assembly TID) was reconciled
with the 89,408 useful, cleansed sequences from databases using
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CAP3 [19] in reduction with DBseqgs TID. An altemative
reconciliation (simplification) of the best assembly without
database sequences was also performed (Supplemental file 1,
sequence_reduction TID). Both reconciliations were compared
also with the BA index and the best assembly
(best_assembly_and_annotation TID) was submitted for
annotation with Sma3s [26] and then to an external KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway retrieval
(check_kegg TID, Supplemental file 1) to demonstrate that
AutoFlow not only is able to pipeline local programs, but also
external ones, enabling its use with web services. The resulting
annotated  transcriptome  can  be  downloaded  from
http:/Avww.scbi.uma.es/web/pedro/vicia/Vicia_faba_transcriptom
e_l.0.tar.gz.

RESULTS AND DISCUSSION

Flow Template 1 Confirms that Increasing P-Value
Stringency Decreases the Number of Differentially
Expressed Transcripts

This simple flow template (Fig. 1) was used to illustrate
the main capabilities of AutoFlow, iteration, dependences
and variables, by means of a basic RNA-seq analysis using
different P-values. It was launched as Autoflow -w
flow_templatel.txt -¢ 4 -V 'Sevalue=0.05', where ¢ 4
indicates that four cores are to be assigned to each task for
execution, (see the /cpu/ variable within the Flow template
1) and the -V option sets internal static variable values (i.e,
set Sevalue to 0.05). The Sevalue variable is the cut-off P-
value used to determine the statistical significance of
differential exp This flow was launched as
many times as P-values to be tested, setting, for example, the
static variable Sevalue to 0.01, 0.05, and 0.1. The results
were 2,780, 2,937 and 2,995 differentially expressed genes,
respectively. As expected, the lower the P-value, the greater
the number of genes. Of course, the most reasonable way to
do this is to take advantage of AutoFlow iteration and launch
the flow template only once by changing the last task to:

differential_expression_analysis[0.01;0.05;0.1]){
. ~soft/initializes/init_R
?

RNASeq_Pipeline.R Count)/Ctrl_vs_cond.txt
Sinput_path/target.txt Sinput_path/annot_file.txt (*)

}

More sophisticated and iterative analyses with this flow
template could help in, for example, the determination of the
best P-value threshold without the need for human
intervention.

Flow Template 2 Facilitates the Selection of the Best
Assembly of 454 Reads

Flow template 2 was launched three times with different
input 454 reads, two corresponding to separated tissues A and
B and the third to the whole dataset, as Autoflow -w
flow_template2.txt -¢ 100, where -c now selects 100 cores for
each task. Since computer nodes have less cores, instead of
substituting the /cpu/ tag in the template, the /Icpu] is used to

Seoane et al.

select cores belonging to different computer nodes when the
software is not able per se to do that. The path to the input file
was changed for execution, and is declared in the static
variables $input_mira_454 and S$input_euler. Also declared is
the dynamic variable @best_assembly initialised to null, where
the best assembly path will be stored. Assembly evaluation is
based on the BA parameter described above.

The three executions of this flow template provided 9
transient assemblies that were finally resolved into 3 optimal,
reconciled assemblies, one for each dataset (last row of Table
1). Since AutoFlow has not implemented the recursive
execution of a template, the user has to decide which is the best
assembly from the results of Table 1. The BA parameter
indicated that the best assembly uses the k-mer 29 assembling
with all reads (Table 1, last column), saving computer time and
load in a subsequent annotation step. In fact, its annotation with
Sma3s [26] revealed putative functions for 34,971 transcripts
(results not shown). In conclusion, Flow template 2 has
illustrated its capability for exchanging results b tasks
and its capability of taking decisions. However, in cases where
there are many more assemblies to inspect, manual decision
may be a cumbersome task. A new template based on
choose_best_assembly task using as input all previously

selected blies by Flow temp 2 can be created and

chained.

Table 1. Key parameters of the CAP3 reconciled assemblies
using Flow template 2. All cases include the MIRA3
assembly, and the k-mer refers to different EULER-
SR assembling.

Tissue A Tissue B Tissues A + B
k-mer | kmer | k-mer | k-mer | k-mer | k-mer

25 29 25 29 25 29

All ranscripts | 37,283 | 37,235 | 14,178 | 14,191 | 44,837 | 44.858

Transcripts > 500

28415 | 28,498 | 10,541 | 10,589 | 34,124 | 34.213

Transcripts with

24,908 | 24,925 | 9.375 | 9.391
orthologue

29,020 | 29,077

Unique

orthologues 13,775 | 13,786 | 5962 | 5,955 | 15,328 | 15,307

Transcripts
coding fora full- | 5654 | 5732 | 2,114 | 2,127 | 7,292 | 7,347
length ORF

Unique full-
length ORFs 3.882 | 3942 | 1512 | 1,504 | 4736 | 4765

Annotation ratio | 0.4956 | 0.5013 | 0.1880 | 0.1886 | 0.6201 | 0.6244
Redundancy ratio | 0.5777 | 0.5782 | 0.6505 | 0.6476 | 0.5525 | 0.5777
BA index 0.5351 | 0.5384 | 0.3497 | 0.3495 | 0.5854 | 0.5866

@best_assembly + + %

Follow-up of Time Spent by Each Task

The time spent by each task can be monitored with the
command flow_time path_to_log_file_within_exec_folder
after the flow template execution is finished. The time analysis
is provided as a histogram (Fig. 4) where the first bar is the
time used by the complete workflow. The time saved by means
of simultaneous execution of tasks is the difference between
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the complete process of Flow template 2.

Table 2.  Summary of attributes of significant assemblies obtained during the execution of Flow template 3 based on a Full-

LengtherNext analysis.
— Best Illumina read CAP3 reconciliation CAP3 reconciliation
assembly without DB seq luding DB seq
Number of transcripts 122,661 97,309 118,188
Mean length (nt)
Longest transcript (nt) 6,405 8718 8718
ncRNAs 3,242 2733 2.789
Transcripts with annotation 39473 33,451 38,004
Unique IDs 20,032 18,983 20413
Transcriptsincluding a complete ORF 11,637 9912 10,516
Unique complete ORFs 6,669 6410 6,787
Transcripts without orthologue 79,946 61,125 77,395
> 500 bp, likely coding for a protein 3,577 3.046 3314
BA index 0.851 0.826 0.864
Representative transcripts 22,029 23721

the total time and the sum of the times of every TID. This can
help to refine tasks within the workflow; for example, when the
workflow has been waiting for idle nodes due to overloading of
computers, total time is greater than the sum of times (not
shown). Fig. 4 reveals that MIRA3 assembling (that can use
only 1 core, MIRA3_assembling TID) and analyses involving

Full-LengtherNext (recover_MIRA3_debris,
MIRA3_remove_artifacts,
FLN _analysis_of_CAP3_contigs_k_25 and

FLN _analysis_of_CAP3_contigs_k_29) even if they are using
100 cores) are the most time-consuming tasks.

Flow Template 3 was Used to Construct the Optimal
Vicia Faba Transcriptome with Current Data

The previous flow templates were presented with the aim of
illustrating AutoFlow capabilities in simple proofs-of-concept,
but do not provide any relevant biological information. The
present case-of-use exploits AutoFlow capabilities in a
complex flow template that provides the most complete and
annotated transcriptome of V. faba to date. From the original
33,023,160 Illumina raw reads and the 106,397 sequences from
databases, 28,627,470 (86.7%) and 89,408 (84.0%) were
considered useful sequences, respectively. Of the 16 different
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assemblies tested with different A-mers and assemblers
(Supplemental file 1), the one with best BA index
corresponded to the clustering of all &mers from Oases (first
column in Table 2). CAP3-based simplification [27] of this
assembly alone (second column of Table 2) indicates that this
step was necessary to reduce the overestimation of the original
assembly, since the BA index decreased from 0.851 to 0.826.
However, when reconciliation included the sequences from
databases in the reduction_with_DBsegs task, the BA index
increased from 0.826 to 0.864 (Table 2), indicating that these

es served to i the final faba bean assembly, and
that the best trasncriptome was obtained by combining all
available sequences.

In the task best assembly_and_annotation, the best
assembly is sent to the time-consuming job of Sma3s
annotation. As a result, 11,845 (71.2%) transcripts received
at least one Gene Ontology (GO) term, metabolic process
(19.9%) and translation (12.4%) being the most represented
functions. A total of 2,789 putative ncRNAs (Table 2) were
also identified. Moreover, the 20,413 different types of
transcripts found is close but below the ~27,200 protein-
coding genes described for A. thaliana (28], suggesting that
more tissue samples and development conditions need to be
incorporated in future versions of this transcriptome. The
high proportion of complete ORFs obtained with this
approach (6,787 out of 20 413) supports the accuracy of the
transcriptome. Regarding future molecular research in V.
faba, a set of 3,314 faba-specific transcripts were identified
based on the following properties: (1) they do not have any
orthologous sequence in databases, (2) they are long enough
(> 500 bp) to code for a complete or partial protein, and (3)
they have a testcode index > 0.94 indicating that they are
very likely coding for a protein [29]. From the complete
collection of transcripts, the FLNanalysis_with_DBsegs task
includes a Full-LengtherNext analysis that extracted a subset
of 23,727 representative transcripts for further expression
studies (last column, last row, in Table 2). These correspond
to the longest transcript containing a full-length ORF with
unique, different orthologous ID, and the longest, non-
redundant faba-specific transcripts. The level of similarity
between this transcriptome and the expressed genes of
Arabidopsis thaliana, Medicago truncatula and Cicer
arietinum is presented elsewhere [34], but preliminary
results indicate that it ranges from 68.7% for Arabidopsis to
83.4% for Cicer.

CONCLUSION

This paper introduces AutoFlow, a versatile and flexible
standalone workflow engine for researchers with bash
programming skills that combines the advantages of
workflow manager systems [3] and allows the re-use of
workflows between computers. Instead of facing cloud
computing like other workflow engines [8, 9], it opts for
high-performance computing architectures to cope with the
increasing data size and complexity of current biological
analyses. Our previous experience in developing [30] and
using [6, 7, 31] ontology-based workflow manager systems
demonstrated that most bioinformatic tools produce text files
that abolished most ontology benefits. For this reason,
AutoFlow is not based on ontologies or repositories but on
bash-based scripts.

Seoane et al.

AutoFlow can (i) manage iterative tasks; (ii) handle
dynamic workflows that decide which data can continue the
workﬂow and which cannot (Supplemental file 1); (iii)

dent flow lates based on static variables
and dependences (iv) monitor - task timing (Fig. 4): (v) draw
graphs for semantic and structural monitoring (Fig. 1); and
(vi) debug the flow template based on previous graphs (Fig.
2) and parameter consistency, functional consistency and
reachability of the workflow (Fig. 1A). Additionally, users
do not need to worry about the technical details of invoking
software components or using distributed computing
resources since the queue system takes charge of this. Since
AutoFlow is not limited by any repository or ontology of
predefined tools [6, 7, 31] and does not rely on visual front-
ends, it allows the incorporation of any desired local or
remote software or scripts (as, e.g., Triana [32] or Keppler
[33]) without regard to localisation (in contrast to Galaxy
[7]). This integration capability was illustrated with results
combining C compiled software (e.g., MIRA3, Oases,
SOAPdenovoTrans, Bowtie2) with R scripts (DESeq). Ruby
scripts (e.g., Full-LengtherNext, SeqTrimNext), and external
database retrieval (KEGG request on Flow template 3). Flow
templates can be shared between users provided that they
have the same software. Although examples in this study
were related to sequences and gene expression, AutoFlow
can manage any command-line software from any scientific
field (e.g.. drug discovery, genomics, metagenomics,
proteomics, etc.), and allows the use of data from non-model
organisms, such as V. faba. A complex flow template
(Supplemental file 1) provided the most complete faba bean
transcriptome available to date, containing 38,004 annotated
transcripts from which 10,516 coded for a complete protein
and 3,314 were putatively new faba-specific transcripts. This
transcriptome is currently being used for differential
expression analyses and cDNA cloning [34].

LIST OF ABBREVIATIONS

BA = Best assembly index

EST = Expression sequence tag

FPGA = Field programmable gate array

GO = Gene Ontology

GPU = Graphics processing unit

KEGG = Kyoto Encyclopedia of Genes and Genomes

ORF = Open reading frame

SLURM = Simple Linux Utility for Resource
Management

SNP = Single nucleotide polymorphism

SRA = Short Read Archive

SSR = Single sequence repeat

TID = Task identifier
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SUPPLEMENTAL FILES

Semantic (A) and structural (B) representation of Flow
template 3. Double line boxes correspond to the two
different starting points (Illumina reads [clean_illumina TID]
and Sanger sequences from databases [trim_DBsegs TID]).
The black box is the finishing TID.
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Abstract

Domesticated in ancient times, faba bean (Vicia faba L.) is now a major food
and feed legume, particularly in Eurasia and North Africa. Despite being one of
the cytogenetically best characterized plant species, subsequent progress in
faba bean genomics has lagged behind other legume crops. Comprehensive
genomic and post genomic resources are being developed but the very large
and repetitive faba bean genome has so far restricted its sequencing and
hampered genetic research and breeding applications. There are over 10
mapping populations established to study the inheritance of agronomic traits in
different locations. Different molecular marker sets have been used to
construct saturated linkage maps and identify genes/QTLs controlling
resistance to crenate broomrape and several fungal major diseases. Recently,
markers linked to growth habit and nutritional value of faba bean seeds were
also identified. Despite these significant efforts, complete translation of marker
discovery to faba bean breeding is still to be achieved. Recent efforts offer
great promise for the development of highly accurate selective breeding tools.
Thus, transcriptomic analysis (SuperSAGE and cDNA libraries) are enriching
the scarce faba bean ESTs libraries providing additional resources for refining
the maps with functional markers. Moreover, a combination of candidate gene
and colinearity studies is being pursued to identify genes underlying
agronomically important traits including seed size, flowering time, disease
resistances and plant architecture. Finally, a faba bean functional consensus
map is being constructed integrating all the genes and QTLs previously
published. These new tools may help researchers to find candidate genes to
accelerated improvement of future faba bean cultivars.

I-GRTMO02
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INTRODUCTION

Until now i to A: hyta blight has not been reported

neither in chickpea nor in faba bean although several relevant QTLs have
been described.

CHICKPEA. The most significant QTLs are in LGs 2 (QTL.g;) and 4
(QTLag; and QTL,g,). Attempts to saturate QTL1,z, have been performed
by developing BAC clones or by identifying candidate genes from the
model Medicago truncatula.

FABA BEAN. Two QTLs (Af1 and Af2), assigned to chromosomes Ill and Il
were validated across environments and generations. In a second cross,
six QTLs (Af3 to Af8), were detected. Af1 and Af3 were both assigned to
chromosome Il and might correspond to the same genomic region.

MATERIALS and METHODS
Comparative and functional approaches are being used to saturate
regions bearing Ascochyta reSIS(ance QTLs in chickpea and faba bean, to
establish possible homologies between them and to identify orthologous
genes/QTLs underlying blight resistance.

- New gene base markers are being assayed from M. truncatula (51), pea
(25) together with a number of ITAP markers (Ellwood et al 2008).

- Candidate genes revealed by SuperSAGE analysis and associated with the
interactions ascochyta-faba bean (36 tags) and ascochyta-lentil (18 Tags)
are being tested for polymorphism and mapping to identify potential targets for
molecular breeding.

- Both, the M. truncatula and the recent Cicer arietinum whole genome
sequences, are being exploited as well, to perform wide genome comparative
mapping studies with the less-studied faba bean. New chickpea markers
mapped in faba bean chromosomes are noted in orange.

RESULTS and DISCUSSION

- The EST based markers assayed so far mapped
in faba bean chromosomes, |, Il, Ill and VI.

- Chromosomes Il and Ill, bearing the most stable
Ascochyta resistance QTLs reported to date,
included 24 ESTs markers (12 each), that saturated
the target QTL regions.

aRRbIooaR!

- Chromosomes | and VI included 7 and 4 new ?E
markers. respectively that m|ght identify new %‘ 81
areas in the 78 a1
i # 4 e s
- The inclusion of PS-MnSOD in chr. Il revealed a i i el
new QTL (Af3), controlling DDS. H i S G
142 09
Our aim is to progress from basic mapping of QTLs e :3;.“' e :
to fine mapping or gene identification, thus allowing ﬁ ugﬂl Sranar_ozs
development of efficient markers for MAS in b} % om0
breeding. 3 19 grurt.emz
- o i
o Diseasesevertyinleaves (DDL) = OPF08:386

- Disease severtyin stems (DSS)
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Large-scale transcriptome analysis in faba bean (Vicia faba L.)
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INTRODUCTION
TT ATy A

Although faba bean is one of the biggest traded pulse crops, genomic resources are still limited. Recent advances in
sequencing and genotyping technologies offer the opportunity to improve this status at relatively low cost. A
comprehensive characterization of the faba bean transcriptome was performed using the lllumina platform. Two faba
bean genotypes with differential reaction to Ascochyta fabae and 106.397 faba bean sequences found in different
public databases were used for de novo transcriptome assembly. The study is facilitating new candidate genes for
resistance to Ascochyta blight and for studying pathways involved in responses of faba bean to fungal pathogens.

MATERIALS and METHODS

Faba bean genotypes 29H and Vf136 (resistant and susceptible, respectively to A.
fabae), were used for the analysis. Leaves were harvested at 4, 8 and 12 hours after
inoculation. An identical collection was performed in the non-inoculated lines.

Normalization of cDNA was performed at GenXPro, using a protocol similar to “Trimmer”
(Evrogen). The reads were preprocessed using the SeqTrimNext pipeline (Falgueras et
al., 2010) at the Plataforma Andaluza de Bioinformatica (University of Malaga, Spain).

De novo transcriptome assembly of the two cDNA collections, enriched with 106.397
sequences found in different databases, was conducted using a work flow with OASES,
CDHIT and CAP3. The resulting unigenes were annotated with Full-LengtherNext.

As the faba bean genotypes show differential reaction to A. fabae and the cDNA
libraries were constructed using inoculated and non-inoculated leaves, genes with
differential expression in both genotypes were characterized.

Clean illumina reads
weacs

- CAP3

Full-LengtherNext

!

Illlumina sequencing SeqTrimNext Assembly De novo Transcriptome

RESULTS and DISCUSSION

Based on orthologue ID 20,804 (52.98%) out of the 39,269 (32.47%) were non redundant transcripts. 2,752 putative ncRNAs and
7,165 unigenes lacking homology could be considered as putative legume-specific genes.

Despite of using a single source of tissue the alignment of the faba bean and the chickpea coding DNA sequences revealed a high
level of conservation as 81.27% of them where present in the chickpea transcriptome.

The analysis of genes with differential expression revealed 348 and 327 transcripts unique in the A. fabae resistant and susceptible
genotypes, respectively. Moreover, 212 and 282 transcripts were found to be overexpressed in both lines. These transcripts might
represent candidate genes underlying the differences in resistance. The identification of SNPs through data mining is providing a
database for fine mapping of target regions and rapid association of markers with A. fabae resistance QTLs.

These results represent an extensive databank of faba bean transcripts under stress which will constitute a rich source for gene
discovery and molecular markers development to enhance the efficiency and cost effectiveness of faba bean breeding programs.

J, Lars AJ, Canton FR, 2010. SeqTrim: a high-throughput pipein 11,38,
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Anexo 1l

Andlisis de la expresion diferencial de cDNAs y mapeo
de genes candidatos para saturar QTLs de resistencia
a Ascochyta en habas (Vicia faba L.)

N° 87
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INTRODUCCION

I AT 2 A

Las habas son un importante cultivo y una valiosa fuente de proteinas en la dieta de paises en desarrollo. Una de las enfermedades flngicas
que mas le afecta es la ascoquitosis, provocada por el hongo A. fabae Speg que afecta a hojas, tallos y vainas. Es responsable de pérdidas
del rendimiento que oscila entre el 30 y el 40% o incluso el 90% en cultivares muy susceptibles, cuando las condiciones ambientales
favorecen el desarrollo de la infeccion. Se han desarrollado varios mapas genéticos donde se han identificado QTLs (Quantitative trait loci) de

de

resistencia estables (1, 2, 3), pero aun se

los genes

su control. En este estudio se ha realizado una

caracterizacion exhaustiva del transcriptoma de dos genotipos de haba (29H y Vf136) con reaccién diferencial frente a la infeccion por el
hongo A. fabae utilizando la plataforma de secuenciacién lllumina.

MATERIALES Y METODOS

Tras el ensamblaje del transcriptoma se
identificaron 21.243 unigenes de los que elegimos
850 expresados diferencialmente entre el parental
resistente (29H) y el susceptible (Vf136) a p <
0.05. Ademas se identificaron 39.060 SNPs y
3.669 INDELs.

De los 850 unigenes seleccionamos 128 por
presentar algin SNP y se genotiparon en la
progenie del este cruce mediante los sistemas de
genotipado KASPar e iPLEX-Sequenom.

Asimismo incluimos genes ortégos localizados en
regiones sinténicas con los QTLs de interés.

RESULTADOS Y DISCUSION

92 de los genes exp

s dif

tras la infeccién se han incluido en el

mapa, saturando las regiones con QTLs de resistencia identificados en estudios
previos. Asimismo se incluyeron 10 genes ortdlogos (mostrados en rojo y azul,

respectivamente).

Parentales de poblacion 29H x Vf136.
Libreria de cDNA
[ secuenclacien de Nueva Generacién (Nas) |

Datos de expresion
génica

Variaciones en las
secuencias

— Genes __,
SNP/indels jatos &llPlhdlll

Datos fenotipicos resistencia a Ascochyta

Mapas genéticos y
1BTI.'

Marcadores y Genes
candidatos
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Anexo 111

Transcriptome analysis and mapping to identify candidate genes controlling
Ascochyta fabae resistance in faba bean (Vicia faba L.)
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Faba bean (Vicia faba L.) is the third most important food legume in the world being used as a
protein source in human diets and animal feeding. Among biotic stresses, diseases are the key
limiting factors for faba bean cultivation. One of the most important is ascochyta blight (Ascochyta
fabae Speg.) which causes yield losses ranging from 35 to 90%. In this work, we aimed to saturate
the main quantitative trait loci (QTLs) for A. fabae resistance identified in the 29H>V {136 RIP
(Recombinant Inbred Population).

We have exploited a recent transcriptome database obtained from lines 29H (one of the most
resistant accessions) and V136 after their infection with A. fabae (Ocaiia et al. 2015), to identify
candidate genes related to pathogen resistance. From the 39.060 SNP found after the transcriptome
assembling, 229 representing differentially expressed transcripts were selected to be genotyped
using the Kaspar and the IPLEX-Sequenom platforms. Finally, 92 SNPs were genotyped in the
29HxVf136 RIP and used to improve the last genetic linkage map (Atienza et al. 2016), saturate
the regions bearing QTLs and refine their position.

Linkage analysis included 307 markers (215 genotyped in previous studies). Using a LOD score
of 4, 287 markers mapped into 18 linkage groups. Eighty six of the 92 SNPs, were added in the
new map being distributed in the 6 faba bean chromosomes. QTLs located on chromosome II, III,
and VI reported previously were confirmed and flanked with new SNPs markers. These gene
markers are a good staiting point for expression studies and development of diagnostic markers.
Apart of information to understand the pathways involved in the mechanism of resistance to A.
fabae, this study provides the most comprehensive genetic map described in this RIP that will be
used for marker-assisted selection in this crop.
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